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Preface

Dear Distinguished Authors and Guests,
The 2020 International Conference on Mechanical Engineering and Applied

Composite Materials (MEACM 2020) was held on October 24–25, 2020, in a
virtual environment.

MEACM 2020 was hosted by the University of Science and Technology
Beijing, sponsored by X ACADEMY. The conference program covered invited,
oral presentation session and poster session from scientists working in similar areas
to establish platforms for collaborative research projects in this field. The confer-
ence aimed to bring together leaders from mechanical engineering and applied
composite materials to exchange and share their experiences, present research
results, explore collaborations and spark new ideas, with the purpose of developing
new projects and exploiting new technology in this field. We hope that the con-
ference has resulted in significant contribution to the knowledge on mechanical
engineering and applied composite materials.

To this end, this book contains the papers presented at MEACM 2020. All
papers were accepted through a peer-review process conducted by the conference
program committee and international reviewers.

On behalf of the organizing committee, we would like to thank the editors at
Springer Nature for their generous support to the publication of the MEACM 2020
book. Without their excellent editorial work, MEACM 2020 will not be published
so timely and successfully.

Finally, we would like to thank all authors and participants of MEACM 2020 for
their contributions to making this conference a success. We look forward to your
participation in the 5th MEACM in 2021.

With our warmest regards,

Beijing, China Prof. Lifang Zheng
Beijing, China Prof. Chaoyang Sun
Singapore Prof. Kheng-Lim Goh

Conference Organizing Chair
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Effect of Equal Channel Angular
Pressing on the Microstructure
and Properties of Pure Mg
and the Deformation Mechanism

Zhuoliang Li and Hua Ding

Abstract Commercial pure magnesium material (>99.8 wt%) was selected in the
study and ECAP processes were conducted at different temperatures. The result
shows that the yield strength of the material was significantly enhanced after ECAP
processes. The yield strength decreased with the increase in deformation temper-
ature because of the grain growth. At 100 °C, basal slipping was the dominated
deformation mechanism of the pure Mg material. With the increase of the defor-
mation temperature, fine equiaxed grains were obtained due to recrystallization.
When the temperature of ECAP reached 200 °C, twinning occurred in the samples.
The result showed that basal perfect dislocations dissociated and realigned under
the applied stress at a certain temperature and a certain grain size. The dissociation
of the dislocations led to the nucleation of the twins. The twins grew up stably
under the induce of the activation dislocations if the grain size reached to a critical
value. The critical grain size of the growth of twins is about 5.9 lm according to the
calculations.

Keywords Equal channel angler pressing � Pure magnesium � Deformation
mechanism � Twinning

1 Introduction

As the lightest structural materials at present, Mg and Mg alloys received extensive
attention from the researchers because of their high specific strength and high
specific stiffness. However, the relatively low strength and poor ductility due to the
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close-packed hexagonal structure limited the application of Mg and Mg alloys [1].
As a kind of important severe plastic deformation process, ECAP (equal channel
angular pressing) process can solve the problem mentioned above in Mg and Mg
alloys which are lack of slip systems. Thus ECAP process has received extensive
attentions from the researchers,especially on Mg and Mg alloys.

Up to now, much work has been done to reveal the effects of ECAP process on
deformation mechanism of Mg alloys. Agnew et al. [2] studied AZ and ZK series
Mg alloy in the temperature range of 200–300 °C. Texture strongly impacts the
plasticity of metals and the equal channel angular extrusion process has been
demonstrated to induce unusual textures and enhance the room temperature duc-
tility of magnesium alloys. The results showed that ZK series alloy gradually
evolved to the <1010> //ED fiber texture, while AZ series evolved to the <2567> //
ED slant texture with the slant angle of about 20°. Xia et al. [3] conducted a
two-stage ECAP process on AZ31 Mg alloy with different back pressure and dif-
ferent temperature conditions. Ultra fine grains with the grain size below 1 lm were
successfully obtained after the two-stage process of ECAP. Much work has been
done to study the mechanical properties and microstructural evolution of Mg
materials fabricated by ECAP [4–7], and also many researchers focus on the
deformation mechanism of Mg alloys during ECAP process. Galiyev et al. [8]
conducted a relatively systematic study on the ZK60 magnesium alloy. The results
showed two kinds of dominant mechanisms at different temperature range when Mg
alloy was deformed at the temperature above 200 °C. The deformation mechanisms
could be divided into three stages according to the difference of deformation
temperature. When the temperature was below 200 °C, the plastic deformation was
limited to basic and pyramidal plane twinning. In the temperature range of 200–
250 °C, slip could also occur on the prismatic plane and twinning was restrained,
and the ductility was obviously increased. The deformation behavior of Mg alloys
was controlled by diffusion processes at the temperature above 250 °C. Studies on
ZA85 magnesium alloy fabricated by ECAP was conducted by Lin et al. [9]. The
result showed that the dominant deformation mechanism for the specimens at 300
and 350 °C was grain boundary sliding controlled by grain boundary diffusion. And
the deformation mechanism for the experimental alloy was dislocation creep at the
temperature of 400 °C. Tang et al. [10] studied the microstructure evolution of
AZ80 magnesium alloy fabricated by ECAP. Their results showed that coarse Mg
grains were separated and surrounded by deformation networks with UFGs (ultra
fine grains). And the Mg17Al12 second-phase strengthening made great contribution
to the yield strength of the material. The author believed that deformation twinning
occurred in the UFGs and this led to an outstanding mechanical property. Studies
form Su et al. [11] showed that the grain refinement mechanism for AZ31 Mg alloy
during ECAP was induced by a combination of mechanical shearing and subse-
quent continuous recovery, recrystallization and growth of grains and subgrain cells
to result in refined and equiaxed grains. It could be inferred that temperature plays a
key role in the effectiveness in grain refinement of Mg alloy by ECAP.

Up to now, many different series of Mg alloy were studied and their deformation
mechanisms were reveled [12–14]. However, researchers didn’t always receive
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similar results because different alloy elements have different effect on Mg alloys
and always resulted in different deformation mechanisms during ECAP process.
Thus pure Mg material becomes the best choice to reveal the basic and universal
deformation mechanism theories of the material during ECAP. In recent years,
some work has been done on pure Mg material and the ECAP process, nevertheless
most of the studies focused on the changes of the mechanical properties and
microstructure evolution of pure Mg material after different fabrication processing
[15–18]. Elucidation of deformation mechanisms are still limited. Byer et al. [19]
prepared single crystal Mg material by using focused ion beam grind technology.
No twinning appeared in the single crystal Mg structure after micro-compression
tests. Multiple slip systems become active on the pyramidal planes, resulting in
significant hardening. The author believed that little size effect on strength for these
length scales (2.5–10 lm). Lilleodden [20] studied the changes of the strength and
ductility of the single crystal Mg material during deformation process. The results
showed that significant plasticity and hardening occurred, due to six active pyra-
midal p2 slip systems and twinning was not a relevant mechanism of deformation at
during micro-compression experiments. Nevertheless, single crystal deformation
was circumscribed and not all kind of mechanisms of Mg material can be revealed.
Fan et al. [21, 22] also focused on the pure Mg material and their studies showed
that the ductility of pure Mg material was enhanced obviously after ECAP process.
They analyzed the change and the influence of the internal friction after ECAP
process. The intense tangle of dislocations and the significant increase of grain
boundary area contribute to the decrease of strain-dependent internal friction for
ECAP processed pure Mg. Jimenez et al. [23, 24] focused on the transitions among
different types of slips in pure Mg during compressive deformation by electron
backscattered diffraction-aided slip trace analysis. Their work elucidated that a
transition from non-basal to basal dominated flow took place with the decreasing of
grain size and increasing of temperature. Nevertheless other mechanisms during
deformation didn’t get enough attention in their work.

More attention is still needed on pure magnesium material especially the
deformation mechanism of pure Mg. In this study, the deformation mechanism of
Mg material by ECAP was focused on. Pure Mg was selected to remove the effect
of alloy elements on the deformation mechanism. Deformation mechanism of pure
Mg during ECAP process at different temperature conditions was elucidated and the
effect of ECAP processes on the microstructure and mechanical properties of pure
Mg was studied. In addition, as an important mechanism in the deformation process
of Mg materials, the nucleation and growth condition of deformation twinning was
intensive analyzed by calculation in the present study.

Effect of Equal Channel Angular Pressing … 3



2 Experiment

Commercial pure Magnesium was selected in this study. The Mg ingot was forged
after a solution treatment for 24 h at the temperature of 400 °C. Total reduction rate
of the forging process was 50%. Bulk samples with the size of 8.5mm � 8.5mm
� 90 mm were cut from the ingot along the longitudinal direction. The ECAP
process was conducted in the temperature range from RT to 200 °C with a back
pressure of 100 MPa. Each sample was pressed through the channel (with the angle
of 90º) at the speed of 2 mm/min. And a 4-pass’ ECAP process was conducted on
each sample. The compressive specimens with the size of U4mm � 6mm were cut
from the sample after ECAP process along the pressing direction. And the initial
strain rate of the compressive tests was 10−3s−1. The samples after ECAP process
were polished using abrasive paper of 1000#, 2000# and 3000# orderly and elec-
trolytic polishing (perchloric acid: ethanol = 1:9) followed. An acetic-picric acid
solution was used for etching on the polished surface of the samples. An Olympus
DSX500 optical microscope and a Ultra Plus field emission scanning electron
microscope were used for microstructure analysis. And a TD-3500 X-ray diffrac-
tometer and a Tecnai G220 transmission electron microscope were used as well to
obtain the XRD and TEM results.

3 Results and Discussion

Figure 1 shows the results in compressive test of the samples before and after
ECAP processes at different temperatures. The yield strength of the material
increased obviously after ECAP process. The values raised from *45 to
*100 MPa. The yield strength of the material decreased along with the increase of
the deformation temperature. When the true strain was in the range of 0.02–0.12,
the compressive curves of the samples at relatively lower temperatures (100 and
150 °C) increased linearly. In contrast, the stress showed evident concave phe-
nomenon for the sample processed at 200 °C and the sample prior to ECAP pro-
cess. It is indicated that in this range of true strain condition, twinning occurred
inside the material at these two temperatures [25]. In addition, when the temperature
reached 150 °C, it is obvious that the samples obtained much better ductility than
those processed at any other conditions.

It could be seen from the optical micrograph (Fig. 2) of the samples before and
after ECAP that the microstructure was coarse(*75 lm) and deformation twinning
existed because of the previous forging process. The grains were significantly
refined after 4 passes of ECAP at different temperatures, which could explain the
increment in the yield strength of the material after ECAP. The average grain sizes
of the samples ECAPed at the temperature of 100 °C,150 °C and 200 °C were
4.5 lm, 5.1 lm and 8.7 lm, respectively. It is noticed the microstructure was
inhomogeneous after the ECAP process at the relatively low temperature (100 °C).

4 Z. Li and H. Ding



Fine (1–3 lm) and course (16–25 lm) grains existed together. Large amount of
equiaxed fine grains appeared inside the samples which indicated that dynamic
recrystallization occurred during ECAP process, but part of coarse grains formed in
the forging process were retained, which illustrate dynamic recrystallization had not
completely conducted at this temperature. And this should be the main reason why
the ductility of the samples was poor in the compressive tests. When the defor-
mation temperature reached 150 °C (Fig. 2c), dynamic recrystallization was com-
pleted. Coarse grains disappeared and the microstructure of the samples turned to be
uniform. Most of the grains were equiaxed with a size of 4–7 lm and no defor-
mation twins were observed inside the material. So that the ductility increased
significantly. After 4 passes of ECAP process at 200 °C (Fig. 2d), the grains grew
up obviously at the relatively high temperature. In the mean time, twins were
observed in the samples processed at 200 °C. It is clear that grain growth had
greater influence on the strength of the material, although the existence of twins
could improve the strength to some extent. Thus the yield strength of the samples
decreased. The ductility slightly decreased compared with the samples ECAPed at
150 °C. It was revealed that the existence of the twins tended to become the stress
concentration area, and micro-cracks almost always appeared at the twin boundaries
especially in the sharp corner during the compressive process of Mg materials [26],
hence the ductility of the sample at 200 °C was decreased.

Figure 3 shows the IPF pictures of pure Mg bulk samples after ECAP process
using EBSD method. The grains were obviously refined after passes of ECAP. At
the deformation temperature of 100 °C, coarse grains and fine equiaxed grains
coexist in the material. Large amount of low angle grain boundaries existed inside
the coarse grains. It could be inferred that the coarse grains would have the potential
of converting to fine grains. Thus the microstructure would be significantly refined

Fig. 1 True strain and true stress curves of the compressive samples
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with the further passes of ECAP process and/or higher deformation temperatures.
As shown in Fig. 4, most of the grain boundaries in the samples after ECAP process
at 100 °C were low angle grain boundaries. And the low angle grain boundaries
transformed into high angle boundaries gradually with the increase of the tem-
perature of ECAP. In different deformation temperature conditions, the percentages
of high angle grain boundary were 24.7%, 51.9% and 55.5%, respectively. Qi and
Krajewski [27] demonstrated that grain misorientation had a strong effect on the
amount of sliding, increased with grain boundary energy. Yang’s study [28]
showed that the occurrence of grain boundary sliding (GBS) was evident on the
surface of deformed AZ31 specimens during tensile tests at the temperature of
225 °C. The fine grains and high percentage of high angle grain boundaries could
facilitate the occurrence of GBS and weakened the texture significantly. Ma et al.
[29] also reported the benefit of high percentage of high angle grain boundaries to
GBS. With the increase of deformation temperature, the content of high angle grain

Fig. 2 Microstructures of the sample before and after ECAP a before ECAP, b 100 °C, c 150 °C,
d 200 °C
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boundary was enhanced, and grain boundary sliding process became stronger, so
that the ductility of the material was significantly increased [30, 31]. The experi-
mental results above demonstrated that obviously dynamic recrystallization
occurred interior the material during ECAP process. Dynamic recrystallization
became stronger with the increasing of the ECAP temperature. Thus the main
deformation mechanism of the material was basal slip at relatively low temperature
(100 °C) and dynamic recrystallization became the primary mechanism gradually
with the increase of the temperature. Furthermore, the inverse pole figures (Fig. 5)
showed that the texture was weaker at the higher temperature. The higher the
temperature, the stronger dynamic recrystallization and grains rotated during ECAP
processes. The weakened texture caused by dynamic recrystallization and grain
rotation led to the easier movement of the grains during the following compressive
deformation and have positive influence on the ductility of the material [32, 33].

The XRD results of the samples after ECAP at different temperatures were
illustrated in Fig. 6.It could be obtained by calculation that the interior dislocation
densities of the samples after ECAP processes at the temperature of 100 °C, 150 °C
and 200 °C were 5.15 � 1014 m−2, 1.01 � 1014 m−2 and 2.85 � 1014 m−2,
respectively. Along with the increase of the deformation temperature, the disloca-
tion density tended to decrease first and then increased. At the temperature of 100 °
C, the main deformation mechanism of pure Mg material was basal slip, dynamic

Fig. 3 IPF pictures of the samples after ECAP at different temperature a 100 °C, b 150 °C,
c 200 °C
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recrystallization didn’t conduct completely. The interior dislocation density was
relatively high, so that the material obtained high yield strength. Along with the
enhance of the deformation temperature, recrystallization process of the material
became stronger and the dislocation density decreased rapidly, thus the yield
strength of the material decreased as well. When the deformation temperature
reached 200 °C, recrystallization conducted more rapidly. When the deformation
temperature was above 150 °C, ECAP process didn’t finish when recrystallization
conducted utterly. As the continuous ECAP process, the dislocation multiplication
occurred inside the material and the dislocation density enhanced.

Figure 7 shows the TEM results of the samples after ECAP at different tem-
peratures. At the temperature of 100 °C (Fig. 7a), slip traces in the samples indi-
cated that the slip was an important mechanism of deformation at this temperature
condition. Figure 7b showed the microstructure of the sample after ECAP process
at 150 °C. The dislocations distributed uniformly like a net. At the temperature of
200 °C, the dislocations of the sample after ECAP process mainly distributed in
two forms. Some of the dislocations were net-liked distributed (Fig. 7c) and others
inerratic distributed align (Fig. 7d). Normally, the basal plane dislocations formed
and moved easily in Mg materials. The net-liked basal <a> perfect dislocation
(Fig. 7c) would dissociated into two Shockley dislocations which nipped a stacking
fault with a certain energy [34]. This created the conditions for the nucleation of

Fig. 4 Misorientation figures of the samples after ECAP processes at the temperature of a 100 °C,
b 150 °C and c 200 °C
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Fig. 5 Inverse pole figures of the samples after ECAP a 100 °C Max = 8.95, b 150 °C
Max = 6.01, c 200 °C Max = 3.59

Fig. 6 XRD profiles of the samples after ECAP process and the relationship between 2sinhk and
dcoshk
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twins. According to the Peierls-Nabarro lattice model, the screw dislocations in the
magnesium materials usually had a higher Peierls energy than the edge dislocations,
so that the edge dislocations could be moved much easier [35, 36]. The <a> perfect
dislocations dissociated and the obtained partial dislocations(1/3<10–10>) moved
to a inerratic distribution under the severe shear deformation of ECAP process.
These dislocations would have an activation effect on the growth of twins.

At the temperature of 200 °C, twins were observed in the samples while not in
the samples at 100 and 150 °C. At the relatively low temperature (100 °C) of
ECAP, the microstructure was inhomogeneous and recrystallization didn’t con-
ducted utterly. Coarse grains in the initial samples still existed and the twins in the
samples were from the previous forging process. With the increase of the ECAP
deformation temperature (150 °C), recrystallization completed and the grains in the
material became fine and equiaxed. No twins were observed in the refined structure.
With the further increase of the temperature (200 °C), the grains grew obviously
and twinning occurred inside the material. On the other hand, Figueiredo et al. [37]
and Jimenez et al. [24] both proved that there was a transition from twinning to
slip-dominated flow with the decreasing of grain size. It demonstrated that twinning
occurred when the grain size beyond a critical grain size. Li et al. [25] estimated the
critical grain size of twinning appeared theoretically according to the relationship
between the yield strength and grain size by twinning and that by dislocation
slip. The result showed that the critical grain size should be *3 lm. However, the

Fig. 7 TEM figures of the samples after ECAP a 100 °C, b 150 °C, c 200 °C, d 200 °C
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result above cannot always met with the reality because the slope k in Hell-Petch
relationship was not always the same under different deformation conditions [38].
According to Jimenez’s study [24], when the average grain size was 5 lm, basal
dominated flow took place and no obvious twinning appeared in the material. And
in Figueiredo’s study [37], twinning also didn’t observed in the samples with the
grain size of 2.7 lm. Therefore, it seems more reasonable to discuss the critical
grain size form the perspective of twinning dislocation mechanism.

According to the theoretical model of Yu et al. [39], the dislocations which are
perpendicular to the slip plane of the twins would play a role of ‘promoters’ to
activate the growth of the twins. These ‘promoters’ stimulated on the twinning slip
planes layer by layer, leading to the growth of the twins step by step at the length of
one burgers vector a time toward the slip direction. The activation dislocations
between layer and layer could be expressed as,

Pinf ection � d2qP1
promoter

According to the Taylor hardening model [40],

r ¼ r0 þ jbq
1
2

Then,

d ¼ jEb
r� r0

� �
� P�1

2
promoter

where b is the burgers vector length of the promoter, E is the Young’s modulus of
magnesium, j is a dimensionless constant of order 1 [40].

The critical grain size for the stable growth of the twins was 5.9 lm by calcu-
lation. When the grains of pure Mg were refined to the submicrometer scale,
micro-twins would occur inside the grains [41]. As a result, twinning only occurs
when the grain size is smaller than submicrometer or beyond 5.9 lm. Nucleation
and growth of twins could take place because of the grains in the samples after
ECAP at 200 °C were larger than the critical grain size. So that twinning occurred
during deformation processes. In contrast the grains of the samples of 150 °C were
too small to satisfy the critical size of the stable growth of the twins. Thus twins
were not observed in the samples. In addition, perfect dislocations would dissociate
during the process of twinning nucleation. Large amount of atoms migrated in these
dissociation processes. Therefore the dissociation process was a process of thermal
activation and a certain energy input was needed. The energy input was not enough
for the dissociation of the perfect dislocation at the relatively low temperature (100
and 150 °C), thus there was no twinning nucleation and growth observed in the
samples at the low temperature conditions although some grains in the samples
were beyond the critical grain size.

Effect of Equal Channel Angular Pressing … 11



From the above, the pure Mg material was significantly refined after ECAP
process. The deformation mechanism for pure Mg during ECAP was a combination
of slip and recrystallization. The dominated deformation mechanism of pure
magnesium material was basal slip during ECAP deformation at relatively low
temperature. Recrystallization occurred interior the material had not conducted
utterly, so that the microstructure was inhomogeneous, coarse grains still existed
and surrounded by fine grains. With the increase of the deformation temperature,
the recrystallization process became stronger and completed in 4-pass ECAP pro-
cess. Instead of slip, recrystallization became the dominant mechanism at this
temperature condition. Along with the continuous ECAP process, the interior dis-
location multiplied rapidly. When the ECAP temperature reached 200 °C, the
grains grew up obviously. The <a> perfect dislocations dissociated and the partial
dislocations dissociated from the <a> perfect dislocations moved to an inerratic
distribution under the function of applied stress. Large amount of activation dis-
location distributed align and promoted the nucleation and growth of the defor-
mation twins.

4 Conclusion

1. After ECAP processes, the grains of pure Mg material were significantly refined
and the yield strength was obviously increased. Along with the rise of the
deformation temperature, the grains grew up and the yield strength of the
material decreased. The samples ECAPed at 150 °C showed the remarkable
good ductility because of the fine and equiaxed grains and the relatively weak
texture.

2. The deformation mechanisms of ECAP processes were different along with the
change of the deformation temperature. Basal slip was dominated at the lower
temperature. Recrystallization became the main mechanism gradually with the
increase of deformation temperature. When the temperature of ECAP reached
200 °C, twinning occurred.

3. When deformation temperature raised to a certain extent, basal perfect dislo-
cation of the pure magnesium material dissociated and twins were nucleated.
The nucleated twins would grow up stably if the grains of the material beyond
the critical grain size. And the calculated results indicated that the critical grain
size of twins was about 5.9 lm.
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Research on Ice-Induced Vibration Test
of Inland Icebreaker

Siyu Wang and Yuan Du

Abstract Series of tests were implemented to explore the ice-induced vibration
behavior of a river icebreaker. The ice thickness of experimental site is in the scope
of 300–400 mm. According to the ice situation on the river, three typical ice
conditions are divided in the current research. The vibration test system is mainly
composed of data acquisition system, accelerometers and digital cameras. Ice
condition and speed of icebreaker are chosen as the main research objects of the
test. On the basis of time domain curve and acceleration spectra, some interesting
points are found. The investigation results show that: Compared with other two
typical ice conditions, the peak value of complete ice area is the biggest. In addi-
tion, more characteristic frequencies appear when the working condition is com-
plete ice area. When the icebreaker drives at a faster speed, the ice-induced
vibration response also increases.

Keywords Vibration � River icebreaker � Tests � Typical ice conditions �
Ice-induced

1 Introduction

With the development of polar resources, people are increasingly interested in the
interaction between ice and ships. Su et al. [1] presented a numerical method to
simulate the interaction between ice and ship. The comparison between numerical
method and experiment data from the ice trails of icebreaker matched well. Zhang
et al. [2] proposed a Smoothed Particle Hydrodynamics (SPH) method to simulate
the failure procedure of ice and interaction between ice and ship. The numerical
data has been compared with experimental data of a scaled icebreaker model.

The vibration of hull structure leads to discomfort of passengers and abnormal
working condition of instrument. Many researches have been conducted about the
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vibration characteristic of hull structures. Zhou et al. [3] investigated the ice load of
a model-scale ship when the model was towed through ice field in the ice tank. Luo
et al. [4] investigates the resistance of ships navigates in the marginal ice zone by
conducting model tests in the towing tank, the ice was modelled by paraffin. Yue
et al. [5] conducted a full-scale test on a platform in Bohai Bay to study the ice
forces and ice-induced vibration of platform structure. Huang and Liu [6] put up a
dynamic model to analyze the ice-induced vibration (IIV) of offshore structures.
Pang et al. [7–10] investigated vibration characteristic of doubly curved shells,
annular sector plates and rectangular plates on the basis of a new semi-analytical
method.

The researches mentioned above are mainly about hull vibration, ice load of
offshore structures and tests of model-scale ship. Many full-scale measurements of
offshore structure have also been conducted. However, few researches have been
implemented to study the vibration response of the ice-breaker when the ship sails
in the ice area.

In the current research, the data measured when the ice-breaker was working in
ice-infested river is displayed. In the meantime, the effects of ice condition and
speed of icebreaker on vibration response of ship have also been discussed.

2 Experiment Procedure

The test was conducted when the temperature was in the scope of -4–0 °C. The
portable vibration test system was used to collect and store vibration signals. The
accelerometers were attached to the ice-breaker through magnetic base. Digital
cameras were placed at the bow and portside of the ice breaker to record the
interaction between ship and ice region. The signal measurement and acquisition
instrument of ice-breaking test are shown in Fig. 1.

（a）Vibration test system （b）Accelerometers

Fig. 1 The instrument used in the test
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2.1 Ice Situation

According to the ice situation on the surface of river, complete ice area, floating ice
area and open area are divided into three typical ice conditions. The interaction
situation between icebreaker and ice sheets are displayed in Fig. 2. The ice con-
ditions of the tests and speed of the ice-breaker were chosen as the main research
objects of tests. In summary, the test condition table of icebreaker is shown in
Table 1.

2.2 Layout of Key Point

The center of local plate situated on the driving deck (5250 mm from the bow,
675 mm from the centerline) and the center of local plate on the main deck
(3650 mm from the bow, 675 mm from the centerline) are respectively defined as
point A and B to investigate the influence of ice condition and speed of icebreaker
on vibration response of ship.

(a)  complete ice area (b) floating ice area (c) open area 

Fig. 2 The typical ice conditions

Table 1 Ice conditions and speed of the icebreaker

Test condition Speed of ice-breaker/kn

3 * 4 7 * 8

Condition 1 Description of ice Complete ice area
(Thickness 250–300 mm)

Condition 2 Floating ice area

Condition 3 Open area
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2.3 The Process of Dealing with Vibration Acceleration
Signal

Wavelet noise reduction and Fourier transform were combined to deal with the
random vibration signal of ice-induced vibration. The fixed time-window function
g t � sð Þ was used to cut off objective function x(t), Fourier transform was con-
ducted with local time domain signal.

3 Experimental Phenomenon and Discussion

The key point A was selected as research subjects to discuss the influence of ice
conditions on vibration response of ship, the speed was fixed between 3 and 4 kn.
The key point B was defined as observation point to investigate the effects of
icebreaker speed when the river icebreaker sailed in complete ice area.

3.1 The Effects of Ice Condition

Figure 3 indicates the time domain curve of acceleration of test point A. Maximum
acceleration response value of the floating ice area is smaller than complete ice area.
In addition, the variation of acceleration amplitude in the floating ice area is slower
than the complete ice area condition.

Figure 4 demonstrates acceleration amplitude spectrum of the test point A.
When the icebreaker navigates in open area, both the number and value of peaks are
the smallest. However, the maximum peak value doesn’t increase obviously when
the ice condition is complete ice area. When the observed frequency is near 73 Hz,
the peak value of complete ice condition is even less than the floating ice area.

(a) Complete ice area (b) Floating ice area 

Fig. 3 Acceleration time domain curve of key point A
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3.2 The Effects of Icebreaker Speed

When the icebreaker navigates with different speeds in complete ice area, the time
domain curve of key point B is displayed in Fig. 5. It is easy to find that peak
acceleration changes dramatically with different speeds. Figure 6 presents accel-
eration amplitude spectrum of test point B. When the speed of icebreaker increases,
the peak acceleration also increases. Whereas, the number of peaks decreases.

(a) Complete ice area (b) Floating ice area 

Fig. 4 Vibration amplitude spectrum of the key point A

(a) Speed 3~4kn (b) Speed 7~8kn 

Fig. 5 Acceleration time domain curve of key point B

(a) Speed 3~4kn (b) Speed 7~8kn 

Fig. 6 Acceleration amplitude spectrum of key point B
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4 Conclusion

On the basis of vibration acceleration signal of key points A and B, we can reach
the conclusions as below:

1. When the ice condition is complete ice area, both the acceleration peak value
and the number of acceleration peaks are more than other two ice conditions.

2. Whereas, when the ice condition is floating ice area the vibration peak value is
smaller than complete ice area. What’s more, vibration response excited by
ice-breaking load of floating ice area condition is more sparse than complete ice
area condition.

3. When the ice breaker sails with various speeds, the vibration response induced
by ice breaker mainly appears in low and middle frequency. With the augment
of icebreaker speed, the vibration response gradually increases.
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Critical Analysis of Productivity
of Well 2L After Foam-Acid Diversion

Chinedu J. Okere, Lihui Zheng, Guandong Su, Hao Liu,
Qifan Chang, and Obiora J. Obiafudo

Abstract Foam acid diversion is a widely adopted well stimulation technique
based on its superior efficiency and applicability to reservoir layers with varying
permeability. However, no study has critically analyzed the performance of a well
after foam acid diversion operation from a field perspective. In this study, Well 2L
was used as case study, and the field data obtained from the Nigerian Petroleum
Development Company were carefully analyzed using pressure transient equations.
A clustered column chart was used to compare the performance of the well before
and after acid foam diversion. Combining the results of previous researches, the
causes of formation damage due to the initial decline in the productivity of Well 2L
was established. The results indicated that, first, a rapid decline in production of
Well 2L before foam acid diversion was due to formation damage by drilling and
completion operations previously carried out on the well. Second, after foam acid
diversion, the productivity of Well 2L remarkably increased by 70%, suggesting
that the application of foam acid diversion significantly improves oil recovery .

Keywords Foam acid diversion � Formation damage � Productivity � Well stim-
ulation � Pressure transient well test � Well 2L
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Nomenclature

Symbol

Ø Porosity
B Formation volume factor
BHP Bottom hole pressure
BS & W Base sediment and water
b/d Barrel per day
C3 Clustered column chart
Ct Compressibility factor
H Total reservoir thickness
hp Height of perforation
ht Height of interval
J Productivity index
K Formation permeability
KH Horizontal permeability
Kv Vertical permeability
M Honer’s plot slope
mD Milli Darcy
Pavg Average pressure
Ppt Part per thousand
Pwf Flowing well pressure
Pws Static well pressure
DPs Pressure drop due to skin
Q Production flowrate
Sd Skin effect due to damage
Sp Skin due to incomplete perforation
tp Total production time
µ Viscosity

1 Introduction

Acidizing treatment have been a preferable method in the oil and gas industry for
restoring and improving the permeability of formations due to their compatibility
with various types of formation. The major goal of any acidizing operations is to
improve well productivity thereby eliminating formation damage caused by pre-
vious operations, and improving the characteristics of the reservoir such as porosity
and permeability [1, 2]. The choice of chemical diversion process has had
tremendous success in reservoir stimulation [3, 4]. The use of foam as a treating
agent for acid diversion during stimulation process have been widely adopted.
Studies have shown that a common type of acid used in sandstone formation is the
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foamed acid [5]. Foams exist in either gaseous or liquid phase. Nitrogen gas (N2) is
used as the gaseous phase while the liquid phase is usually formed from a
hydrofluoric acid (HF). Scholars like Zou et al. [6] and Songyan et al. [7] suggested
that in foamed acidizing operation, the rate of fluid loss is relatively low, with
extremely large viscosity and it can effectively mitigate formation damage in for-
mations with different permeability. As the foam enters the layers of the rock it
causes an increase in gas saturation and a decrease in liquid saturation at the near
wellbore zone [8].

Experimental study by Siddiqui et al. [9] revealed that when foams are injected,
they reside in layers of varying permeability and least damaged zones of the
interval, while other injected acid will be at zones where little or no foam has
entered. The presence of foam in a high permeability or undamaged region will
significantly reduce the relative permeability of liquid in that region, thereby
converting acid saturated layers into the foam-saturated layers. Foam acidizing
treatments can be applied in three types of formations: first, in formations having a
mixture of oil-water layers in which the foam blocks the water zone and prevent
more water cut after acidizing. Second, in formations which will be retreated, where
corroded channels formed due to previous acidification are blocked by the
acid-foam solutions. Finally, in formations with thick oil layers (with varying
permeability within the layers), where the foam blocks high permeability layers by
diverting the acid to the low permeable regions.

A major disadvantages of foam diversion is that over time, the bubbles breaks
resulting in the flow of gaseous phase which could lead to a poor diversion process
[10]. Despite several experimental reports on the successful application of foam
acid diversion techniques, no study has critically demonstrate this success from a
field perspective.

Herein, we analyze the reservoir performance of Well 2L via a well test analysis
of some Oilfield data, performance comparison chart and a review of the effect of
formation damage by previous operations. This study will provide a reliable basis
for understanding foam acid diversion operation and serve as a guide for formation
damage analysis of oil field data.

2 Method

In order to evaluate the degree of formation damage in a well due to permeability
impairment, the skin factor is use to quantitatively represent the degree of formation
damage. The Permeability and skin factor are estimated from a pressure transient
well test analysis. Pressure transient well testing is carried out to develop a detailed
reservoir model for predicting and analyzing the characteristics of the reservoir
behavior, formation permeability, skin factor, shape of the drainage area, optimum
reservoir recovery rate, reservoir recovery evaluation, and the type of reservoir
boundary [11].
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2.1 Reservoir Formation Damage Evaluation Method

Using pressure transient well test analysis of the buildup test data of Well 2L,
permeability of the formation and other parameters of the reservoir was calculated.
At early time region (ETR) and transient flow regime, the permeability (K) from the
Cartesian plot of the buildup test data is given by:

K ¼ � 162:6qlb
mh

ð1Þ

The total skin effect (S) due to multiple flow rates is evaluated as:

S ¼ 1:151
Pws Dt¼1hrð Þ � Pwf Dt¼0ð Þ

m
� Log

K
;lctr2w

� �
þ 3:23

� �
ð2Þ

The skin effect due to partial perforation (Sp)

SP ¼ ht
hp

� 1
� �

In
ht
rw

ffiffiffiffiffiffiffi
KH

KV

r� ��2
 !

; ð3Þ

where

KH=Kv ¼ 1 ð4Þ

Therefore, from Eq. (3), the skin effect due to formation damage (Sd) at the near
wellbore region is:

Sd ¼ hP
ht

S� Sp
� � ð5Þ

Additional pressure drops due to total skin effect DPsð Þ

DPs ¼ S
141:2qbl

Kh

� �
ð6Þ

The productivity index (J) of the well is defined as

J ¼ q
Pavg � Pwf

ð7Þ
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The flow efficiency (E) is evaluated using Eq. (8)

E ¼ Pavg � Pwf � DPs

Pavg � Pwf
� 100 ð8Þ

Thus, the formation damage ratio (DR) is given by

DR ¼ 1
E

ð9Þ

The well’s transmissibility (T) is calculated using Eq. (10)

T ¼ Kh
l

ð10Þ

3 Description of Operations and Historical Development
of Well 2L

The Oredo oil and gas field is one of the onshore oil and gas producing fields in
Niger Delta basin that is located in the north-western Niger Delta, about 85 km
South-West of Benin, Edo state, Nigeria. It was developed by the Nigerian
Petroleum Development Company (NPDC) a subsidiary of the Nigerian National
Petroleum Corporation.

3.1 History of Well 2L

Well 2L was drilled to a depth of 350 m and completed in April 1999 with two
string dual (TDS) on A8.2 sands. When the well became fully operational in
February 2000, the production rate was 700–800 stb/d and sand of about 2 ppt with
a water cut of 22% was noticed in December 2000. Interval Gravel Pack (IGP) was
installed across both intervals during a well intervention operation in 2002 to
control high sand production after an initially installed eposand consolidation was
ineffective. The water cut rose steadily to about 51% in April 2004 thus necessi-
tating a water exclusion job in May 2004. After the water exclusion job, the water
cut subsided to 8.1%. The well was observed to have experienced a drastic drop in
production from 36.4 stb/d/psi in March 2000 to 3.48 b/d/psi in February 2004 due
to the encroachment of external water into the formation. In order to improve its
productivity, Well 2L was stimulated by a foam acid diversion treatment, the
diversion operation was carried out according to the sequence below;
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• A drift was inserted at the nipple of the well to ensure that the tubing was free.
• As diesel were circulated, the coiled tubing surface was run to the tubing tail to

obtain a clean hole.
• Then the acidizing chemicals were injected into the perforated region based on

the standard operational procedures.
• The well was shut-in for about 720 h and a pressure build up test was carried out

with the bottom hole pressure at various intervals.
• The well was opened for production and the production rates, GOR, sand level

and water were carefully monitored.

3.2 History of Reservoir Modifications in Well 2L Due
to Various Field Operations

The reservoir of Well 2L composed of unconsolidated sandstone formation with
well-developed natural fractures which is mainly composed of quartz, feldspar,
mica and clay minerals [12]. During the production cycle of a well, the reservoir
undergoes several changes in the weathering and behavior of the reservoir due to
the impact of operations such as drilling and completion, and acidizing operations.
When drilling, stresses induced to the rock leads to geo-mechanically damage and
the original properties of the reservoir (such as porosity and permeability) are
altered at the near wellbore zone. During high sand production, sands grain accu-
mulates at the casing (lowering the permeability zone) and creates cavities in the
reservoir which may lead to a formation collapse or a significant pressure drop at
near wellbore region [13–15].

4 Results and Discussion

Details of the reservoir characteristics of Well 2L before foam acid diversion is
presented in Table 1 below:

The characteristics of Well 2L of a sandstone reservoir having a porosity of
about 19%, a permeability of 1698 mD, and productivity index of 85% indicating
that the well can provide a good fluid transport ability. Other characteristics such as
the drainage area, average reservoir pressure, oil viscosity, oil volume factor and
water–gas ratio as shown in Table 1, justified the decision for investing in Well 2L.
The completion operation was carried out in April 1999 to meet the sand control
requirements of Well 2L, the interval gravel pack was installed to arrest high sand
production. At a performance shot density of 12 spf, the perforation skin was not
affected.

From Table 2, a line graph of the gross production of Well 2L before acid foam
diversion is shown in Fig. 1.
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At the time Well 2L became operational in February 2000, the gross production
rate was 780 stb/d at a bottom hole pressure of 460 psi with a gas to oil ratio of 200
scf/bbl. There was a significant increase in the gross production over the years
resulting to an obvious curve (Fig. 1) as it attained a stable production rate of 3200
stb/d in August 2002, however in May 2005, the production declined significantly
to 850 stb/d. In order to improve the performance of the well, the production team
designed a well intervention scheme which includes well testing and stimulation
program.

Table 1 Reservoir characteristics of Well 2L

Description Value Field unit

Sandstone reservoir A8.2 –

Wellbore radius 0.362 ft

Permeability 1698 mD

Porosity 18.7 %

Perforation depth 37.784 ft

Temperature 185 oF

Productivity index 0.854 bbl/d/psi

Compressibility factor 8.91 � 10−5 psi−1

Gas liquid ratio 139.2 scf/bbl

Gas saturation 0.705 –

Water-gas saturation 1.100 –

Drainage area 2010.4 ft2

Oil viscosity 0.238 Cp

Water salinity 94,712 ppm

Oil volume factor 1.805 bbl/stb

Average reservoir pressure 4377 psi

Table 2 Production data for Well 2L before foam acid diversion

Date Size
(inch)

BHP
(psi)

Gross production
(stb/d)

BS & W
(%)

GOR (scf/
bbl)

Sand
(ppt)

02/2000 20 460 780 1 200 2

02/2001 22 460 950 1 200 2

12/2001 24 500 1300 2 250 4

03/2002 36 360 2500 9 150 7

08/2002 40 310 3200 16 150 9

02/2003 44 280 3170 18 150 9

11/2003 42 280 3080 22 180 8

04/2004 42 290 3000 52 200 7

12/2004 24 250 1750 23 300 4

05/2005 36 150 850 10 175 2
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In 2005, a pressure build-up test was carried out in Well 2L (Table 3). The well
was shut-in for about 720 h and the bottom hole pressure at different intervals were
recorded for analysis.

From the results of the well test (Table 3), it is obvious that the rate of pressure
drops in the well indicates a significant impairment of the well interval due to
existing formation damage. A high formation permeability value of 774 mD
(Table 4) which indicates a high rate of fluid flow through the formation, but a skin
effect of 14.65 implies an impairment to flow indicating the presence of damage
within the near wellbore region and thus the reason for performing the acid foam
diversion operation on the well. The flow efficiency of the well at approximately
37% is very low, and this implies that Well 2L was producing below its capacity
and needed to be stimulated. The high formation transmissibility of about 26,093.2
mD.ft/cp shows there is an easy flow of fluids through the layers of the formation
and the reservoir rock can produce fluids. Prior to acid foam diversion operation,
the well’s production rate was 650 stb/d (from field survey) and the positive skin
factor shows that the well was significantly damaged with a pressure drop due to
total skin effect to be 102 psi (Table 4).

The result of Table 5 is presented in Fig. 2.
After the acid foam diversion, the average production rate of the well increased

significantly to 2150 b/d in October 2005 which was about 70% increment from last
production rate before acidizing. To analyze the gross production rate of Well 2L
before and after acid foam diversion operation, production reports of Tables 2 and 5
were compared in a clustered column chart as shown in Fig. 3.

Fig. 1 Gross production history of Well 2L before acid foam diversion
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As Fig. 3 indicates, the maximum performance of Well 2L before acid foam
diversion occurred at the mid time region (i.e. between March 2002 to April 2004)
of the observed period. However, at the late time region (December 2004 to May
2005), there was a sequential drop in the performance of the well due to inherent
formation damage effect. After acid foam diversion operation, the production of the
well increased significantly at the early time region (October 2005 to September
2006) which suggests that the acidizing operation was successful, but due to certain
factors, a sudden decline in the production occurred at the mid time and late time
region. These factors were extensively reviewed in the next section.

Table 3 Pressure buildup test data for Well 2L

Shut-in time, Dt (hrs) Bottom hole pressure (psia) Horner time
tp þDtð Þ
Dt

0 2685 0

1 2763 721

2 2805 361

4 2819 181

5 2825 145

7 2828 104

9 2830 81

12 2831 61

20 2831 37

60 2837 13

120 2840 7

300 2842 3.4

420 2842 2.7

550 2842 2.3

620 2843 2.2

720 2843 2.0

Table 4 Results of buildup test data analysis of Well 2L after stimulation

Description Value Field unit

Permeability (K) 774 mD

Total skin effect 14.65 –

Skin effect due to formation damage 3.36 –

Pressure drop due to total skin effect 101.8 Psi

Pressure drop due to skin effect by formation damage 23.4 Psi

Pressure drop due skin effect by partial perforation 35.58 Psi

Productivity index 6.203 stb/d/psi

Flow efficiency 37.2 %

Formation damage ratio 3 –

Transmissibility 26,093.2 mD.ft/cp
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4.1 Formation Damage During Acidizing Operation

One of the recent challenges in the petroleum industries is performing matrix
acidizing in complex and low permeability reservoirs like the sandstone reservoirs
due to the complexity of the formation [16]. Studies have identified Injection rate,
acid-formation contact time, temperature, nature of rock minerals, and the con-
ductivity of the fractures in the formation as some of the factors influencing the
success of an acid stimulation operation [17]. Acid-formation contact time and
conductivity property of the fractures are the most critical factors to be considered

Table 5 Production data for Well 2L after acid foam diversion

Date Size
(inch)

BHP
(psi)

Gross production (b/
d)

BS & W (%) Sand
(ppt)

10/2005 36 150 2150 0 10

02/2006 40 180 2050 1 14

09/2006 16 310 1900 2 12

02/2007 20 280 1000 0 8

11/2007 22 250 1000 1 10

04/2008 28 200 920 0 16

12/2008 32 200 900 0 12

04/2009 36 190 800 0 10

11/2009 36 160 700 2 14

03/2010 36 170 600 1 18

12/2010 36 150 550 1 22

Fig. 2 Gross production rate of Well 2L after acid foam diversion
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during acidizing process. Foam acid diversion has gain popularity because of its
low rate of fluid loss and wide range of applicability in layers with variable per-
meability [18]. Other Factors influencing the effectiveness of acid foam diversion
treatment includes, the quality of the foam, foam slug size, difference in perme-
ability within the layers and temperature. After acid foam diversion operation was
carried out on Well 2L, a subsequent decline in production rate was observed in the
mid time and late time region. This effect is attributed to some possible factors
which are highlighted below;

Quality of the acid foam solution. To achieve an optimum result from acid foam
diversion the foam must be of a good quality. The quality of the foam in acid foam
solution is a function of viscosity of the foam, foam slug size and amount of foam in
the solution. Theoretically, the quality of the foam in solutions in defined as the
ratio of gas volume to foam volume (gas + liquid) at a specific temperature and
pressure [19]. Mathematically it is expressed as;

FQ ¼ Gas volume
Gas volumeþ Liquid volume

ð11Þ

where FQ is the foam quality, %; gas volume = BBLs or gallons; and liquid
volume = BBLs or gallons.

Studies revealed that the quality of foam fraction in the acid solution has a
significant relationship with the viscosity of foam, a graphical representation of this
relationship is shown in the Fig. 4.

As Fig. 4 shows, when the foam quality is between 0 and 0.52, the spherical gas
bubbles does not come into contact with each other and the viscosity is within a low
range, thus there are lots of free fluids in the system, and this influence the fluid-loss

Fig. 3 Gross production of Well 2L before and after stimulation process
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ability [21]. When the quality of the foam is between 0.52 and 0.96, the gas bubbles
comes in contact with each other and the viscosity will be higher, in this state, the
foam solution does not have proppant-suspension ability. And when the foam
quality is above 0.96, there will be a significant loss in viscosity and the foam will
be in mist form. A higher foam viscosity, indicates a higher acid foam oil recovery
efficiency [20]. This implies that the higher the form quality the higher the viscosity
and the sweep efficiency is improved. Therefore, the most suitable and frequently
used foam quality is within the range of 0.6–0.8, this was called “dry foam” which
has a polyhedral molecular structure [22].

Concentration and Temperature of foam in Injected acid foam solution. The
amount of foam in the acid foam solution will determine the effectiveness of the
acidizing process. High foam concentration implies that more acid saturated layers
will be converted into the foam-saturated layers and thus yield an effective acid
diversion process. However, at downhole temperatures the performance of the acid
foam solutions declines due to decrease in foam concentration and temperature
effect. Many field treatments require foam effectiveness at elevated temperature in
the presence of both acid and corrosion inhibitor [23]. Several researchers have
recommended that at downhole conditions the concentration of the injected foam
should be within 1.5 to 2 times the open hole volume of the reservoir bed while
Kam et al. [23] is of the opinion that foam diversion is best applied at temperatures
within the range of 150–250 °F.

Injection Techniques. The injection techniques determine the success of the
acidizing process. The injection rate and strategy are critical as a poor technique
could lead to significant formation damage. Selecting an optimum injection rate has
been a challenging and should be based on the dissolution and removal of minerals
as well as the depth of damaged zone.

Fig. 4 Relationship between the viscosity and quality of foam [20]
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The acid injection rate can also be constrained by surface injection pressure at
the pump. A continuous injection of foamed acid could result to formation blockage
due to the foam saturated layers. As the total skin factor increases, the initial skin
factor due to formation damage decreases during acidizing while bottom hole and
wellhead pressures increase. At the initial stage of the acid foam injection (within
an hour), there is a rapid increase in pressure, and then it increases slowly. In high
permeability layers, the flow rates of foamed acid decreases, but in
low-permeability layers it increases relatively with an increase in the volume of
foamed acid injected. The acid injected into different layers is more uniform during
matrix acidizing by using foamed acid. However, the optimum amount of acid
injection rate varies with the concentration of acid, temperature alteration and rock
mineralogy. Studies from Qi et al. [24] revealed that an injection rate of 3–4 mL/
min will produce an optimum acidification result while other researchers proposed a
systematic procedure that requires low acid injection rates to achieve optimum
stimulation with a given acid volume.

Rock mineralogy and Fracture conductivity. Rock minerals and existing fracture
conductivity are key to the success of acid foam diversion operation. However, the
nature of the rock mineralogy will define the optimum amount of acid injection rate.
Studies revealed that in dolomite formations, in order to effectively penetrate into
the pores is experienced when there is an increase in acid volume and a decrease in
acid injection rate more than limestone formations [25]. Sandstone minerals are
partially soluble in acid solutions and some layers restricting the flow through pore
spaces are dissolved during the process, thereby allowing the formation fluids to
move more freely into the well. Tight formations are most likely damaged for-
mation during acidizing due to their low permeability and complexity of the for-
mation [26, 27]. Therefore, the conductivity of the fractures in tight formations
plays an important role in acidizing operation, acidizing becomes more efficient in
high conducting fractures. Wells with permeability below one mD will produce an
optimal acidizing result.

Mechanism of chemical Reactions due to contact between injected acid and the
formation minerals. The chemical reaction of acid with the minerals of sandstone
formation occurs in three stages, firstly, the hydrofluoric acid (HF) reacts with pure
quartz layers of the sandstone in the following manner:

SiO2 þ 4HF $ SiF4 þ 2H2O ð12Þ

SiF4 þ 2F� $ SiF2�
6 ð13Þ

The result of the above reversible reaction yields an anion of silicon hexafluoride
(SiF6

2−), the second phase of the reaction involves the reaction of hydrofluoric acid
(HF) with feldspar, chert, mica and clay minerals of the sandstone resulting in the
formation of silicon hexafluoride (SiF6

2−) anions and compounds of aluminum
fluorides like; AlF2+, AlF2

+, AlF3, AlF4
-, AlF5

2−, and AlF6
3−. Some of these alu-

minum fluorides further reacts with calcium, potassium and sodium ions at free
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state to form precipitates of Calcium Fluosilicate [CaSiF6], Potassium Fluosilicate
[K2SiF6], Sodium Fluoaluminate [Na3AlF6] and Calcium Fluosilicate [Na2SiF6].
The formation of this precipitants often leads to plugging effect which will even-
tually damage the formation. The damage increases with a corresponding increase
in the amount of the precipitates formed [2, 28].

5 Conclusion and Recommendations

Formation damage can occur at different phases of a well’s history from the drilling
and completion phase to the development and production phase. Operations such as
drilling, completion, workovers and acidizing, which exposes the formation to a
foreign fluid, could result in formation damage due to re-occurring fluid/rock
interactions. If a well is producing below its optimum capacity, it is necessary to
identify the root-cause of the problem before corrective measures are adopted. In
some cases, a critical assessment of the entire productive system may be required. If
formation damage is suspected to be the actual cause of a well’s low productivity,
then its effect should be controlled. Based on the analysis in Well 2L, the following
conclusions are made;

1. The performance of Well 2L declined significantly due to formation damage.
2. The sudden decrease in the production rate in Well 2L was due to previous

activities on the well resulting from sand injection and insertion of production
logging tools during the operations of the well.

3. After the application of foam acid diversion operation in Well 2L, the produc-
tion increased significantly to about 70% of the previous production, which
suggest that the foam acid diversion operation was effective.

The recommendation in this study becomes vital based on the conclusion
deduced from Well 2L.

• During the retreatment of Well 2L, more attention should be given to the quality
of the foam and the injection techniques. Solvents and acid compositions should
be selected to reduce incompatibility.

• The formation of precipitates during acid foam diversion should be prevented by
pre-flushing and post-flushing techniques.

• A continuous monitoring of subsequent operations in Well 2L should be carried
out during future operation done on the well in other to prevent future occur-
rence of formation damage on the well.
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Investigation of Spin Pinned Effect
in Ni/NiFe/Ni Trilayers Via
Ferromagnetic Resonance Spectroscopy

Yu Liu and Zhongwen Lan

Abstract Recently, increasing the application frequency of devices through spin
wave resonance has received widespread attention. Exciting spin waves through the
spin pinning effect of the Ni film on the surface of the Ni81Fe19 film is of great
significance to increase the application frequency of the device. Herein, the Ni
(t nm)/Ni81Fe19 (50 nm)/Ni (t nm) multilayer films, which were fabricated by
magnetron sputtering. And the micromorphology, static magnetic properties, fer-
romagnetic resonance (FMR) linewidth (ΔH) are discussed in detail. As the Ni film
thicknesses increased, the saturation magnetization (4pMs) of the trilayers
decreased from 7405 to 5805 Gs. When the Ni film thickness was below 10 nm,
ΔH showed an upward trend, and the ΔH slightly decreased at 15 nm Ni film
thickness. When Ni film thickness was less than 10 nm, the perpendicular standing
spin wave (PSSW) mode appeared, which implied a strong pinning effect. With
10 nm and 15 nm Ni film, the PSSW mode disappeared, indicating that the large
grain size was not conducive to the pinning effect of the film.

Keywords Microwave devices � Spin wave � Multilayer � Perpendicular standing
spin wave

1 Introduction

With the continuous progress and development of communication technology,
modern microwave devices are developing in the direction of miniaturization and
high frequency [1–4]. However, the ferromagnetic resonance (FMR) frequency of
the magnetic material determines the application frequency of the microwave
device [5, 6]. Therefore, magnetic materials are required to have a higher ferro-
magnetic resonance frequency [7–9]. Various efforts have been made in the past

Y. Liu (&) � Z. Lan
School of Materials and Energy, University of Electronic Science and Technology of China,
Chengdu 610054, China
e-mail: liuyui15005510@163.com

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021
L. Zheng et al. (eds.), Proceedings of MEACM 2020,
Mechanisms and Machine Science 99,
https://doi.org/10.1007/978-3-030-67958-3_4

37

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-67958-3_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-67958-3_4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-67958-3_4&amp;domain=pdf
mailto:liuyui15005510@163.com
https://doi.org/10.1007/978-3-030-67958-3_4


few decades to increase/regulate the ferromagnetic resonance frequency of mag-
netic materials, especially metal multilayer films [10–13]. Chai et al. [14] have
prepared the CoFeBSm film by oblique sputtering technique and studied its fre-
quency characteristics. As the oblique angle increased, the easy-axis ferromagnetic
resonance frequency increased and the hard axis ferromagnetic resonance frequency
decreased. Li et al. [15] have discussed the effect of oblique sputtering on the
magnetic properties of the CoFeB film and revealed that the application frequency
increased from 2.83 to 9.71 GHz as the oblique angle increased from 10° to 70°.
Cao et al. [16] have studied the effect of thickness on the dynamic magnetic
performance of FeCo film through VNA-FMR and electron spin resonance spec-
troscopy. With the increasing FeCo film thickness, the in-plane magnetic anisotropy
field increases, which means an increase in the ferromagnetic resonance frequency.
Zhou et al. [17] have studied the frequency characteristics of FeNi film with doped
ferrite. The resonance frequency increased from 1.3 to 2.3 GHz with the increasing
doped ferrite concentration.

In general, scholars have tried different methods to increase the application
frequency of devices, but these methods are generally not ideal. Through the pin-
ning effect of the Ni film with low saturation magnetization on the NiFe film, the
perpendicular standing spin wave can be successfully excited, which is of great
significance for improving the application frequency of the device. The saturation
magnetization (4pMs), micromorphology, and FMR linewidth (ΔH) of the Ni/NiFe/
Ni films are systematic studied. The research showed that the Ni film thickness had
a great influence on the 4pMs, ΔH, and micromorphology. We believed that by
regulating the thickness of the Ni film layer is a reliable way to improve the
frequency of microwave devices, and have a huge application prospect in high
frequency applications.

2 Experimental

Ni (t)/Ni81Fe19 (50 nm)/Ni (t) multilayer films were deposited on Si (111) substrate
by DC magnetic sputtering technique. The Ni81Fe19 film thickness is 50 nm. And
the Ni film thickness is 2, 4, 10, 15, 10, and 20 nm, respectively. The Ni film and
Ni81Fe19 film were deposited by the same sputtering parameters without tempera-
ture treatment. The sputtering power of thin film deposition is 20 W, the pressure is
0.3 Pa.

The micromorphology of the Ni/Ni81Fe19/Ni multilayer was measured by atomic
force microscope (Bruker MultiMode8) films with a 2 � 2 lm scan area. The
magnetic hysteresis loop of the films were tested by vibrating sample magnetometer
(VSM, Lake Shore 8604) with a 100 Oe magnetic field. The ferromagnetic reso-
nance absorption spectroscopy were tested by ground co-planar waveguide, and the
microwave frequency is 9 GHz.
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3 Results and Discussion

3.1 Micromorphology

Figure 1 shows the atomic force microscope images of Ni/NiFe/Ni multilayer films.
It can be seen from the atomic force microscope (AFM) image that the Ni film
thickness had a great influence on the grain growth mode. When the Ni film
thickness was less than 10 nm, the grain of the films with different thicknesses were
smaller and the grain consistency was better. As the Ni film thickness reached
10 nm, the grains tended to grow laterally, and the surface became flatter, but the
uniformity of the film grains became worse. It can be seen from the microscope
image that, the grain size of the Ni/NiFe/Ni multilayer film decreased first and then
increased with the increasing of the Ni film thickness, and reached the minimum
value at 8 nm (Fig. 2).

With the increasing Ni film thickness, the surface roughness of the film increased
first and then decreased. The surface roughness of samples with different Ni film
thickness was 5.14 nm, 6.11 nm, 6.22 nm, 5.85 nm, 4.46 nm and 4.19 nm,
respectively. The surface roughness of all films was greater than 4 nm, indicating
that the quality of the films induced by Ni film was not good. When the film reaches
8 nm, the height fluctuation of the film grains reduces, which also caused a sub-
stantial decrease in roughness. As the Ni film thickness increased, the average grain
size decreased first and then raised. The minimum value at the Ni film thickness of
8 nm was 82 nm.

Fig. 1 The micromorphology of Ni/NiFe/Ni films with the thicknesses of Ni from 2 to 20 nm,
a 2 nm; b 4 nm; c 6 nm; d 8 nm; e 10 nm; f 15 nm
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3.2 Static Magnetic Properties

Figure 3 shows the in-plane magnetic hysteresis loops of Ni/NiFe/Ni multilayer
films. All films showed good soft magnetic properties, and the Ni film thickness had
a huge impact on the 4pMs and coercivity (Hc). The in-plane coercivity showed an
upward trend and then a downward trend. The experimental and theoretical (cal-
culated by the ratio of the Ni film thickness to the NiFe film thickness) saturation
magnetization are shown in Fig. 4a. Both the experimental and theoretical satura-
tion magnetization decreased as the Ni film thickness increased. Because the 4pMs

of Ni at room temperature is 6 kGs, which is smaller than the 4pMs of NiFe film.
The 4pMs obtained by vibrating the sample magnetometer decreased from 7405 to
5805 Gs linearly. The change in saturation magnetization of the sample was mainly
caused by the increased Ni film thickness. As we can see from Fig. 4 that the
saturation magnetization measured by the experiment was much lower than the
theoretical value, indicated that the overall quality of the multilayer film induced by
the Ni film is not good. However, when the Ni film thickness is thicker than 6 nm,
the decreasing trend of the saturation magnetization of the sample had slowed
down, indicating that the film quality of the sample induced by the thick film has
improved. The Hc first increased from 3.4 to 58.1 Oe, and then decreased to 22.6 Oe
when Ni film thickness was 15 nm. It can be considered that the increase in
coercivity was caused by the change in interface roughness. We believed that the
increasing of the coercivity was caused by the enhancement of pinning strength,
because previous studies have shown that films with good consistency and small
grains are more conducive to film pinning. From the atomic force microscope
photos of the thin film, it can be seen that when the thin film sample was less than or
equal to 8 nm, the surface grains develop in the direction of more uniform distri-
bution and finer grains. As the Ni film thickness was greater than 8 nm, the film was
in a state of lateral growth, and the crystal grain size increased sharply, resulting in
a sharp increase in coercivity.
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Fig. 2 The surface roughness
(Ra) and average grain size
(D) of the Ni/NiFe/Ni trilayers

40 Y. Liu and Z. Lan



3.3 Microwave Properties

The microwave absorption spectrums of Ni/NiFe/Ni films with different Ni thick-
nesses are shown in Fig. 5. It can be seen from Fig. 5, the FMR mode and PSSW
mode coexisted when the Ni film is below 10 nm. There is only a high-field FMR
mode with 10 nm and 15 nm Ni film. The magnetic moment of the magnetic
material will precess under the combined effect of the microwave field and the DC
magnetic field. For uniform magnetic materials, all magnetic moments precess
uniformly. However, in some magnetic materials, the uniform precession of the
magnetic moment can be converted into spin waves by the scattering caused by
defects, and energy can be transferred to the crystal lattice, thereby causing the
crystal lattice to vibrate. In the Ni/NiFe/Ni multilayer film, there is unevenness
between the Ni and NiFe film interface, this leaded to the magnetic moment was
pinned and the magnetic moment cannot precess. Therefore, the spin wave formed
at Ni and NiFe film interface can only propagate into the material, thereby forming
a PSSW mode. As the thickness of the Ni film reached 10 and 15 nm, the grains are
in a state of lateral growth, and the grain size increases sharply. The large grain size

Fig. 3 The in-plane magnetic hysteresis loops of the Ni/NiFe/Ni films with different Ni film
thicknesses, a 2, 4, and 6 nm; b 8, 10, and 15 nm

Fig. 4 a The 4pMs of the Ni/NiFe/Ni trilayers; b the in-plane coercivity
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is not conducive to the pinning effect on the film surface, and the pinning effect was
weakened and cannot be limited the precession of the magnetic moment, so there is
only a uniform ferromagnetic resonance mode.

The FMR linewidth (ΔH) and Hr of the Ni/NiFe/Ni multilayer films are shown in
Fig. 6. The Hr and 4pMs showed completely opposite trends. Known from Eq. (1),
with a fixed microwave frequency, the Hr was always inversely proportional to the
4pMs. The linewidth of ferromagnetic resonance is calculated according to the
peak-to-peak linewidth (ΔHpp) from Fig. 5, and the relationship between ΔHpp and
the linewidth of ferromagnetic resonance can be seen from Eq. (2).

Fig. 5 a, b The microwave absorption spectrums of Ni/NiFe/Ni films with different Ni
thicknesses

Fig. 6 The FMR linewidth (ΔH) and FMR field (Hr) of Ni/NiFe/Ni films with different Ni film
thicknesses
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With the increasing of Ni film thickness, the ΔH showed a trend of first
increasing and then decreasing. The FMR linewidth increased from 83 to 197 Oe
first and then dropped to 164 Oe. The FMR linewidth increased sharply when the
Ni film thickness was less than 10 nm. We know that for the spin wave, the uneven
magnetization may provide a scattering center, thereby exciting the magnon with
non-zero wave vector (k). In a thicker film, long-distance spin waves may be caused
due to the presence of a magnetization component perpendicular to the surface of
the film. So, the increased ferromagnetic resonance linewidth may be caused by the
enhanced coupling of magnons from k = 0 to k 6¼ 0. When the Ni film thickness
was 15 nm, it had the lowest surface roughness compared to other samples, which
can indicate that the quality of the film has improved, so the ferromagnetic reso-
nance linewidth has decreased accordingly.

4 Conclusions

In this paper, the Ni/Ni81Fe19/Ni films with different Ni film thicknesses were
fabricated by magnetron sputtering. With the increasing of Ni film thickness, the
grain growth mode transition from vertical mode to horizontal mode and the 4pMs

decreased from 7405 to 5805 Gs. When the Ni film thickness increased from 2 to
10 nm, the ferromagnetic resonance (FMR) linewidth (ΔH) increased from 83 to
197 Oe. And the FMR linewidth drop to 164 Oe with 15 nm Ni film thickness.
When the Ni film thickness was below 10 nm, the perpendicular standing spin
wave appeared, which implied a strong pinning effect. With 10 and 15 nm Ni film
thickness, the PSSW mode disappeared, indicating that the large grain size was not
conducive to the pinning effect of the film.
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Residual Stress Evaluation of Metallic
Component Based on the Synthetic
Nonlinear Coefficient

Yuhua Zhang , Silong Quan , and Guoquan Liu

Abstract Because the effective evaluation the residual stress of metallic specimen
has very significance components, the critical refracted longitudinal wave is applied
to evaluate the residual stress of metallic specimens in the paper. The nonlinear
ultrasonic experiment using the critical refracted longitudinal wave has been con-
structed on the specimens with different stress level changing from 0 to 400 Mpa
increased by 20 MPa, and the nonlinear output signal is capture to calculate the
second and third order relative nonlinear coefficient. The experimental results
indicate that the relative nonlinear coefficient increases slowly before 200 MPa and
fortifies rapidly after 300 MPa, and the increment is about 80%. The synthetic
nonlinear coefficient is proposed applying the data fusion theory. Furthermore, the
stress prediction model based on the synthetic nonlinear coefficient is constructed
which can effectively evaluate the stress state of specimen. Therefore the nonlinear
property of LCR wave could be applied to quantitatively and nondestructively
evaluate the stress state of specimens.

Keywords Residual stress evaluation � Nonlinear ultrasonic � LCR wave �
Synthetic nonlinear coefficient

1 Introduction

The residual stress would critically influence the service performance and structural
properties of mechanical components [1, 2]. In addition, the structure of mechanical
components and parts are very complex. Thus the effective evaluation the residual
stress of mechanical components has always been a difficult and necessary problem
[3].
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The traditional technique for residual stress measure applies the acoustic elasticity
theory of ultrasonic [4]. Because the sensitivity of different ultrasonic wave for stress
is different and the critical refracted longitudinal wave (LCR) has the highest sen-
sitive to tangential stress, therefore the velocity variation of LCR wave based on the
acoustic elasticity method is applied to measure the tangential residual stress [5, 6].
But in the practical application, the variation of ultrasonic velocity caused by stress
change is relatively weak [3, 7]. Therefore the accurate measurement of residual
stress applying the acoustic elasticity theory would be very hard [8].

According to related studies, the micro structure variation of metallic material in
the process of fatigue damage process can distort the ultrasonic and higher har-
monics can be produced when the ultrasonic wave spreads in the metallic materials.
Recently the nonlinear ultrasonic technique has been widely used to evaluate the
earlier fatigue damage, accumulated plastic deformation and so on [8–10].

Applying the nonlinear property of ultrasonic to evaluate the stress state of
metallic material has attracted much attention [11–13]. Some studies had reported
that the guided or Rayleigh wave can be applied to detect the stress state of
specimens, but the detection depth of surface wave is relatively shallow which is
only about a wavelength and very useful to the surface stress [3]. However the
nonlinear property of LCR wave for stress evaluation has little researched which
has the highest sensitivity for tangential stress. Therefore the LCR wave is used to
nondestructively detect the stress of specimens.

2 Theoretical Background

2.1 The Detection Theory Using LCR Wave

When the wave travels to the interface between two media, there is an incident
angle which makes the refraction angle equal to 90° which the corresponding
incident angle is the first critical angle. If the wave is from the organic glass wedge
to specimen, the first critical angle can be calculated by hLCR ¼ sin�1 V1=V2ð Þ,
where V1 and V2 represent the velocity of longitudinal wave in organic glass wedge
and specimen. In this experiment, according to the operability of incident angle, the
first critical angle is set to 30° (Fig. 1).

3 Specimens Preparation and Experimental Setup

3.1 Specimens Preparation

The material used in this research is standard 45 steel which the proportional limit is
200 MPa and the yield limit is 355 MPa. The specimens are fabricated from a
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single plate, Fig. 2 displays the dimensions of specimens with a gauge length of
160 mm and the thickness is 8 mm. There are five specimens in this study, spec-
imen p1, p2 and p3 are training samples, while p4 and p5 are test samples.

Because the nonlinear ultrasonic experiment is conducted on specimen with
different stress level, the static tensile specimens is carried on the specimen. The
tensile test is paused at every 20 MPa without specimens unloaded which ensures
specimens with different stress level, 0, 20, 40, 60, 80, 100, 120, 140, 160, 180,
200, 220, 240, 260, 280, 300, 320, 340, 360, 380 and 400 MPa, the nonlinear
ultrasonic experiments are performed at each interruption time.

3.2 Nonlinear Ultrasonic Experiment Based on LCR Wave

The experimental arrangement applying LCR wave is displayed in Fig. 3. One lon-
gitudinal transducer is acted as the transmitter which the central frequency is
2.25 MHz to produce the ultrasonic, while the other one acts as the receiver which the
central frequency is 5 MHz to receive the distorted ultrasonic. According to the
generation principle of LCR wave, two longitudinal transducers are fixed on the
organic glass wedges with 30 incident angle. It should be noted that the compound

Fig. 1 The generation
mechanism of LCR wave

Fig. 2 The geometric configuration of 45 steel specimens
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lubricant is evenly painted the contact surface among wedge, specimen and
transducer.

According to the nonlinear output signal collected by the oscilloscope, the value
of fundamental wave, second and third harmonic is confirmed, that is A1, A1 and A3.
Based on the computational formula, the second and third order relative nonlinear
coefficient could be calculated according to b¼A2

�
A2
1 and d ¼ A3

�
A3
1.

Before the actual experiment, the propagation distance of LCR wave should be
firstly chosen because it has a great influence on the measured results. In our
experiment the spacing of specimen is 160 mm. If other experimental conditions
are the same, the specimen with 200 MPa pre-stress is applied to do the test when
the propagation distance varying from 20 to 120 mm. The corresponding results are
displayed in Fig. 4.

As seen from Fig. 4, the relative nonlinear coefficient shows the variation ten-
dency of increasing firstly and then decreasing. More specifically, when the
propagation distance is below 80 mm, the relative nonlinear coefficient monoton-
ically increases. When the transmission distance is relatively small, the cumulative
effect of coactions would become more obvious. The relative nonlinear coefficient
reaches a maximum at 80 mm propagation distance and then decreases exceeding
80 mm distance. To achieve the best experimental results, the propagation distance
of 80 mm is applied in this experiments.

Fig. 3 The experimental arrangement applying LCR wave
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4 Results and Discussion

4.1 The Ultrasonic Nonlinear Coefficient Measure

For three specimens s1, s2 and s3, the related experimental results are displayed in
Fig. 5, where the short vertical lines represent the error bar.

As shown in Fig. 5a, the second order relative nonlinear coefficient (beta)
increases slowly before 200 MPa then adds rapidly after 200 Mpa. When the stress
level of specimen changes from 0 to 400 MPa, the increase amplitude of beta is
about 181, 176, and 189% for three specimens. Through comparison Fig. 5a, b, it
can be found that the change tendency of third order relative nonlinear coefficient is
very alike to beta, the increment of third order relative nonlinear coefficient for three
specimens are about the increase amplitude of beta is about 173%, 180% and 177%
respectively [3].

4.2 Residual Stress Nondestructive Evaluation

According to the analysis the relation between nonlinear coefficient and stress can
be used to evaluate the stress of specimen, therefore the relational model can be
built based on the experimental results displayed in Fig. 5.

Fig. 4 The relation between the propagation distance and relative nonlinear coefficient
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It can be concluded from the experiments, the two nonlinear coefficient can be
applied to evaluate the stress. Based on the data fusion theory, the two parameters
are combined to form a new comprehensive evaluation parameter.

Based on the increment amplitude of two coefficient, the combined nonlinear
parameter a can be put forward,

a ¼ b� þ d� ð1Þ

where b� and d� shows the dimensionless nonlinear coefficient by b�¼ bi�b0
b400�b0

and

d�¼ di�d0
d400�d0

.
According to the results displayed in Fig. 5, the relation between the stress and

combined nonlinear parameter is shown in Fig. 6, where the Y-axis is stress [3]. As
shown in Fig. 6, the parameter a adds gently varying before 200 MPa, then it adds
quickly after 200 MPa.

The curve fitting method is used to construct the relational model. Due to the fact
that the exponential function is the most suitable, thus the relational model can be
constructed based on Fig. 6,

r ¼ 348:8a0:3999 � 59:95 ð2Þ

In addition, other two specimens with stress 100, 200 and 300 MPa are applied
to do the verification tests. The verification effects are illustrated in Table 1.

As illustrated in Table 1, when the stress state of specimens is 100, 200 and
300 MPa, the detection deviation is 1.33%, 2.88% and 1.26% respectively, which
they are all below 4.5%. The stress evaluation results can fully explain the rela-
tionship between a and stress is very useful to evaluate the stress degree of
specimen.

Fig. 5 The experimental results a the second and b third order nonlinear coefficient
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5 Conclusion

In this paper the nonlinear characteristic of LCR wave is applied to evaluate the
stress of metallic material. With increasing of stress level, the second and third
order relative nonlinear coefficient increases slowly before 200 MPa and fortifies
rapidly after 300 MPa, and the increment of them are about 80% according to the
relation between stress and relative nonlinear coefficient. The stress prediction
model based on the combined parameter can effectively predict the stress state of
specimens. Therefore the nonlinear characteristic of LCR wave could be used to
quantitatively and nondestructively evaluate the stress state of metallic materials.
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Table 1 Stress evaluation result

Stress/MPa Combined parameter Evaluation result/MPa Deviation/%

100 6.3 98.67 1.33

200 7.24 205.75 2.88

300 8.45 295.33 1.26
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Molding Process of Automotive Hemp
Fiber Reinforced Composites

Z. H. Zhu and H. W. Wu

Abstract Lightweight design plays a positive role in the sustainable and coordi-
nated development of automobile industry. The molding process is a widely used
molding technology for fiber reinforced composites, which has the advantages of
low cost, high efficiency and good size guarantee. The process of molding process
is classified and introduced in the paper according to the different premix state of
natural fiber and resin.

Keywords Molding process � Automotive � Hemp fiber � Composites

1 Introduction

Nowadays, the automobile has become one of the irreplaceable means of trans-
portation. Traditional cars are generally made of steel, which is heavy in weight and
low in fuel efficiency, which is not conducive to energy conservation and envi-
ronmental protection. To reduce vehicle weight and improve fuel efficiency, an
effective way is to use vehicle composite materials. [1].

Natural plant fiber is one of the raw materials which can be used in automotive
composites, and it has maintained a growth rate of 10–15% in the automotive
industry. The density of natural fiber is relatively low, generally around 1.5 g/cm3,
which has the potential to save material and energy consumption. From the com-
parison of average values, the energy consumption of natural fiber reinforced
composite is about 60% lower than that of glass fiber reinforced composite.
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Compared with synthetic fiber, Natural fiber is a kind of green material, which
has attracted more and more attention. Natural fiber is green and sustainable,
low-cost, lighter weight which has adequate supply of raw materials. Therefore, the
application of natural fiber reinforced composites in the automotive lightweight
field is more and more extensive.

The commonly used natural plant fibers mainly include hemp fiber, grass stem
fiber, wood fiber, etc., among which hemp fiber has higher tensile strength and
modulus. In addition, hemp fiber has the longest length among the natural fibers,
and it also has the characteristics of high moisture absorption ratio modulus, good
air permeability and good sound insulation performance. Therefore, hemp fiber has
a wider application range than other natural fibers in the development of natural
fiber vehicle composites [2].

With the development of mining and textile technology, hemp fiber can replace
synthetic chemical fiber in many application scenarios and be used as reinforced
fiber in automotive composite parts.

Compared with synthetic fiber reinforced composites, hemp fiber reinforced
composites have the following excellent properties. Firstly, hemp fiber reinforced
composites have good static mechanical and sound insulation properties, which is
also green and harmless [3].

Secondly, hemp fiber is available in large quantities and at low prices. The com-
posites is easy to be processed and formed, and the pressure requirement in the
forming process is low, which can reduce the energy consumption and save the
production cost.

Thirdly, the toxic and harmful particles and volatile gases will not be emitted
during the manufacturing process of hemp fiber reinforced composites. To a certain
extent, the application of synthetic fiber can be reduced and non-renewable energy
can be saved.

At present, hemp fiber enhanced composites have been widely used as automotive
interior components, such as door and door noise absorbers, bushing, etc., as well as
supporting frame and instrument panel absorbers for roof seats of large vehicles [4].

2 Molding Process of Hemp Fiber Reinforced Composites

Molding process is a process in which the prepreg is put into the mold cavity of the
metal mold. Then the flow prepreg filled the mold cavity under the heat softening
pressure and solidified in the mold cavity by using the certain temperature and
pressure generated by the hot press. The dimensional precision of the moulded
products is high and the internal quality is easy to be guaranteed. In addition, the
efficiency of molding production is high and the product appearance is clean and
high, especially for the complex structure of the composite material components
which can generally be formed once without loss of material performance.
Therefore, the molding process is widely used in the manufacture of complex
composite components.
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The molding process is as follows. A fixed amount of mixture prepreg or billet
were put into the metal mold and heated through upper and lower moulds with
heating tubes under certain pressure [5]. After a certain period of cooling and
stripping, the final product is obtained as shown in Fig. 1.

Compared with the injection molding process, the molding process can better
overcome the weakness of the reinforcement fiber in the molding process.
Moreover, the molding process only needs to place prepreg on the mold for
forming. The alignment direction of the reinforcing fiber is maintained consistent
and fixed during the molding process. Therefore, the situation that prepreg cannot
fully fill the mold during the molding process will be greatly reduced.

Compared with the injection process, the die structure and size used in the
molding process are relatively regular and simple and there is no need to set up a
separate feeding device. Therefore, this process has the advantages of low cost, low
forming pressure and high production efficiency, and it is easier to realize pro-
grammed and self-actuated production.

For auto parts, the area of some components is larger than other parts, and the
size is required to ensure, and thus the molding process has a special advantage. In
addition, the surface of the molded products is clean which needn’t to be processed
again and thus the molding process can produce auto parts in one time, which can
reduce the production cost effectively.

Before molding, it is necessary to mix the natural fiber and matrix resin uni-
formly in proportion as required. According to the premixed state of the natural
fiber and resin, the molding can be divided into simple premixed molding, lami-
nated molding, fiber mesh molding, etc.

2.1 Simple Premixed Molding

Simple premix molding is mixing natural fiber and resin through a simple premix
process and mold forming. This process is easy to operate and has high molding
efficiency.

Fig. 1 Schematic diagram of molding process
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Mao et al. [6] prepared PLA/bamboo fiber composites by mixing PLA and
bamboo fiber, and then paving the mold and pressing it. Cui et al. [7] studied the
molding process of flax fiber/polypropylene composite, and discussed the effect of
the mixing ratio, forming temperature and time on the final mechanical properties of
the composite.

2.2 Lamination

Lamination refers to the compounding of a film or sheet resin with natural fibers
through adjusting the specification of the resin and the reinforcement and the
lamination structure to prepare the different performance composite material.

Rubio-lopez studied the effects of relevant parameters for the preparation of
composites by mold pressing, including heating temperature, pressure, fiber
laying-number, fibers and matrix types on the static mechanical properties of
biodegradable ecological composites. Research shows that it is the best process
parameter when the mold pressure temperature is 185 °C and it has little influence
on the tensile strength of the composite when the mold pressure is between 8 and
32 MPa [8].

Song prepared glass fiber reinforced polypropylene composites by molding
process. The phase transition parameters were analyzed by differential scanning
calorimetry (DSC) and the phase transition parameters were then determined.
ANSYS finite element analysis was used to study the temperature field changes in
the molding process [9]. The influence of preparation technology on the mechanical
properties of glass fiber reinforced polypropylene composite laminates was also
discussed and analyzed.

2.3 Fiber Mesh Molding

Fiber mesh molding is the felt forming process before the thermal compression
molding of matrix resin fiber and natural fiber by nonwoven technology. The resin
fiber and the natural fiber are mixed in different proportions to prepare mesh. After
the mesh is laid by combing and loosening, it is directly molded or punched into felt
and then hot-pressed according to the performance requirements.

Chen et al. [10] prepared the jute mats/PP film by laminating and molding
process to obtain interior decoration materials. At the same time, orthogonal
combination design and single factor method were used to optimize the molding
process parameters, and the order of the influence of process parameters on the
tensile strength of composite materials was obtained.

Ma [11] prepared bamboo fiber/PP fiber felt by mixing, combing the mixture of
the bamboo fiber and the polypropylene fiber into a net and needling which was
then hot-pressed into bamboo fiber reinforced PP composites. The hot pressing
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process parameters suitable for composites and automotive interior materials were
also optimized. In addition, it was found that the some surface of the hot-pressed
natural bamboo fiber reinforced composites had the problem of coarse fiber
warping, which caused a certain degree of influence on the addition of the later
decorative layer.

2.4 Other Molding Processes

In addition to the above methods, the researchers also used a variety of joint
processes for the compression molding of hemp fiber reinforced composites.

Yuan et al. [12] coated PP filament on the surface of flax to form PP/linen
wrapped yarn which were then woven into three typical 2.5 dimensional woven
fabrics. Then, the three woven fabrics were hot-pressed into 2.5 dimensional woven
composites and the effects of different fabric structures on the tensile properties of
composites were studied.

Other researchers use the method of dissolving and blending to prepare the
preformed part first, and then put the preformed part into the mold for molding.

Zhang [13] prepared the pre-formed part by dissolving blending processing
method firstly which was then hot-pressed into jute fiber composites by hot pressing
process. The mechanical properties of the composites prepared by different jute
fiber lengths and contents were studied, and the optimum hot-pressing conditions
were optimized by orthogonal experiment.

3 Conclusions

Molding is a widely used molding process of composites, and the quality assurance
of composite molded products is the result of inspection of process design and
molding methods which reflects the synthesis of composite material manufacturing
technology. The control of every step in molding process is the key to ensure
qualified products.

From the above studies, it can be found that the main factors affecting the
molding quality of the moulded products are prepreg properties (including resin
content, fiber volume content and other technical indicators), mold precision
environmental conditions (including temperature relative humidity and environ-
mental cleanliness, etc.), lay out process control, laying quality, working state of the
hot press, clamping gap control, curing process control, et al.

Nowadays, the technology development of composite moulded products is fast,
the pursuit of high quality, high efficiency and low cost to complete the molding of
composites and to ensure the stability of the technological state of composite
components stable performance and reliability requirements is the most important
research on the molding of composites.
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Trajectory Control of Mobile Robot
Based on Novel Gesture Detection

Shubo Liu, Guoquan Liu, Shun’an Cao, Liyu Cheng, and Hang Zou

Abstract In order to achieve accurate gesture control, a gesture detection module
is designed based on the infrared obstacle avoidance module array, and the robot
gesture trajectory control is studied. AT89S52 single chip microcomputer is used as
the upper computer to complete the collection and recognition of gesture motion
through gesture detection module, which sends the processed moving target vector
of the robot to the lower computer MCU STC89C52 through HC-12 wireless
module, and then the operation of the mobile robot is controlled by L298N. The
experimental results show that the system has high gesture recognition rate, and
the mobile robot can run stably under the given trajectory of gesture, which verifies
the practicability of the gesture detection module design and the effectiveness of the
control system.

Keywords Trajectory control � Gesture recognition � Sensor grid array � Mobile
robot

With the development of modern technology, advanced human computer interac-
tion control methods have become the research hotspots in various industries, such
as voice, mind and gesture control. Among them, gesture including rich information
and meaning is one of the commonly used interaction methods in daily life, which
plays an important role in robot intelligent control. At present, gesture recognition
can be realized by real-time hand position monitor device [1, 2] and computer
vision technology based on camera [3–5]. In general, the realization of gesture
recognition requires a certain amount of hardware equipment investment, whose
realization is relatively complex.

The grid method of unlocking mobile phone is deeply loved by the people,
which provides a new idea for the realization of robot gesture control by recog-
nizing the running track of gestures and entering passwords through the screen of
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the mobile phone. Thus, this paper makes a bold attempt to the new gesture
detection approach, and proposes an infrared palace grid array detection module by
using the infrared obstacle avoidance module as a grid point. Moreover, the mobile
robot gesture trajectory control system is designed, whose practicability and
effectiveness are verified through various gesture trajectory control experiments.

1 Overall Scheme Design of the System

1.1 Design of Gesture Detection Module

The infrared obstacle avoidance module can detect gesture movement within a
distance of 2 * 30 cm, and its circuit diagram is shown in Fig. 1. The module has
three pins, in which VCC is connected to 3.3–5 V power, GND pin is grounded,
and DO pin is the digital output. The module has a pair of infrared emitting and
receiving tubes. After the infrared rays emitted encounter obstacles, they are
reflected and received.

The n-dimensional gesture detection module shown in Fig. 2 is composed of n2

infrared obstacle avoidance module with spacing a. The row and column numbers
of the array are both n that can be selected by designer. The gesture detection
module has power pin VCCT, ground pin GNDT and digital output pins
DO1–DOm which are connected to VCC, GND and DO in all infrared obstacle
avoidance modules.

Fig. 1 Circuit diagram of infrared obstacle avoidance module
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1.2 Control System Structure

The overall hardware system in Fig. 3 consists of power supply module, gesture
detection module, host computer controller, lower computer controller, wireless
transmission, wireless reception module, mobile robot body and motor drive
module. MCU AT89S52 is selected as host computer controller to collect the output
of gesture detection module which is sent to MCU STC89C52 and motor drive
module through wireless module HC12. Finally, the mobile robot can move
according to the gesture trajectory control instruction.
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infrared obstacle avoidance moduleFig. 2 Schematic diagram of
the gesture detection module

Fig. 3 Control system structure diagram
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2 Hardware Circuit Design

2.1 Gesture Acquisition Circuit Design

The gesture detection module and MCU AT89S52 are powered by +5 V, and the
digital output pins DO1 * DO9 (taking 9 square grid as example) are connected to
P1.0 * P1.7 and P3.2 of AT89S52, respectively. If the grid point number is rel-
atively more than that of MCU, the MCU interface should be expanded to meet the
need of acquisition. The gesture detection circuit is shown in Fig. 4a.

2.2 Wireless Transmission Circuit Design

After collecting and processing the obtained gesture information, MCU AT89S52
can communicate with lower computer controller STC89C52 through HC12 to
complete the motor drive of the mobile robot. The wireless transmission circuit is
shown in Fig. 4b.

2.3 Motor Drive Circuit Design

The motor drive circuit is composed of STC89C52, L298N and DC motor [6]. The
motor rotation is controlled through the P2.4 * P2.7 pins of STC89C52, among
which the P2.7 and P2.6 pins control motor A, pins of P2.5 and P2.4 control motor
B, and PWM output is changed by changing the pins. The duty cycle variations of

(a) Gesture collection circuit diagram (b) Wireless transmission circuit diagram

Fig. 4 System circuit diagram
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L298N PWM output pins changes the forward and reverse rotation of the motors to
realize the forward, steering and backward movement of the mobile robot.

3 Research on Gesture Control Strategy

Gesture detection module starts to work when the system is powered on. If the
human hand is not located in the effective detection area, the corresponding
detection module pin outputs high level. Selecting the position of the infrared
obstacle avoidance module at the lower-left corner as the coordinate origin (0,0),
the coordinate system of the gesture controller is established as shown in Fig. 5,
where each infrared module palace point is represented by a circle. The outputs of
the detection module are recorded by AT89S52 in an n-dimensional matrix L(k),
where k is the number of gesture triggers, and the element lij 2 0; 1f g represents the
output of the infrared module in row i and column j. The occlusion state of the
gesture remote controller by human hand can be obtained by detecting element 0 in
the matrix.

3.1 Control Problem Description

Taking the center of gravity of the robot as the origin of coordinate, and the forward
direction of the mobile robot as the positive direction of y-axis, the robot coordinate
system is established by selecting the forward direction of the mobile robot as the
positive direction of the y-axis, in which the real-time coordinate of the robot is
calculated based on the center of gravity. In fact, the robot coordinate system can
continuously change as the robot moves.

Let the first triggering position of the gesture detection module be the starting
point of the movement, and then multiple palace grid points will be triggered to

Fig. 5 Gesture detection
module coordinate system
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make the mobile robot car move according to the direction of the gesture swing.
Therefore, how to calculate the target vector of the car in the motion coordinate
system is an important problem to be solved in following sections.

3.2 Research on Control Algorithm

For ease of analysis, it is assumed that the gesture trajectory in Fig. 5 starts from
point A(a, a), passes through intermediate points such as B(2a, 2a), C(3a, 2a), and
finally reaches H(na, na) in sequence, and the robot needs to adjust the angles of b1,
b2, … bk during the gesture operation.

3.2.1 Point-Trigger Operation Recognition Algorithm

Point-triggered operation means that only one palace point in the gesture detection
module is triggered at each time, which changes its output value from 1 to 0. The
output value of the palace grid point is continuously updated in the course of hand
waving. By detecting the element with lij = 0 in the matrix and recording the
coordinate of the element ½iðkÞ; jðkÞ� 2 R1�1, the displacement vector (x(k), y(k))
caused by gesture motion is expressed as

xðkÞ ¼ iðkÞ � iðk � 1Þ
yðkÞ ¼ jðkÞ � jðk � 1Þ

(

; k� 2 ð1Þ

By connecting the displacement vector of each period, the overall swing tra-
jectory of the gesture can be obtained. At this time, the robot cannot move
according to the given track of the rail unless the target vector (xt(k), yt(k)) in the
motion coordinate system obtained by the following transformation formula

xtðkÞ ¼ i cos h� j sin h

ytðkÞ ¼ i sin hþ j cos h

(

; k� 2 ð2Þ

where h is the angle between the displacement vector of the last gesture and y-axis.
After receiving the target vector (xt(k), yt(k)), the mobile robot calculates the
required deflection angle in the moving coordinate system and completes the
steering, and then starts to move forward until the next gesture trigger command
arrives. For example, If the gesture starts from point A and passes through points B
and C to reach point H directly, the calculated data table is shown in Table 1.
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3.2.2 Line and Area-Trigger Running Recognition Algorithm

In the process of waving the hand, multiple points may be triggered at the same
time. If two points are triggered each time, it is a line trigger mode; if more than two
points are triggered, or the number of trigger points changes randomly, it is a
defined as area trigger. At this time, there will be multiple 0 elements appeared in
the grid matrix, and the average value of their coordinate points (i(k), j(k)) is taken
as the only effective point of the gesture movement. Using formulas (1) and (2), the
robot vehicle target vector (xt(k), yt(k)) in the current motion coordinate system can
be obtained.

4 Experimental Research

In this experiment, an infrared sensor array with 9 points shown in Fig. 6 is used to
control the trajectory of the mobile robot, where 1 is the infrared obstacle avoidance
module, and 2 is the host computer AT89S52. The overall size of the PCB board is
30 � 30 cm, and the distance between infrared obstacle avoidance modules is
10 cm. In order to verify the effectiveness of the control system, three methods of
point-trigger, line-trigger and area-trigger are tested respectively, and the Frechet
Distance method in Matlab is used to calculate the similarity between the given
trajectory of the gesture and the actual trajectory of the robot.

4.1 Point-Trigger Running Experiment

In this case, only one grid point is triggered at one time, and the coordinate values
in the coordinate system of the gesture controller are selected as (0,0), (10,0),
(20,0), (20,10), (20,20), (10,20), (0,20).

Table 1 Results of calculated data

Displacement before transformation h Displacement after transformation

1 (a, a) 0 (a, a)

2 (a, 0) p/4
ffiffi

2
p
2 a;

ffiffi

2
p
2 a

� �

3 ((n − 3)a, (n − 2)a) p/2 (−(n − 2)a, (n − 3)a)
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4.2 Line and Area Trigger Running Experiment

In this case, multiple different grid points are triggered each time. The trigger point
coordinates and gesture swing trends are shown in Fig. 7a, b, respectively. The
actual gesture movement trend is given in the form of arrow lines in the figure.

After calculation, the similarities between the actual robot trajectory and the
gesture trajectory in the three sets of experiments are 92.47%, 85.41%, and 91.06%,

Fig. 6 Picture of grid gesture detection module

 (a) Curve of line-triggered gesture    (b) Curve of area-triggered gesture

Fig. 7 Curves of line-triggered gesture and area-triggered gesture
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respectively, indicating that the actual trajectory of the robot is similar to the gesture
operation trajectory. The data shows that the mobile robot can move according to
the given trajectory under any trigger mode, and a satisfactory control effect is
achieved.

5 Conclusion

In this paper, the infrared obstacle avoidance module is used to establish a gesture
detection module with a lattice structure. On this basis, a mobile robot gesture
trajectory control system is built, and the gesture detection algorithm is studied. The
experimental results show that the robot can move according to the given trajectory
under different gesture trigger methods, indicating the rationality of the gesture
detection module design and the effectiveness of the robot control system.
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Development of Personalized Wind
Handling System Using Infrared Ray
Sensor

Jungryeong Chae, Cheng Hao, Taeuk Lim, and Wonsuk Jung

Abstract This paper introduces the technology for automatic control of wind
volume, wind direction, and set temperature by developing a non-contact temper-
ature sensing and control module. By combining thermal image analysis and
advanced human body detection technology customized air handling system were
developed according to the number and location of people. This aims to reduce
electricity consumption and improve user comfort.

Keywords Air handling system � Infrared ray sensor � Wind volume and wind
direction control � Non-contact temperature sensing

1 Introduction

Recently, the home appliance industry is releasing smart air conditioners that are
equipped with the camera type simple human detection sensors and uniform tem-
perature airflow control. However, the inability to detect the user’s body temper-
ature causes unnecessary cooling of large spaces, resulting in excessive power
consumption, air-conditioning it is, and thermal discomfort caused by high
temperatures.

In the case of Samsung Electronics 360 cassette system air conditioner and LG
Electronics artificial intelligence system air conditioner, it is impossible to detect
body temperature, so it is impossible to control the temperature difference according
to body temperature.

Therefore, this study aims to prevent customized comfort control and
over-cooling according to body temperature by detecting several people’s body
temperature in real time using infrared ray sensors that measure surface temperature
by non-contact.
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2 Experiments

2.1 2D Array-Type Infrared Ray Sensing Part Fabrication

When the system developed in this study is attached to a general air conditioner, an
air handling system that can improve comfort through customized thermal control
according to the thermal information about people and surroundings was
developed.

As shown in Fig. 1, the 2D matrix non-contact temperature detection sensor for
measuring indoor person information was manufactured with an infrared ray sensor,
a Wireless Manipulation Signal Receiver part, and a louver angle sensing part [1, 2].

2.2 Real-Time Thermal Image Processing Based
on Infrared Ray Sensor

The image measured through the 2D array type infrared ray sensor for heat source
detection is shown in Fig. 2a, and the system configuration for processing the
thermal image from the infrared ray sensor is shown in Fig. 2b.

The thermal image processing algorithm of infrared ray sensor used the Otsu
algorithm to separate the background temperature from the heat source temperature.
After calculating the temperature through this, if the human body temperature is
extracted as shown in Fig. 3a based on the classified temperature, the human body
heat source can be separated as shown in Fig. 3b [3, 4].

Fig. 1 Block diagram of personalized air handling system
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Fig. 2 a Infrared ray sensor module and image of temperature measurement and b signal
processing system of thermal imagery

Fig. 3 a Separated temperature operation and extraction of body temperature using Otsu
algorithm and b separation of body temperature by image processing algorithm
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2.3 Development of Wind Direction Control and Air
Handling System

In order to manipulate the wind direction of the air conditioner according to the
location of the heat source, a mechanism that converts the rotational motion to the
left and right reciprocating motion through a 360° rotation motor was designed as
shown in Fig. 4. In addition, a servo actuator and a lever mechanism parts having
left and right louver angle adjustment and angle feedback were also manufactured.

The location of the target wind direction, target setting temperature, and the
target wind volume was received through the communication of the infrared image
signal processor. In addition, the function of checking normal reception of mea-
sured values and transmitting power on/off signals, angle control of servo actuator
through the position of the received target wind direction, and wireless transmission
and reception module were used. Therefore, wind direction control and air handling
controller system that sends air conditioning settings based on user’s remote control
input was manufactured [5].

3 Results and Discussion

Based on the center of the air conditioning vent, heat sources and anemometer for
each angle were installed in the same location by 10° for a section on −30 * 30°
section. The wind volume of the air conditioner was measured for 1 min at a
location 1 m away from the maximum condition.

It was confirmed that the strong winds of about 1.49 m/s were secured up to 50°.
The maximum limit for air conditioners to change wind direction from side to side
is 50°. The automatic wind direction control effect according to the heat source was

Fig. 4 Servo actuator to control louver angle of left and right
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measured at the center 0° * ±20° position. Before wind direction control of the
heat source 0.52 m/s was measured, but after wind direction control, it was con-
firmed that it increased by about 3.4 times to 1.78 m/s. Therefore, it can be seen that
the louver angle can be controlled according to the location of the heat source as
shown in Fig. 5.

4 Conclusion

In this study, the automatic control air handling system for wind volume, wind
direction and setting temperature based on non-contact temperature detection and
control module was developed.

Thermal images were acquired using an infrared ray sensor, and background
temperature and human body thermal data were extracted using the Otsu algorithm.
In addition, the automatic wind direction control effects of heat sources could be
confirmed through the development of the louver angle control and air handling
system depending on the number and location of people.

Therefore, it is expected that the power consumption of the air conditioner and
the thermal comfort of the person will be greatly increased through the present
technology.

Fig. 5 Angle control of servo actuator using position of thermal imagery
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Key Design Technologies of New
Cable-Stayed and Steel Truss
Composite Bridge

Liping Xu, Qingquan Wang, and Anmin Wang

Abstract Taking Ningbo Yongjiang Sanguantang Bridge as the engineering
background, the plan of new cable-stayed and steel truss combined bridge is cre-
ated, according to the Construction conditions including navigation and aviation
restriction and engineering geology, as a new combined bridge system from the
combination of extradosed cable-stayed bridge and steel truss. This paper makes a
deep study and coMParison of four systems, such as 3 span continuous rigid frame
bridge, 3 span continuous girder bridge, single cantilever rigid frame with rigid
hinge, single cantilever beam with rigid hinge, and a structural system suitable for
this type of bridge has been found: that is single cantilever beam with rigid hinge
system. On the basis of the study and analysis of the structure system, the key
technology of the anchor position at the end of the truss, and the integral static and
dynamic performance and seismic performance, this paper has completed the
conceptual design of the new bridge structure, and it shows that the bridge has
excellent static and dynamic mechanical properties and implementable
performance.

Keywords New bridge system � Cable-stayed and steel truss � Combined bridge
system � Bridge structure system � Bridge key technologies

1 Introduction

1.1 Introduction

Ningbo Sanguantang bridge is planned to be located on the Yongjiang River in
Ningbo City, Zhejiang Province, China, which is downstream of Chang Hong Road
Tunnel. The main span of the bridge is about 465 m, and the aviation height limit is
50–56 m, so the conventional cable stayed bridge, arch bridge and suspension
bridge is difficult to meet those requirements. The steel truss bridge is one of the
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bridge types with low height and long span capacity, which is more suitable for the
project. However, the traditional steel truss girder bridge has some disadvantages in
the aspects such as landscape and structure. It has too many and disorderly truss
members [1], which is also difficult to construct the main span on the river, and it is
not as economical as the cable-stayed bridge. Therefore, this design does not want
to copy the traditional steel truss beam structure scheme, but wants to design a new
bridge type scheme to meet the special bridge construction conditions, which is also
consistent with the planning of modern buildings on both river sides.

The existing bridges on Yongjiang River are mainly cable-stayed bridges and
suspension bridges. It is very reasonable and economical to use the cable-stayed
bridge type for this span bridge, and it is convenient to use the cantilever con-
struction technology which does not affect the channel. However, the requirement
of aviation height limit makes the conventional cable-stayed bridge scheme about
40–50 m higher than the limit height, which is impossible to implement. The
extradosed bridge can effectively reduce the height of the cable tower, which is
about 1/8–1/12 of the main span, about 1/2 of the general cable-stayed bridge
tower. However, due to the technical limitations of the beam height (1/30–1/60 in
middle, 1/20–1/40 in fulcrum) and reasonable span of 300 m or so, it is difficult to
apply the bridge type scheme here. Based on the extradosed bridge, the height of
bridge tower can be reduced by using Y-shape. However, to meet the aviation
height limit, the opening angle of the cable towers are more than 120°, and its
horizontal length is almost about 200 m, and the influence factors such as the sag of
the cable, the included angle of tower column and the ground about 30°, lead to the
unreasonable mechanics of the structure.

In this scheme, the layout of the middle span of the extradosed bridge is retained.
The “Y-shaped cable tower” and the whole side span form an integral structure,
with a steel-truss cantilever beam, which can balance the main beam of the middle
cable-stayed span. In this way, a new type of bridge structure is formed: the bridge
structure of the cooperative system of cable-stayed and cantilever steel truss beam.
The main span of this structure can be constructed by cantilever section like the
cable-stayed bridge, which will not affect the navigation of the channel during the
construction (Fig. 1).

Fig. 1 The daytime rendering of the bridge
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1.2 Construction Conditions

The construction site is flat. The river here is about 390 m wide. The main river
channel is located in the northwest side, and the southeast side has nearly 90 m
shoal area. The deepest elevation of the river bottom is about −9.2 m, and the depth
of the constant water level is within 10 m. The ground elevation of both shores is
about 2.5 m. The distance between the north levee and the south is about 430 m.

The foundation soil of Yongjiang River is composed of Quaternary sedimentary
layer and Cretaceous bedrock layer within 121.2 m below the ground, and soft soil
foundation is distributed within the bearing layer of piles foundation.

The navigation grade of Yongjiang River is class III sea channel, with a clear
width of 180 m and a clear height of 20 m. It is demanded that no pier is allowed
within the river.

There is an airport 3.3 km away from the west side of the bridge. According to
the aviation height limit, the building height should below 60 m.

1.3 Technical Standard

1. Road grade: urban main road; design speed of main line: 60 km/h;
2. Lane width: single lane width 3.5 m, 8 lanes.
3. Design load: automobile load: urban-A; crowd load: according to the

specifications.
4. Building height: the height of the building shall meet the aviation limit of 50–

56 m.
5. Navigation standard: Class III sea channel, with a clear width of 180 m and a

clear height of 20 m; the highest navigable water level is 2.23 m (1985 National
elevation system).

2 General Layout and Structural Design

2.1 General Layout

The main bridge adopts the cooperative system of cable-stayed and cantilever steel
truss beam, with the span of 160 + 465 + 160 = 785 m, all steel structure. The
large section steel truss cantilever beam structure [2] is adopted for the anchor span
on both sides, which bears the force together with the orthotropic steel deck. The
double side steel box girder cable-stayed structure is adopted in the middle span.

Expansion joints are set in the joint piers of the main and approach bridges on
both sides and in the middle of the mid span respectively. The longitudinal fixed
and transverse movable supports are set under each truss on the middle pier [3].
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The two truss supports on the top of the joint pier are all longitudinally movable and
the transverse bridge is fixed to one truss while the other is released. The rigid hinge
is set in the middle of the main span to transfer the longitudinal and transverse
bending moment and shear force and release the temperature force.

The clear width of the carriageway is 32 m, the width of the truss structure is
3.5 m, and the width of the pedestrian and non-motor vehicle is 4.25 m respectively
on both sides. The height of truss beam above the bridge deck is 26.25 m, and the
elevation is arranged in two layers, and 14.25 m below the bridge deck, with a total
height of 40.5 M; the longitudinal truss joint length is 20 m, and the web member
between each layer is arranged according to the “N” type, and the wind support
adopts the “–” type; the highest point of truss from the ground is 50.0 m. The
longitudinal spacing of the stay cable on the beam is 10.0 m, while at the truss end
the cable is evenly distributed and anchored in the triangle area at the end of the
cantilever truss. The stay cables corresponding to each truss are arranged as the
double cable plane (Figs. 2, 3).

2.2 Steel Tuss

The steel trusses are arranged in two pieces. The two pieces are parallel with a
center distance of 35.5 m. The facade of each truss is arranged in the form of multi
fold sides. The upper part of the bridge deck is divided into two layers, with the
layer height of 14.0 m. The web members of each layer are arranged in the form of
“N”; the truss below the bridge deck forms a V-shape and closes to the top of the
bearing platform at the middle pier, with the height of 16.0 m. The truss joint length
is 20.0 m.

The upper and lower chord and the web members of the truss adopt box section,
and the width is 3.5 m. The height of the top chord is 3.0 m, the height of the
diagonal chord below the bridge deck and around the truss is 3.0 m, and the height
of the bottom chord connected to the steel bridge deck is 3.5 m. The height of
middle horizontal bar, straight and diagonal web bar is 1.60 m. The whole section
of the cable anchorage area is closed, which is a solid triangle.

Fig. 2 The recommended bridge layout
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The thickness of chord plate is between 30 and 50 mm. For some sections with
more stress, two webs shall be added in the box room, and the thickness of addi-
tional webs shall be 30 mm. The thickness of web plate is between 20 and 40 mm.

The connection of steel truss joint adopts the integral joint and the full welding
form. Q345 grade steel is mainly used, and Q420 grade steel is used for upper,
lower and inclined chords near some stressed sections such as fulcrum.

2.3 Steel Girder and Steel Deck Structure

The main beam adopts a double side steel box form, and the bridge deck is of
orthotropic steel deck structure. The side box girder is 3.5 � 3.5 m, the thickness of
upper and lower flange and web is determined according to the stress demand, and

Fig. 3 The fulcrum section of the recommended bridge
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the plate thickness varies from 16 to 40 mm. The orthotropic steel bridge deck
adopts U-shaped stiffening rib, the thickness of the bridge deck is not less than
16 mm, and the spacing between the diaphragms is 3.3–3.4 m. It is arranged at the
same height as the side box girder, and the reinforced diaphragm beams are
arranged near the corresponding truss nodes and cable anchor points. The web
thickness of the common diaphragm is 12 mm, the bottom plate is 12 � 400 mm,
the web thickness of reinforced diaphragm is 16 mm, and the bottom plate is
16 � 400 mm.

Q345 grade steel is used for steel deck and main girder, and Q420 grade steel is
used for some parts.

2.4 Cables

The twisted parallel steel wires stay cable and cold cast anchor are adopted, and the
standard strength of steel wire is 1670 MPa. There are 64 stay cables in the whole
bridge, the longest one is about 142 m, and the largest one is 253 u 7.

The standard spacing of stay cable in steel box girder is 10 m, the total length of
non-cable section girder near the truss is 30 m, and the length of non-cable section
in midspan is about 25 m.

2.5 Foundation

The main pier and side pier are both located on land, so the bored pile foundation
can be directly used in the design. The foundation is designed as friction pile with a
diameter of U1.5 m. The bearing layers of the main and side pier pile foundation
are all selected at the tenth layer containing the cohesive round gravel layer, and the
pile length is about 80 m. Dumbbell type arrangement is adopted for main pier and
side pier cushion cap. 64 U 1.5 m pile foundations are arranged for main pier and
18 U 1.5 m bored piles are arranged for side pier.

3 Key Technology

The detailed study, clear elaboration and expression of bridge type, structural
system and key structural problems is one of the important works to strongly
support the technical feasibility of the scheme, and also one of the core technologies
of the innovative scheme.
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3.1 Structure System

Under the general layout condition, there are four types of structural system:
(1) three span continuous rigid frame system, deck continuous, V-shape support
and main pier cap consolidated, Fig. 4; (2) three span continuous beam system,
deck continuous, V-shape support and main pier cap connected by large tonnage
seismic isolation bearings, Fig. 5; (3) single cantilever rigid frame and rigid hinge
system, rigid hinge is set in the middle of main span [4, 5], V-shape support and
main pier cap consolidated, Fig. 6; (4) Single cantilever beam and rigid hinge
system, rigid hinge is set in the middle of main span, V-shape support and bearing
platform of main pier are connected by large tonnage seismic isolation bearing,
Figs. 4, 5, 6, 7.

The main advantages of system 1 are: (1) V-shape support and main pier cap are
consolidated, the main pier avoids the setting of large tonnage bearing and saves
bearing cost; (2) compared with the rigid hinge system, the rigid hinge is avoided in
the middle of main span, and the structure is simple; there are less number of bridge
expansion joints, and more comfortable of car travel; (3) the structural rigidity is
large, and the displacement of truss and midspan is small; (4) because the main pier
can bear the longitudinal bending moment of the bridge, and the tension of the side
pier is relatively small, which can reduce the balance weight of the structural
transition pier. The main disadvantages of system 1 are: (1) due to the consolidation
of V-shape support and main pier cap, the main span in the normal use stage, the
temperature effect produces a large horizontal force in the pier; (2) under the E2
earthquake, the main pier is subject to a large horizontal force, so the foundation
scale of the main pier needs to be large; (3) under the earthquake, the V-shape
support bears a large seismic effect, which is adverse to the structural stress safety.
Compared with the advantages and disadvantages of system 1, relatively speaking,
the disadvantages are more prominent, the project cost is higher, and it is not
beneficial to the structural safety, so this kind of structural system is not
recommended.

Fig. 4 3 span continuous rigid frame system (system 1)

Fig. 5 3 span continuous girder system (system 2)
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The main advantages of system 2 are: (1) the bridge structure is continuous, the
vertical stiffness of the structure is larger than that of the system with rigid hinges,
there are less number of bridge expansion joints, and more comfortable of car
travel. The ratio of deflection to span of the structure is (0.620 + 0.026)/465 = L/
720, and the overall rigidity of the structure meets the requirements of the code;
(2) compared with the system with rigid hinge, the setting of rigid hinge is avoided
in the main span, and the structure is simple; (3) the stress system of the structure is
clear, and the force transmission path is simple. The main disadvantages of system
2 are: (1) the longitudinal displacement of the structure is large, large displacement
expansion joints need to be set, and the displacement distance of the support is
required to be large; (2) the horizontal force under the wind load is carried by a
middle pier, the horizontal force of the fixed pier under the longitudinal wind load
reaches 14,000 kn, large tonnage support is required, and the pile foundation is
required to be strict, and large-scale foundation needs to be set.

The main advantages of system 3 are: (1) the temperature force is released by
setting the rigid hinge in the middle of the span, and the horizontal force supported
by the main pier is small in the normal use stage; (2) under the longitudinal wind
load, the horizontal force is supported by two middle piers respectively. The main
disadvantages of system 3 are: (1) the seismic force of the main pier is very large,
the horizontal reaction force of a main pier reaches 90,000 kn, and the force on the
lower foundation and V-shape support is very unfavorable; (2) compared with the
system without rigid hinge, the vertical stiffness and transverse stiffness of the
structure are relatively small.

The main advantages of system 4 are: (1) the temperature force is released by
setting rigid hinge in the middle span, and the horizontal force supported by the
main pier is small in normal use; (2) under the action of longitudinal wind load, the
horizontal force is supported by two middle piers respectively; (3) through setting
seismic isolation bearing, the seismic effect is obviously reduced, and the horizontal
reaction force of one main pier under the action of earthquake is 14,000 kn. The
main disadvantages of system 4 are: compared with the system without rigid hinge,
the vertical stiffness and transverse stiffness of the structure are slightly reduced, the

Fig. 6 Single cantilever rigid frame with rigid hinge system (system 3)

Fig. 7 Single cantilever beam with rigid hinge system (system 4)
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ratio of deflection to span of the structure is: (0.632 + 0.018)/465 = L/715, and the
overall stiffness of the structure meets the requirements of the code.

Based on the above analysis and comparison, system 4 is finally recommended.

3.2 Structure of Cable Anchorage Zone at Truss End

The bridge adopts a truss cable-stayed cooperative system. The cable is anchored at
the end of the cantilever truss, which makes the anchorage zone become the key
part of the stress. In the design, the triangle area at the end is closed as a whole, and
longitudinal and transverse stiffeners and diaphragms are set inside. The cable force
is transmitted to the box web of the anchorage area through the anchor tube and
stiffener plate, and then to the upper and lower chord of the truss through the anchor
web and the longitudinal and transverse box chamber set inside (Fig. 8).

The plate and shell element model is adopted for the calculation of truss anchor
cable area, the most unfavorable standard combination is adopted for the cable force
of stay cable, and the boundary of truss chord is consolidated.

There are stress distribution diagram of side steel plate and main internal plate of
anchor cable area (Fig. 9). It can be seen from the calculation results that the stress
distribution of the main plates in the anchorage zone is relatively uniform, except
that there is local stress concentration at the inner corner of the position where the
anchorage web and the upper chord are connected, there is no obvious stress
concentration phenomenon. The maximum stress level of the plate is not higher
than 300 MPa on the lower flange plate near the position where the upper chord and
the anchorage zone are connected, and the local right angle of the area can be
adjusted to a small circle The arc angle is used to eliminate the stress concentration,
so the structural arrangement of the cable anchorage area is more reasonable in
general.

Fig. 8 The anchorage zone at the end of the truss
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4 Overall Calculation and Analysis

4.1 Calculation Parameters and Model

The vehicle load is urban-A, two-way 8 lanes, with a reduction factor of 0.50; the
pedestrian load is 4.0 m wide on both sides of the bridge deck, with a value
according to the specification; the temperature rise is +25 °C, with a temperature
down of −25 °C; the local temperature difference of the bridge deck is taken
according to the specification; the settlement is 1 cm for the side pier, 3 cm for the
middle pier; the design basic wind speed is 31.3 m/s. Unless otherwise noted, the
displacement is in m m, the internal force is in kn and m, and the stress is in MPa
(tension is positive);

The model is calculated by Midas civil 2012 versus 8.05 program. The model
has 3784 nodes and 5922 units. The cable is simulated by only tension truss
element, and the other elements are simulated by beam element.

4.2 Overall Rigidity of Structure

According to the Guidelines for Design of Highway Cable-stayed Bridge (JTG/T
d65-01-2007), the maximum vertical deflection value of the main girder of
cable-stayed bridges caused by Lane load (excluding impact force) shall not be
greater than 1/400 of the span. Under live load, the maximum vertical displacement
of the middle span is 0.632 + 0.243 = 0.875 m < 465/400 = 1.163 m, and the
rigidity of the main beam meets the specification requirements (Figs. 10, 11).

Fig. 9 The stress of the web and the stress of the inside plate
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4.3 The Static Response Under Characterisitc Combination

Figures 12, 13 show the stress diagram of steel box girder under characteristic
combination. In the characteristic combination at the later stage of completion of
the bridge, the maximum compressive stress of the upper edge is 190 MPa, the
maximum tensile stress is 38 MPa, the maximum compressive stress of the lower
edge is 247 MPa, and the maximum tensile stress is 133 MPa, which meets the
specification requirements; the section of the main girder near the main pier shall be
made of Q420D steel

The maximum tensile force of the truss is 16,164 kn, which appears on the top
chord of the truss and the top of the support; the maximum pressure is 97,360 kn,
which is on the V-shape support. The maximum compressive stress is 211 MPa,
and the maximum tensile stress is 230 MPa; Q420d steel is used in areas with high
stress (Figs. 14, 15).

Under the action of characteristic combination, the maximum two cable force is
12,904 kn (pes7-253), and the minimum two cable force is 2801 kn (pes7-91); the
safety factor of each stay cable is greater than 2.5, and the stress amplitude is less
than 200 MPa according to the fatigue calculation requirements, meeting the design
requirements.

Fig. 10 The deflection under vehicle load

Fig. 11 The deflection under crowd load

Fig. 12 The beam stress of the upper edge under characteristic combination
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See Table 1 for reaction force of middle pier and side pier under standard
combination.

Fig. 13 The beam stress of the lower edge under characteristic combination

Fig. 14 The axial force of the truss under characteristic combination

Fig. 15 The stress of the truss under characteristic combination

Table 1 The support reaction of the side and middle pier under characteristic combination (kN)

Position Maximum support force Minimum support force Remarks

Side pier 10,829 827 Single support

Mid pier 129,732 111,037
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4.4 Dynamic Characteristic Analysis

The main vibration characteristics of the structure. The first mode is out of plane
translation with a period of 3.147 s and a frequency of 0.318 Hz; the second is
vertical vibration with a period of 3.124 s and a frequency of 0.320 Hz; the third is
first-order torsion with a period of 2.323 s and a frequency of 0.430 Hz; the fourth
is second-order vertical vibration with a period of 1.967 s and a frequency of 0 The
fifth order is the second-order torsional vibration with a period of 1.94 s and a
frequency of 0.515 Hz.

5 Conclusion

1. Taking Sanguantang bridge in Ningbo as the engineering background, a new
type of cable-stayed steel truss cooperation system bridge is designed innova-
tively. The span combination is 160 + 465 + 160 = 785 m, all steel structure.
Large section steel truss cantilever beam structure is adopted for the side span on
both sides, which bears the force together with the orthotropic steel bridge deck,
and double side steel box girder short tower cable-stayed bridge structure is
adopted for the middle span. This type of bridge not only meets the navigation
requirements of crossing Yongjiang River, but also meets the requirements of
50–56 m aviation height limit, and avoids the complicated truss members of
traditional steel truss continuous beams, which has poor aesthetic effect.

2. In this paper, the important technical problems such as the structural system and
the structure of the cable anchorage zone are analyzed and discussed in detail.
The steel truss single cantilever beam and rigid hinge system is recommended
for the structural system. The cable anchorage structure is set in the triangle area
of the cantilever end of the closed steel truss box. The cable transmits the cable
force to the box web of the anchorage zone through the anchor pipe and the
stiffening plate, and then through the anchor web and its inside Part of the
vertical and horizontal box chambers distribute the force to the upper and lower
inclined chords of the truss.

3. The results of static, dynamic and aseismic calculation show that the strength,
rigidity and stability of the main bridge can meet the stress requirements. The
new cable-stayed steel truss bridge structure has good mechanical properties.
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The Role of Composite Materials
to Rehabilitate Plant Piping

Meshal Alsaiari

Abstract This paper discusses a case study of composite materials rehabilitation
on plant piping, and its influence to return the plant production after a fire. An
evaluation was carried to evaluate damaged segments and propose a suitable repair
mechanism. Reinstating the plant piping routes to minimize the production outage
was a challenging task. Therefore composite materials repair technique was used to
rehabilitate piping. This technique resulted in fast repairs. The process of composite
material repair application starts with the defect identification and extent of the
required repair. Based on the defect severity and geometry, a specific design of the
composite materials wrap joint was developed. The composite material wrap/clamp
joint design was as per ASME-PCC-2. Composite materials repair provided the
piping with remarkable strength. Two wrapped locations were found to have air
pockets because of improper installation, and therefore additional training is
essential for the use of this composite wrap methodology.

Keywords Composite repair � Fire incident � Plant piping � Production outage

1 Introduction

Pipeline and process piping are the most efficient form of oil product transportation.
The majority of these pipes are made of steel, which is vulnerable to environmental
conditions. A huge amount of money is spent to minimize the deterioration of
metallic pipes from corrosive environments [1]. These severe conditions lead to
material failure of the metallic pipeline, mainly due to corrosion development [2, 3].
Other defects have their influence on piping integrity, such as mechanical damage
due to the impact during construction and operation of metallic pipes or welding
failures [4, 3]. Conventionally, defective metallic piping is repaired by piping
replacement or metallic repair, where hot work is required. Recently, there has been
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a remarkable increase in the use of fiber-reinforced polymer (FRP) composites to
repair defective piping. FRP repair materials provide a considerable cost saving,
and eliminate hazards associated with welding [5]. The polymers repair mechanism
works when the epoxy resin covers the damaged pipe portion, and then the dam-
aged pipe area is wrapped with FRP materials [6]. Wrapping the defective pipe
portion will transfer the local defect stress to the composite repair filler layer [6, 7].
Composite materials have a solid structure with robust strength, stiffness, and
corrosion resistance [8, 9]. Moreover, FRP materials can be formed and fabricated
easily [8, 9]. FRP materials are susceptible to temperature, especially between
composite and adhesive materials [10, 11]. Moreover, composite material bond-
ing is affected by the surface preparation factor, which is sometimes difficult to
achieve [12].

2 Overview of the Piping Failure

Fire damage occurred in an oil processing plant, damaging equipment, and piping.
A specialized inspection team was assigned to perform all essential assessment
examinations. The assessment found fire and mechanical damage to the piping
loops. The piping systems that were mechanically damaged—from fire exposure—
were replaced. The piping sections with mechanical and corrosion damage were
recommended to be repaired. Rehabilitating the damaged piping with the traditional
metallic repair was not possible, since the plant piping was filled with stagnant oil.
As a result of this reality, composite materials repair wrap joint was employed.

3 Philosophy of the Repair Methodology

3.1 Materials Selection

The use of FRP materials demonstrated outstanding performance in the repair of
metallic elements [13]. FRP is effective due to design flexibility and high strength
materials [13]. Glass, carbon, and aramid are typical types of reinforced fibers used
to repair corroded piping [14]. Glass fiber is used commonly as they are less
expensive than other fibers. Carbon fiber showed better strength and stiffness but
with more cost [13]. Based on this fact, composite reinforced with glass fibers was
primarily utilized to repair a high number of damaged pipes. Composite reinforced
with carbon fibers was also applied to high-pressure critical lines, to ensure the
internal pressure was overcome safely.
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3.2 Wrapping Design

The selection of design criteria for the wrapping joint, was as per ASME PCC-2
[15]. The piping system contains hazardous fluids with high pressure, and is
classified as a high-risk application in ASME PCC-2 [15]. The design selection
entails the piping specifications and process parameters of the corroded segment.
All related data of impacted pipes were collected, evaluated, and it was recom-
mended to install a specific wrap joint design for each of these pipes.

3.3 Composite Materials Wrap Application

The overall composite repair process for the composite wrap is summarized by the
chart in Fig. 1. It entails the defect assessment, design selection, and composite
installation using the spiral wrap method. Installing the composite clamp requires a
clean surface, since this will impact the bonding process [12]. The failed pipe
surface was cleaned mechanically to achieve the cleanness level of NACE 3
minimum surface profile, to ensure the removal of all sharp edges and coating.

Then the resin was applied to the subject pipe repair zone. Finally, the fabric
sheets utilized on the outer surface, as seen in Fig. 2. The curing time of wrap was
within two hours on average. The application of all wrapping locations was suc-
cessful, except for two locations that had delamination and air pockets due to
improper installation.

Fig. 1 This is an illustration
of the composite repair
process flow
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4 Conclusion

This paper presents a case study of composite repair application on plant piping
routes after a fire. A methodological evaluation was carried out to evaluate damaged
piping and propose a suitable repair mechanism. Composite materials repair was
used to rehabilitate damaged piping. This repair methodology was fast and resulted
in significant savings. The process of composite material repair application starts
with the defect identification and extent of the required repair. Based on the defect
severity and geometry, a specific design of the composite material wrap was
developed. The composite material wrap/clamp joint design was as per
ASME-PCC-2. The reinforced fibers used in this case study are glass and carbon.
Glass fiber was mainly used to improve the defective pipe strength because the cost
was significantly lower compared to other fibers. Composites reinforced with car-
bon fibers were applied only to critical high-pressure lines to ensure they are safely
repaired. Composite material repair provided remarkable strength to the pipes. The
two wrapped locations that had suffered from delamination and air pockets because
of improper installation, were repaired without any additional cost, or health and
safety implications.
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Study on Piezoelectric Stack
Performance for Linear Ultrasonic
Motor

Hongbing Wang and Chunhua Sun

Abstract A piezoelectric stack for linear ultrasonic motor was developed.
According to linear ultrasonic motor Requirements, the required piezoelectric
ceramic was explored, and it had the characteristics of high temperature resistance,
high mechanical quality factor, low voltage drive. In the sintering condition of
950 °C and 5 h, performance parameters of the developed piezoelectric ceramic,
which consisted of Pb0.98Bi0.02Zr0.51Ti0.48 Zn0.0103 and is doped with 0.5%Co, were
relative dielectric constant 1190, piezoelectric constant 270pC/N, electromechanical
coupling coefficient 0.54 (Kp), 0.46 (Kt), Curie temperature 346 °C, dielectric loss
angle tangent 0.6%. The displacement characteristics of the piezoelectric stack with
different sheets were analyzed by finite element method. The results provided
theoretical reference for the development of linear ultrasonic motor with piezo-
electric stack.

Keywords Piezoelectric stack � Linear ultrasonic motor � Displacement
characteristics

1 Introduction

Compared with traditional motors, ultrasonic motors have a series of advantages,
such as small size, light weight, simple and compact structure, low speed, large
torque, fast response, high motion accuracy, low noise operation, no electromag-
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netic interference, direct linear drive, flexible structure and so on. Therefore,
ultrasonic motors have developed rapidly and have wide application prospects
[1, 2].

Ultrasonic motors can be classified into rotary and linear motors according to
their motion forms. In recent years, the development of linear ultrasonic motor is
very rapid [3–5], and there is a trend to replace electromagnetic linear motor in
micro-precision drive system.

In order to develop linear ultrasonic motor with high temperature resistance,
high mechanical quality factor, low voltage drive and low cost, a piezoelectric stack
for linear ultrasonic motor was developed. According to linear ultrasonic motor
Requirements, the required piezoelectric ceramic was developed. The displacement
characteristics of the piezoelectric stack with different sheets were analyzed by
finite element method.

2 Linear Ultrasonic Motor with Piezoelectric Stack

The working principle of the linear ultrasonic motor based on piezoelectric stack is
shown in Fig. 1, which consists of a stator and a slide. Two groups of piezoelectric
stacks on the stator are placed at 90°. The polarization and arrangement of each
group of stacks are the same. When the sinusoidal and cosine AC working voltages
are applied to two groups of piezoelectric stacks respectively, two longitudinal
vibrations perpendicular to each other in space and 90° different in phase are
excited. The two vibrations are combined at the driving head to form elliptical
motion, which drives the actuator to move in a straight line by means of friction
between the stator and the slide.

The designed linear ultrasonic motor based on piezoelectric stack is shown in
Fig. 2. The stator of the motor was shown in Fig. 3. Applied on driving voltage
5 V, frequency 96.915 kHz and driving electric current 0.8 A, the no-load maxi-
mum speed of the motor is 25.78 mm/s, and the maximum output forces 2.14 N.
The tests indicated the motor had large output force with small size and low diving
voltage.

Fig. 1 The working principle
of the linear ultrasonic motor
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3 Formulation and Technology of Piezoelectric Ceramics

Different commercial PZT piezoelectric ceramics were selected to study the effects
of different additions on the sintering characteristics and piezoelectric properties of
commercial PZT piezoelectric ceramics, and to optimize the formulation and pro-
cess parameters of high performance hard piezoelectric ceramics. Furthermore,
according to the requirements of linear ultrasonic motor, the formula of piezo-
electric ceramics is explored to make it have the characteristics of pressureless low
temperature sintering and piezoelectric required.

Using piezoelectric ceramic system with pressureless low-temperature sintering
and required piezoelectric properties, PZT commercial ceramic powders were
sintered at 900–1000 °C pressureless low-temperature through transient liquid
phase sintering and solid solution reaction, and the low-temperature sintering
additives, dosage and sintering process parameters were optimized.

Figure 4 shows that SEM morphology of perovskite structure (Pb0.95Sr0.05)
(Zr0.53Ti0.47)O3 + 0.5 wt% MnO2–(0.6PbTiO3–0.3Bi(Zn0.5Ti0.5)O3–0.1BiFeO3)
piezoelectric ceramics (1050 °C/5-hour sintering). When the addition is 9 wt%, the
experimental results show that the piezoelectric parameters are as follows:

Fig. 2 The design ed linear ultrasonic motor

Fig. 3 The stator of the motor
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Tc ¼ 298 �C; er ¼ 767; tan d ¼ 0:7%; Pr ¼ 10:8lC=cm2;

Ec ¼ 2:11 kV=mm:d33 ¼ 241 pC=N:

According to the brittleness of piezoelectric ceramics, the mechanical properties
and comprehensive piezoelectric properties of piezoelectric ceramics are improved
by strengthening the bonding force of grain boundaries and realizing the trans-
granular fracture mode of ceramics.

Through the experiments of different trace elements, we have realized the
transgranular fracture of piezoelectric ceramics in PMN-PMS-PZT, PMN-PZT,
PMN-PZN-PZT and other systems. The fracture mode is related not only to the
trace elements, but also to the principal components of piezoelectric ceramics and
the grain size of microstructures. Figure 5 shows the SEM results of fracture
morphologies of several piezoelectric ceramics.

4 Fabrication of Piezoelectric Stack

In the sintering condition of 950 °C and 5 h, performance parameters of the
developed piezoelectric ceramic, which consisted of Pb0.98Bi0.02Zr0.51Ti0.48
Zn0.0103 and is doped with 0.5%Co, were relative dielectric constant 1190, piezo-
electric constant 270pC/N, electromechanical coupling coefficient 0.54 (Kp), 0.46
(Kt), Curie temperature 346 °C, dielectric loss angle tangent 0.6%. An SEM
photograph of the section of multilayered piezoelectric stack is shown in Fig. 6.
The piezoelectric ceramic has excellent multilayered co-firing characteristic with
Ag electrode. Figure 7 shows the capacitance spectrum test results of three
multi-layer co-fired piezoelectric ceramic actuators, which show good consistency.

Fig. 4 SEM morphology of
piezoelectric ceramics
microstructure
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5 Finite Element Analysis of Piezoelectric Stack
with Different Sheets

When the alternating electric field is applied to the piezoelectric crystal, the elastic
waves of various modes can be excited in the piezoelectric crystal by the inverse
piezoelectric effect.

Figure 8 shows the deformation of a single piezoelectric ceramic sheet under
electric field. When the electric field direction is the same as the polarization
direction of the piezoelectric ceramic sheet, the deformation of the piezoelectric
ceramic sheet is the same as that of the polarization direction. The first kind of
piezoelectric equations is shown in Eq. 1.

Fig. 5 SEM morphology of piezoelectric ceramics fractured surface, a modified PZT-PMSN,
b PZT-PMN, c modified PZT-PMN-PZN, d modified PZT-PMN-PNN, e PZT-PMN-PNN

Fig. 6 SEM photograph of the section of multilayered piezoelectric stack
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Sf g ¼ s½ �E Tf gþ d½ � Ef g
Df g ¼ d½ �t Tf gþ e½ �T Ef g

ð1Þ

The strain of piezoelectric ceramics under external electric field can be calcu-
lated by Eq. 1.

As shown in Fig. 9, the strain of a single piezoelectric ceramic sheet can be
obtained by establishing a single piezoelectric ceramic sheet model in the finite
element software and applying 100 V electric field. The strain of the single
piezoelectric ceramic sheet is 22.9 E-9 m.

Figure 10 is the strain diagram of a double piezoelectric ceramic sheet under
100 V electric field. The strain of the double piezoelectric ceramic sheets is 45.7
E-9 m.

Fig. 7 Capacitance frequency spectrum of three multilayered piezoelectric stacks

Fig. 8 The deformation of a single piezoelectric ceramic sheet
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Figure 11 is the strain diagram of a piezoelectric stack (including 10 piezo-
electric ceramic sheets) under 100 V electric field. The strain of the double
piezoelectric ceramic sheet is 229 E-9 m.

From the calculation results, the deformation of piezoelectric stack is propor-
tional to the number of the sheets.

6 Conclusion

A piezoelectric stack for linear ultrasonic motor is designed. In the sintering con-
dition of 950 °C and 5 h, performance parameters of the developed piezoelectric
ceramic, which consisted of Pb0.98Bi0.02Zr0.51Ti0.48 Zn0.0103 and is doped with 0.5%
Co, were relative dielectric constant 1190, piezoelectric constant 270pC/N, elec-
tromechanical coupling coefficient 0.54(Kp), 0.46(Kt), Curie temperature 346 °C,
dielectric loss angle tangent 0.6%. The displacement characteristics of the piezo-
electric stack with different sheets were analyzed by finite element method. The

Fig. 9 The strain of a single piezoelectric ceramic sheet
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Fig. 10 The strain diagram of a double piezoelectric ceramic sheet

Fig. 11 The strain diagram of a piezoelectric stack
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deformation of piezoelectric stack is proportional to the number of the sheets. The
research results provided theoretical reference for the development of linear ultra-
sonic motor with piezoelectric stack.
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Study on Vibration and Acoustic
Characteristics of Ship Stern Structure
by Propeller Excitations

Fuzhen Pang, Cong Gao, Haichao Li, and Ruizhao Gu

Abstract Based on the Finite Element Method (FEM) and Boundary Element
Method (BEM), the coupled vibration model of propeller-shaft-hull structure is
established to analyze vibration and acoustic radiation characteristics by propeller
excitations in this paper. The research shows that the vibration response peak of the
hull structure is similar to the natural frequency of blade passing frequency (BPF) or
stern structure by propeller excitations. The vibration and acoustic radiation is
mainly caused by horizontal force and fluctuating pressure. In addition, the
vibration response of ship stern structure decreases obviously with the increase of
shell thickness, especially in the mid-high frequency band on 100–200 Hz.
Furthermore, this study can provide a reference for ship vibration and noise control.

Keywords Ship stern structure � Propeller excitations � Finite element method �
Boundary element method � Vibration � Acoustic radiation

1 Introduction

Propeller noise is one of the three major noise sources of the ship, which brings bad
influence on comfortable and acoustic performance [1–3]. The propeller excitations
are mainly obtained by empirical formula, model test, theoretical calculation or
CFD numerical calculation at present. With the development of FEM and BEM,
vibration and acoustic radiation analysis of ship obtained a great deal of attention,
Zhu et al. [4] studied the influence of propeller unsteady excitation on ship by FEM,
in their opinion, the influence of propeller excitation on ship vibration enhanced
with the increase of speed. In addition, Li [5] applied the FEM/BEM to analyse the
characteristics of vibration and underwater radiated noise of hull structure caused
by different forms of propeller excitation, at the same time, the influence of shafting
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alignment state and hull deformation on vibration and sound characteristics was
presented. The fluid-solid coupling theory [6, 7] and finite element power flow
theory [8] were also used for coupled vibration characteristic analysis of
shaft-propeller-shell. In terms of experiment, Pan et al. [9] explored the mechanism
of propeller longitudinal excitation transmission to thrust bearing support structure
and considered that the liquid film stiffness of thrust bearing is related to shaft
speed.

It should be mentioned that above researches comprehensively focus on the for-
mation and transmission characteristics of propeller unsteady excitation and its
influence on hull vibration. However, there are few studies on the vibration and
acoustic characteristics of surface vessels under propeller excitations, in particular, the
research on propeller excitation influence in different directions is insufficient. And
the calculation accuracy can be improved by acoustic-structure coupling method.

In this paper, the FEM/BEM is applied to analyse vibration and acoustic char-
acteristics of ship stern structure in middle and low frequency bands by propeller
excitations, the vibration and acoustic characteristics is analysed based on
acoustic-structure coupling theory. The ship stern model is a truncated structure and
the influence of fluid on structure is considered by establishing flow field. The
excitation source is mainly divided into bearing force and fluctuating pressure, and
the unsteady load of propeller is calculated by CFD. On this basis, the mainly
component of the stern structure vibration has been explored. In addition, the
influence of shell thickness and section size on the vibration characteristics of the
structure is presented.

2 Theoretical Foundation and Propeller-Shaft-Hull Model

2.1 The Finite Element Theory of Structure-Acoustic
Coupling

The finite element equation matrix of sound field in the fluid region is as follows:

Mf €PþCf _PþKfPþ qfR€U ¼ 0 ð1Þ

whereMf is the equivalent mass matrix of the fluid; Cf is the sound damping matrix;
Kf is equivalent stiffness matrix offluid; R is the fluid and structure coupling matrix;
P is the node sound pressure matrix; €U is the second derivative of displacement.

The coupled vibration matrix equation between hull structure and acoustic field
is as follows:

Ms €UþCs _UþKsU ¼ Fs þFf ð2Þ
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where Ms is the mass matrix of ship structure; Cs is the damping matrix of ship
structure; Ks is stiffness matrix of ship structure; Fs is the force vector of ship
structure.

The above two equations are combined to obtain:

Ms 0
qfR Mf

� � €U
€P

( )
þ Cs 0

0 Cf

� � _U
_P

( )
þ Ks �RT

0 Kf

� �
U

P

( )
¼ Fs

0

( )
ð3Þ

By discretizing coupling matrix equation between ship structure and fluid, the
displacement and the sound pressure at the structure surface can be obtained.

2.2 The Introduction of Model

Figure 1 shows the FEM/BEM models of stern structure, which is from transverse
bulkhead to ship stern, and the propulsion shafting is cut from thrust bearing base.
The model is 23 m, including 4 transverse bulkheads and 3 decks, and the diam-
eters of two propellers are 5 blades, which speed are 110 r/min and simplified as
concentrated mass points. The flow field is divided into internal flow field and
external flow field, the non-reflecting boundary condition is set at truncation of flow
field, and the grid is set as acoustic unit type. The hull structure is connected with
surrounding flow field by coupling. The calculated frequency band is 10–200 Hz,
of which interval is Df = 2 Hz.

2.3 Load and Examination Point

Propeller bearing force is mainly divided into thrust, horizontal, vertical force and
fluctuating pressure, the influence of bending moment on structural acoustic
vibration characteristics is not considered in this study.

(a) Structural- acoustic finite element model (b) Boundary Element Model

Fig. 1 The FEM/BEM model
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Figure 2 presents the frequency domain curve of propeller bearing force, the
blade passing frequency is f = 9n Hz (n = 1, 2, 3…). It can be seen that the pro-
peller bearing force has a peak at blade passing frequency.

As shown in Fig. 3, the thrust, horizontal and vertical force are respectively
represented by fy, fx and fz, the fluctuating pressure is loading on two red areas right
above the propeller, and the area is the square of the propeller’s diameter. The
sound pressure examination point is 1000 m away from starboard side to reflect the
far field characteristics. In addition, the acoustic field plane is 300 � 300 m at
water plane area.
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3 Vibration Characteristics of Ship Stern Structure

3.1 The Wet Modes of Ship Stern Structure

The natural frequencies of typical wet modes are shown in Fig. 4, it can be seen that
shafting has a higher probability of producing modes. In addition, the frequency of
1 step horizontal and vertical vibration wet mode of shafting are similar to propeller
1BPF and 2BPF respectively, which can cause resonance in structure easily.

3.2 Analysis of Vibration Responses of Stern Structure
by Propeller Excitations

In this paper, the mean square vibration speed level is used as the evaluation
standard to measure structural vibration, the expression is shown below:

Lv ¼ 20 lg v=v0ð Þ ð4Þ

where Lv is the mean square vibration speed level; v is the mean square vibration
speed; v0 is the reference value of mean square vibration speed, which usually taken
as 10−9 m/s. The total level of the mean square vibration speed is defined as
follows:

Lv total ¼ 10 lg
Xn
1

10Lvi=10
 !

ð5Þ

From above analysis, it is known that horizontal and vertical mode of shafting
are easier to produce, Fig. 5 shows mean square vibration speed level curve of
propeller excitations. The total level of thrust force, horizontal force, vertical force,
fluctuating pressure and resultant force are c + 59.3 dB, c + 67.3 dB, c + 58.3 dB,
c + 66.9 dB and c + 71.2 dB respectively, in which c is the reference value of the
total level. It is horizontal force and fluctuating pressure that mainly cause the
vibration of ship stern structure. The curve peaks highest at 18 Hz, which is cor-
responding to 1 step vertical vibration mode of shafting.

(a) 1step vertical of 
stern f=2.8Hz

(b) 1step horizontal of 
shafting f=9.2Hz 

(c) 1 step vertical of 
shafting f=17.8Hz 

(d) 2 step horizontal 
of shafting f=23.8Hz

Fig. 4 Diagrams of typical modes

Study on Vibration and Acoustic Characteristics … 109



3.3 Vibration Characteristics of Stern Structure by Propeller
Excitations

Figure 6 shows the vibration response nephograms of 18 Hz (peak) in different
propeller excitations. It can be seen that the vertical vibration of boat-motherboard
is easier to produce by thrust force, and horizontal force generates the horizontal
vibration of shafting. The vertical vibration of shafting and boat-motherboard is
easier to produce by vertical force, and the fluctuating pressure generates the large
area of vertical vibration in boat-motherboard.

3.4 Study on Vibration Responses of Ship Stern Structure
with the Variation of Structure Size

It is apparently that the vibration on boat-motherboard is easy to produce from
above analysis. Therefore, it is necessary to figure out the influence on the vibration
characteristics of changing the shell thickness and section size of boat-motherboard.
Figure 7 indicates the mean square vibration speed level curve with the variation of
shell thickness and section size. It is clearly that the vibration response of the ship
stern structure decreases obviously with the increase of shell thickness, especially in
the mid-high frequency band on 100–200 Hz. For each 2 mm increase in shell
thickness, the total level vibration of mean square vibration speed decreases by
about 1 dB. The vibration response of the ship stern structure has a tendency to
decrease with the increase of section size. However, the effect is not obvious, the
total level vibration of mean square vibration speed decreases by 3 dB with the
section size increased from minimum to maximum (Table 1).

Fig. 5 Mean square vibration speed level curve
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4 Acoustic Radiation Characteristics of Ship by Propeller
Excitations

4.1 Source Level

In this paper, the source level is used as the evaluation standard to measure
structural acoustic radiation, the expression is shown below:

(a) thrust force (b) horizontal force (c) vertical force (d) fluctuating pressure

Fig. 6 Vibration response nephograms of f = 18 Hz

(a) the variation of shell thickness (b) the variation of section size

Fig. 7 Mean square vibration speed level curve

Table 1 Total level of mean square vibration speed with different structure size

The variation of
shell thickness

Decrease by
4 mm

Decrease by
2 mm

Base shell
thickness

Increase by
2 mm

Increase by
4 mm

Total level of mean
square vibration
speed

c + 74.2 dB c + 73.6 dB c + 71.2 dB c + 70.5 dB c + 99.3 dB

The variation of
section size

Decrease by
2 type

Decrease by
1 type

Base
section size

Increase by
1 type

Increase by
2 type

Total level of mean
square vibration
speed

c + 73.1 dB c + 72.4 dB c + 71.2 dB c + 70.8 dB c + 70.1 dB
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Ls ¼ 20 lg p=p0ð Þþ 20 lg r ð6Þ

where Ls is the source level; p is sound pressure; p0 is the reference value of sound
pressure, which usually taken as 10−6 Pa; r is distance from sound pressure
examination point to structure. The formula of the total source level refers to the
total level of the mean square vibration speed. Figure 8 shows source level curve of
different propeller excitations, the amplitude of source level curve is mainly con-
centrated in 10–40 Hz, and the total level of thrust force, horizontal force, vertical
force, fluctuating pressure and resultant force are c + 92.1 dB, c + 98.8 dB,
c + 83.8 dB, c + 94.5 dB and c + 103.9 dB respectively, it is horizontal force and
fluctuating pressure that mainly cause the acoustic radiation of stern structure.

4.2 Distribution of Sound Pressure Amplitude Along
Ship Length

Figure 9 shows the distribution of sound pressure amplitude along ship length of
18 Hz (peak) in different propeller excitations. The abscissa in the figure is the
longitudinal angle (h) of the flow field relative to the ship, the direction is defined as
the bow is 0° and the stern is 180°. It can be seen from the picture that the peak
value appears under the bearing base by the action of thrust and horizontal force,
while that appears under the propeller by the action of vertical force, fluctuating
pressure and resultant force. It indicates that the thrust and horizontal force have a

Fig. 8 Source level curve
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great influence on the propulsion shafting, which will cause the acoustic radiation
of the stern shaft. In addition, the acoustic radiation caused by propeller is more
pronounced under the vertical force, fluctuating pressure and resultant force.

5 Conclusion

The coupled vibration model of propeller-shaft-hull structure is established based
on FEM/BEM method, and the vibration and acoustic characteristics of ship stern
structure in middle and low frequency bands is analyzed on the basis of
acoustic-structure coupling theory. The conclusions are as follows:

1. The frequency of 1 step horizontal and vertical vibration wet mode of shafting
are similar to the propeller 1BPF and 2BPF respectively, which cause resonance
in structure easily. The curve peaks highest at 18 Hz, which is corresponding to
1 step vertical vibration mode of shafting.

2. The horizontal force and fluctuating pressure mainly cause the vibration and
acoustic radiation of stern structure.

3. The vibration response of ship stern structure decreases obviously with the
increase of shell thickness, especially in the mid-high frequency band on 100–
200 Hz. The section size has a little effect on the vibration response of the ship
stern structure.

4. The thrust and horizontal force have a great influence on the propulsion shafting,
which will cause the acoustic radiation of the stern shaft. In addition, the
acoustic radiation caused by propeller is more pronounced under the vertical
force, fluctuating pressure and resultant force.

Fig. 9 Distribution of sound pressure amplitude along ship length
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Nonlinear Wave Loads’ Prediction
on Ultra Large Containerships

Xiaoyu Li, Kaihong Zhang, Huilong Ren, and Sijun Chen

Abstract The importance of hydroelasticity analysis of large and flexible container
ships of today has been pointed out for structure design. Because of the increases of
the size of container ships, whipping phenomena has been one of the important
design considerations. This paper introduced a 3D nonlinear hydroelasticity theory
which utilizes a 3-D Green function method and a 2-D momentum model coupled
in time domain. A model system for measurement of nonlinear wave loads which is
composed of a backbone and segmented container ship model has been already
established, and applied to a series of large ship models, in which natural frequency
of vertical bending is matched using a beam. A series of model tests have been
carried out for selected cases of whipping in irregular waves. The computational
results were compared with those of a model test of a 10,000-TEU containership.
The Verifications and validations between model tests result and theoretical cal-
culation have been carried out. The asymmetry of wave elevation, vertical ship
motion and vertical sectional loads responses are mainly discussed, they are
observed and calculated in irregular wave conditions, and the experimental results
accord with simulated results, basing on which the design vertical bending moment
at midship can be obtained by using the nonlinear short-term and long-term anal-
ysis, and the comparison between direct calculation and classification society rules
is carried out, which has much in common.
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1 Modeling of Nonlinear Wave

1.1 Diffraction Forces

fx; y; t ¼ n ¼
X1
n¼1

fað Þncos xeð Þntþ k0ð Þnx cos b� k0ð Þny sin bþ en
� � ð1Þ

transfer functions can be used to generate a time history of the diffraction forces on
different mode. The diffraction forces in harmonic waves are calculated by 3D panel
method as follows:

Fr
Dt ¼

Z1

�1
hrD t � sð Þf sð Þds hrD tð Þ ¼ 1

p
Z1

0

hrD ixð Þeixdx ð2Þ

where Fr
DðtÞ is the r-th time history diffraction force component, which can be

obtained by convolution with the impulse response function hrD t � sð Þ and wave
elevation time history f sð Þ, the integration variable t is from �1 to 1. The
impulse response function hrD t � sð Þ can be calculated from the frequency
diffraction force transfer function Hr

D ixð Þ, by means Fourier analysis.
The Froude-Krylov part is related to the incident wave potential and results, they

are from the integration at each time step of the associated pressure over the
instantaneous wetted surface of the ship hull under the undisturbed wave profile,
when nonlinearity is not included, the instantaneous wetted surface return to the
mean wetted surface:

Fr
I t ¼ �q

X1
i¼1

fað Þn
ZZ
S tð Þ

n* � ur*
� �

i xeð Þn�U
@

@x

� �
/Ið Þnds ð3Þ

where n* is the unit normal vector of each panel, which positive direction is to the
inner part of the ship hull, ur

* denotes the r-th principle mode shape vector asso-
ciated with the dry structure, which can be obtained by Transfer Matrix Method.

In linear theory of harmonic waves, the wave pressure is defined up to the mean
waterline (z = 0) and will not spread upward. So when the crests pass through the
hull, an approximation is assumed to account for the wave pressure above the mean
waterline. It is supposed that the pressure is zero at the free surface, and it is
hydrostatic between the free surface and z = 0.

1.2 Restoring Forces

When considering the nonlinear restoring forces, the instantaneous position should
be collected at each time step. After this, the r-th restoring force can be obtained by
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integration of the hydrostatic pressure over the wetted hull under the undisturbed
free surface, and then minus the constant origin gravity force.

Fr
St ¼

ZZ
S tð Þ

n* � ur* psds� Fr
G

ps ¼ �qg p3 tð Þ � xp5 tð Þþ yp4 tð Þ½ �

Fr
G ¼ Z

L

Fg xbð Þwr xbð Þdxb ð4Þ

When nonlinearity is not included, the instantaneous wetted surface return to the
mean wetted surface, thus the restoring forces’ calculation return to the restoring
matrix multiplied by the principal coordinate column vector.

1.3 Radiation Forces

The radiation forces, which are calculated using 3D panel method, are represented
in the time domain by infinite frequency added mass lrs, damping Brs and radiation
restoring coefficients C0

rs, and convolution integrals of retardation functions Krs tð Þ,
which are all considering velocity and radiation force memory effects.

Fr
Rt ¼� l½ � €p tð Þf g � B½ � _p tð Þf g � C0½ � p tð Þf g � Zt

0

K t � sð Þ½ � _p sð Þf gds

¼�
Xm
s¼1

lrs€p tð ÞþBrs _p tð ÞþC0
rsp tð Þ� ��Xm

s¼1

Zt

0

Krs t � sð Þ _ps sð Þds r ¼ 1; 2; . . .;mð Þ

ð5Þ

where the infinite frequency added mass lrs, damping Brs and radiation restoring
coefficients C0

rs, and convolution integrals of retardation functions Krs tð Þ are cal-
culated separately as follows.

lrs ¼ q
ZZ
SH

ur
* � n*

� �
W1sds

C
0
rst ¼ q �U0

ZZ
SH

ur
* 0
n*

� �
�W2sdsþ Z

wl

ur
* � n*

� �
l� nð Þ � ~W� �

W2sdl

8<
:

9=
;

Nonlinear Wave Loads’ Prediction on Ultra Large Containerships 117



Brs ¼ q
ZZ
SH

ur
* � n*

� �
W2sds� U0

ZZ
S tð Þ

ur
* 0
n*

� �
�W1sdsþ Z

wl

ur
* � n*

� �
l� nð Þ � ~W� �

W1sdl

8><
>:

9>=
>;

Krs tð Þ ¼ q
ZZ
SH

ur
* � n*

� � @

@t
�vs p; tð Þds� U0

ZZ
SH

ur
* 0
n*

� �
� �vs p; tð Þdsþ Z

wl

ur
* � n*

� �
l� nð Þ � ~W� �

�vsdl

8<
:

9=
;
ð6Þ

For the unknown w1s, w2s and �vSðp; tÞ, the governing equation, boundary and
initial condition are shown respectively as follows.relative velocity between the

rW1sds ¼ 0 influidð Þ
W1s ¼ 0 on SFð Þ

@W1s
@n ¼ us

* � n* on SHð Þ
W1s ¼ O r�2ð Þ r ! 1ð Þ

8>><
>>:

r2W2s ¼ 0 influidð Þ
W2s ¼ 0 on SFð Þ

@W2s
@n ¼ U0 us

*
0
n*

� �
on SHð Þ

W2s ¼ O r�2ð Þ r ! 1ð Þ

8>>><
>>>:

r2�vsðp; tÞ ¼ 0 ðinfluidÞ
@
@t � U0

@
@t

� 	2 þ g @
@z

h i
�vS þw2Sð Þ ðon SFÞ

@�vS
@n ¼ 0 ðon SFÞ

�vSjt¼0¼ 0@�vS@t





t¼0

¼ �g @w1S
@z ðon SFÞ

8>>>>><
>>>>>:

ð7Þ

When considering the retardation function in time domain, Ogilvie [1, 2] had
pointed out the relationship between Krs tð Þ and the 3D hydrodynamic coefficients in
frequency domain that can be expressed as follows.

Krs tð Þ ¼ 2
p

Z1

0

x lrs � Ars xð Þ½ � sinxtdxorKrst

¼ 2
p

Z1

0

Brs xð Þ � Brs½ � cosxtdx
ð8Þ

where Ars xð Þ and Brs xð Þ represent the 3D hydrodynamic coefficients, the gener-
alized hydrodynamic inertial matrix and damping matrix components, respectively.

For the frequency diffraction force transfer function Hr
D ixð Þ, 3D hydrodynamic

coefficients Ars xð Þ and Brs xð Þ, the governing equation and boundary condition are
shown respectively as follows, see Fig. 1.
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r2uj ¼ 0; in V

x2uj þ g
@uj

@z ¼ 0; at z ¼ 0

@uj

@n

ixuj
* þ �U @

@x

� 	
uj
*

h i
� n*

� @u0
@n ;

(
with j ¼ 1; 2; . . .;m

for j ¼ 1þm
@uj
@Z¼0;
ruj¼0

�
with Z ¼ �h

with Z ! 1
lim
R!1

ffiffiffi
R

p @uj

@R � ik0uj

� �
¼ 0

8>>>>>>>>>>>><
>>>>>>>>>>>>:

ð9Þ

where uj is the potential of the j-th motion mode, in order to calculate in the future,
here m = 9 was selected to reduce infinite modal number to limited modal number
with sufficient accuracy.

After solving the boundary integral equations, the potential uj can be obtained,
thus the 3D hydrodynamic coefficients Ars xð Þ and Brs xð Þ can be express as
follows.

Ars xð Þ ¼ Re Hrsð Þ
x2

Brs xð Þ ¼ Im Hrsð Þ
x

Hrs ¼ �q
RR
S0

n* � ur* � ix� U @
@x

� 	
usds

8>>><
>>>:

ð10Þ

The frequency diffraction force transfer function Hr
D ixð Þ can be express as

follows.

Fig. 1 Fluid domain and
boundary condition
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Hr
D ¼ �qfa

ZZ
S0

ix� U
@

@x

 �
udds with r ¼ 1; 2; . . .;m ð11Þ

The formulation presented the contribution for the vertical shear force, and
bending moment of the radiation forces which may be calculated in the time domain
for non-harmonic motions, accounting in a proper way the memory effects of the
past history of the fluid motion.

1.4 Slamming Forces

The vertical forces associated with large bow flare and the large relative velocity
between bow section and incoming wave, which occurs when the relative velocity
is larger than the critical velocity, are calculated using the momentum method. The
vertical force per unit length is:

Ff xb; tð Þ ¼
dm1
dz

dZR
dt

� �2 dZR
dt \Vcr

0 dZR
dt [ 0

8<
: ð12Þ

where m1 is the added mass of the 2D section moving in vertical direction at
infinite frequency using conformal mapping method and dm1=dz is the derivative
of m1 with respect to the draft, and ZR is the vertical relative motion between 2D
section and wave and dZR=dt is the relative velocity between the 2D section and
wave [3, 4].

The r-th component of generalized slamming force column matrix is expressed
using an integration of slamming force along the ship length, at each instant time
point with the section submerged under corresponding wave profiles.

Fr
slam tð Þ ¼ Z

L

Ff xb; tð Þwr xð Þdxb ð13Þ

As for the wave loads calculation under severe sea state, nonlinear factors would
be very important, for instance, incident wave force nonlinearity, restoring force
nonlinearity and slamming force nonlinearity. In addition, the large amplitude
motion can cause instantaneous wetted surface nonlinearity and hydrodynamic
force nonlinearity. Nevertheless, the radiation force and the diffraction force should
be calculated on the mean wetted surface because these two terms contribute less
than the three main nonlinear factors.
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2 Statistical Analysis

2.1 Nonlinear Short-Term and Long-Term Statistical
Analysis

The procedures of direct calculation often include the calculation of wave loads in
stochastic seas using a proper hydrodynamic theory, and the prediction of extreme
wave loads following reliable stochastic analysis procedures.

A common way for predicting extreme wave loads is long-term analysis. That is,
the ship is assumed to be exposed to a large number of short-term sea states during
its lifetime, and the long-term extreme wave load is established as a weighted sum
of all the short-term wave loads induced by the short-term sea states. Clearly, a
complete long-term procedure demands tremendous computation, and a simplified
procedure is desirable.

The method for analyzing short-term wave load statistics often depends on
whether the wave load is linear, slightly nonlinear, or strongly nonlinear. Wave
loads with strong nonlinear characteristics, especially when they involve transient
slamming effects, have to be solved in time domain, and the statistical analysis is
generally carried out on the wave load time histories.

Unlike the linear case where the wave load process is Gaussian and the peak
values theoretically follow Rayleigh or Rice distribution depending on the wave
load bandwidth, for nonlinear wave load, there is no theoretical distribution of the
peak values. Several empirical probability distributions have been used for mod-
eling of wave load peak values, such as the Generalized Gamma Distribution [5]
and the Weibull distribution [6, 7]. A Weibull distribution then offers advantages
because it can specialize into an exponential distribution as well as Rayleigh dis-
tribution, which is relevant to linear responses. Thus, in this paper, we choose
Weibull distribution as the target distribution of short-term and long-term
distribution.

Weibull distribution. The cumulative distribution function (CDF) of Weibull
distribution is given by

Fr
slam tð Þ ¼ Z

L

Ff xb; tð Þwr xð Þdxb ð14Þ

where η, b and d are, respectively, the scale, shape and shift parameter. The
Rayleigh and exponential distributions are both special cases of Weibull distribu-
tion, corresponding to b = 2, d = 0, and b = 1, d = 0, respectively.
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2.2 Nonlinear Short-Term Statistical Analysis

For nonlinear short-term statistical analysis, sufficient sampled data should be
prepared, the peak and the trough, separately. Then the Weibull distribution fitting
is conducted, by means of maximum likelihood estimate, using the sampled data.
Finally, the chi square test is used Weibull distribution test of hypothesis.

Nonlinear Long-term Statistical Analysis. For nonlinear long-term statistical
analysis, it is a weighted sum of all the short-term analysis induced by the
short-term sea states.

F xð Þ ¼
P

i

P
j

P
k n

�
0pi H1=3; Tz

� 	
pj bð Þpk Vð ÞF0ijk xð ÞP

i

P
j

P
k n

�
0pi H1=3; Tz

� 	
pj bð Þpk Vð Þ

f xð Þ ¼
P

i

P
j

P
k n

�
0pi H1=3; Tz

� 	
pj bð Þpk Vð ÞF0ijk xð ÞP

i

P
j

P
k n

�
0pi H1=3; Tz

� 	
pj bð Þpk Vð Þ

ð15Þ

where pi H1=3; Tz
� 	

, pj bð Þ and pk Vð Þ are, respectively, the sea state probability, the
heading angle probability and the velocity probability, and n�0 represents the
up-crossing ratio of the i-th sea state, f0ijk xð Þ and F0ijk xð Þ denote the cumulative
distribution function and the probability density function under i-th sea state, j-th
heading angle and k-th velocity.

3 Experimental Setup

The tests were conducted at the Laboratory of HEU Towing Tank and the
Comprehensive Experimental Basin of the Underwater Robots National Key
Laboratory. The Laboratory is a modern facility prepared to conduct seakeeping
and maneuvering tests of ship models and offshore structures. The tank is 108 m
long, 7 m wide, and 3.5 m deep, and the basin is 50 m long, 30 m wide, and 10 m
deep. The wave generator is able to produce regular waves and irregular waves.

A 10,000 TEU containership was considered in the present experimental study.
The ship model is a geometrically similar as the prototype. The model was made of
glass fiber reinforced plastics with wooden base and was divided into seven seg-
ments in which six segments are with equal length from station No.8 to station
No.20 and the rest part forms a single segment in order to arrange the self-propelled
devices, such as the engine, the transmission mechanism and the propeller shaft
sleeves. Each segment was fixed to the rectangular-shape steel backbone which was
designed to match structural stiffness and measure section forces. A very soft latex
tape which effects on bending stiffness can be negligible was applied to make water
tight between segments. The use of water proofing tape should be carefully chosen
in order not to induce unwanted interference on the bending stiffness. The vertical
induced loads were measured at these positions. Mass distributions of those seven
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segments were adjusted for the ballast loading conditions according to the assigned
weight distribution. The radii of gyration of each segmented part and the whole
model for pitch and roll were adjusted by using a swing table. CG, kxx and kyy of
each segment and the whole model were adjusted within 5% tolerance. Setup
configuration and main particulars of the model ship are given in Fig. 2 and
Table 1, respectively.

The experimental program mainly focused on the responses in head waves, this
is usually the most severe condition with respect to the vertical responses. The
absolute motions of this model were measured by Large Amplitude Motion 5-DOF
Instrumented Device, which allowed free heave, pitch, roll, surge and sway (in
heading wave condition the horizontal motions were restrained), while wave sen-
sors measured the relative motions and the incident wave elevation. Strain gauges
were mounted on the steel backbone to measure the vertical shear force and bending
moment at each position.

A discussion and limited analysis of the experimental data within this experi-
mental program are given in another paper that deals with the results of tests in
regular waves [8]. Because some of the test runs for several wave frequencies
distributed along the frequency range were repeated, it was possible to analyze
these records and obtain some information on the level of dispersion of the
experimental data. The conclusions were that the random experiment errors are very
small for the first harmonics and relatively small for the second harmonics and
peaks of the structural loads.

For the three sea states, the hogging and sagging Weibull distribution fitting
were conducted from the experimental records and the simulated time histories,
respectively. The results were listed in Table 2. From the comparisons in Table 2,
one can conclude that the numerical model is able to qualitatively capture all
nonlinear characteristics of the measured responses, not only for the significant
values but also for the distribution fitting values.

Thus, the nonlinear long-term analysis can be carried out based on the good
agreement of the distribution parameters’ fitting, under both hogging and sagging
conditions. The long-term analysis results, which are calculated according to the
DNV-GL rules, were listed in Table 3, which is corresponding to the exceeding
probability of 10−8. The results show good agreement. However, the direct cal-
culation results were larger than the DNV-GL rules’ results for the method may
overestimate the loads under some significant sea states and further comparisons
should be done to make more verification.

Fig. 2 Layout and setup
configuration of model ship
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Table 1 Main particulars of model ship

Item Prototype Model

Scale 1/1 1/66

LBP (m) 292 4.424

Breadth (m) 48.6 0.736

Height (m) 27.2 0.412

Draft (m) 8.222 0.125

Displacement 70420 Ton 238.97 Kg

LCG from AP (m) 148.86 2.255

kxx (m) 17.01 0.2577

kyy (m) 73 1.106

kzz (m) 73 1.106

Fig. 3 Weibull shape parameter fitting of V.B.M at midship

Table 2 Weibull shape parameter fitting of V.B.M at midship results from analysis of
experimental records and numerical simulated time histories

Weibull shape parameter of vertical bending moment at midship

Sea state1
Hs = 5.5 m
Tz = 9.5 s

Sea state2
Hs = 9.5 m
Tz = 11.5 s

Sea state3
Hs = 13.5 m
Tz = 12.5 s

Exp. Cal. Exp. Cal. Exp. Cal.

Sagging 1.945 1.936 1.852 1.846 1.709 1.690

Hogging 2.089 2.136 2.307 2.347 2.398 2.545

124 X. Li et al.



4 Conclusions

The paper explained the results of an experimental investigation of the nonlinear
effects, which is on the vertical motions and loads on a containership advancing in
irregular waves, and comparisons with numerical results from a 3D Nonlinear
Time-domain Hydroelasticity Method. In general, one may say that the experi-
mental waves are basically linear, the vertical motions are slightly nonlinear, and
the vertical loads are strongly nonlinear. The numerical model will qualitatively
capture all nonlinear characteristics of the measured responses. Besides, there are
some quantitative discrepancies.

The measured wave is basically linear. However, due to the lightly nonlinear shape
of waves, the positive peaks tend to have larger magnitudes than the negative peaks.

Several conclusions concerning the nonlinear characteristics of the responses are
taken from the statistical analysis of the records. The magnitudes of heave signif-
icant positive peaks tend to be around 10% larger than those of the significant
negative peaks. This means that the ship emerges more than submerges. With
respect to pitch motion, the ship tends to raise the bow more than to submerge it.
The asymmetry of the significant peaks of the vertical shear force at midship is
small. However, it is large for the vertical bending moment at midship. In these
cases, the significant sagging loads are larger than the corresponding hogging loads.
As an example, the vertical bending moment at midship presents magnitudes of
sagging significant peaks up to 60% larger than the corresponding hogging peaks.
They’re related to the “geometrical nonlinearity” of the hull especially on the bow
where the ship has a large flare.

If we compare the experimental data with the results from the numerical model
in terms of significant values and mean values, it will be concluded that the
numerical model can capture the nonlinear tendencies of the experimental vertical
motions and also of the vertical loads.

Based on the good agreement of the distribution parameters’ fitting, the non-
linear long-term analysis can be successfully carried out, under both hogging and
sagging conditions, and the comparisons between direct calculation and rules show
good agreement, however, the direct calculation results were larger than the
DNV-GL rules’ results for the method may overestimate the loads under some
significant sea states and further comparisons should be done to make more
verification.

Table 3 Midship design loads’ comparison between DNV-GL rules and direct calculation for
containerships

Midship design loads’ (V.B.M)

DNV-GL rules for
containerships

Nonlinear long-term
statistical analysis

Sagging (MN.m) −11,320.2 −13,616.1

Hogging (MN.m) 4490.3 5096.5
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The Design of a Backpack System
to Meet the Requirements of New Type
of Individual Combat

Yu Zhao and Wei-Jie Xu

Abstract According to the requirements of the new type of individual combat, a
backpack system design requirement is formed to guide the product design. Method
From the new requirements of individual combat, combined with human-machine
engineering design and operational requirements, a backpack system design
requirement is formed, and a new type of backpack system product design is
formed through product design architecture. Result The product is trial-produced
based on the design of the backpack system, and the pre-product user experience
evaluation is carried out. Conclusion The backpack system products meet the
requirements of the new type of individual combat.

Keywords New operational requirements � Human machine engineering �
Backpack system

1 Introduction

With the continuous adjustment of international military strategy, it has added
relevant requirements for small-team cooperative operations in individual opera-
tions, and such tactical requirements have proposed higher positioning for the
military literacy and camp equipment of each individual soldier. According to
different operational requirements and the use environment of the suspension sys-
tem, each country has its unique design standards. In China, we lack research on
military portable products. For which the design is generally based on the civilian
backpack design and the basic ergonomic data, resulting in that the design lacks a
detailed design study under the new tactical planning background. Wei-feng Hu [1]
researched on the state space analysis of the backrest vibration isolation system of
the suspension system from the perspective of mechanics. Yang et al. [2] researched
on the design of the portable multifunctional field medicine storage and trans-
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portation box from the perspective of ergonomics. Wang [3] researched on the
design of the modular lightweight carrying equipment from the perspective of
modular thinking. He [4] put forward the functional fabrics for moisture conduction
and perspiration. Tian [5] proposed a design plan for an innovative backpack
carrying structure based on the human body size and body perception. The main
goal is to research on the design requirements suitable for our military portable
suspension system and then guide the subsequent product design and combining
with our military new product and operational requirements.

2 First Section Suspension System Requirements for New
Type Soldiers

2.1 National Military Standard Requirements

With the new training of operational tactics for our army, especially the gradual
improvement of the requirements for the individual and small team operation, there
are different national military standards for different services and environments. The
portable suspension systems are generally concentrated in the communication field.
The most representative national military standards direct at the communication field
in the new operational system include: (1) GJB5662-2006 general specifications for
portable communication countermeasures equipment, (2) GJB6920-2009 ordnance
individual carrying equipment series, (3) GJB2667-1996 design requirements for the
structure of the portable reconnaissance intelligence equipment. In these national
military standard requirements, it has stipulated the detailed requirements for the
carrying equipment of portable products. For example, it requires that the carrying
equipment shall be made of lightweight, waterproof, mildew proof, and
non-reflective materials, and the requirements for the appearance are as the same as
the equipment coating color. Meanwhile, it has also stipulated the detailed
requirement for the individual operational weapons and equipment in the new type
individual operational requirements. The general size of which is about 0.8 m with a
weight volume of about 10–20 kg. The requirement for the suspension is that the
barycenter should be close to the center of the equipment bottom, equipped with
double shoulder straps, chest straps, shoulder pads, waist belts and waist pads.

2.2 Analysis of the New Type Individual Operational
Requirements

The analysis in this part is mainly based on the previous investigation, research and
analysis of our institute. And the following typical problems current existing at this
stage have been concluded after combiningwith the requirements of the new tactics of
our army:
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1. The current back pad is too heavy. The common back pad is made of metal steel
pipes with large size and overweight characteristics. Meanwhile, it cannot fit the
size of the human body. For which the back pad usually separated while using.

2. Diversified model of portable products, resulting in the unmatched size of the
back pad and the back pad type, and it cannot achieve the modular universal
carrying with so many system accessories.

3. The quick disassembly and assembly cannot be realized when individual sol-
diers or small teams carry out the tasks.

4. There are certain differences existing in the materials and processes of the
military and civilian suspension products. Some of the current military sus-
pension products are designed based on the design features of civilian products,
resulting in many problems occurred while using.

5. Relatively high cost. Compared with the foreign Moore back pad, it cannot
achieve the goal of the military-civilian suspension system.

3 Research on the Design Strategy of the New Suspension
System

3.1 Architecture Requirements for the Suspension System

After organizing the pain points of the current existing suspension system by
combining with the new operational requirements, and comparing the design with
the U.S. Moore back pad and a certain type of antenna back frame in South Africa,
the part in the design of the entire suspension system that needed to be emphasized
first was the ergonomics research, followed by the research on the preliminary
design materials of the system, and finally research on innovative structural design
and unified design thinking. The design point that needed to be reached include:

1. The shape of the portable suspension system should be a streamlined design,
and the overall design should be simple and elegant.

2. The suspension system shall overcome the defects such as the stress points of
traditional back pad were concentrated on the shoulders. It shall be able to
closely follow the curve of the back, and reasonably distribute the weight of the
backpack to the shoulders, back and hips of the body.

3. The suspension system should adopt the ergonomic principles, based on the
average height of Chinese soldiers and the average suspension size of our
products, design the back pad according to the curve of the human back, and
according to the characteristics of the neck, shoulders and armpits. to ensure the
stability of the barycenter of the shoulder straps and back support.

4. The back ventilation design of the suspension system shall be designed with
comparison. It not only required to avoid the damage to the human spine and
scapular muscles, but also needed to form an upward back ventilation channel.
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5. The suspension system was characterized in performance advantages, such as
light weight, high load, wear resistance, portability and easy assembly.

Whether the gravity transmission of the suspension system was reasonable was
the key factor for the design of the suspension system. And the solution to this
problem required to understand the entire gravity transmission process of the sus-
pension system first. The suspension object was transferred from top to bottom due
to the gravity, which was finally concentrated to the lowest fulcrum. In order to
make the suspension more comfortable, the position of this fulcrum should be as
close as possible to the position of the weight of the suspension person. Therefore,
the reasonable shape of the backpack should be large in up and small in bottom with
a shape of “V” or inverted trapezoid. Meanwhile, the reasonable design of the
suspension system should take the waist as the main force area, and the shoulders as
the force area for grasping balance and assistance in order to reduce the force
transmission links and the unnecessary physical exertion.

3.2 Research on the Module Loading

In this research, it was necessary to carry the stand-alone and other suspension
equipment. In previous designs, such loading was carried out in the form of cloth
bags. In this topic, it planned to adopt a buckle-type stand-alone carrying method
for design, that is, stand-alone or other equipment can be loaded and used quickly.
Firstly, the weight of the entire suspension system was reduced. Secondly, there
were no need for users to complete the functional requirements on the backpack
with disassembling. In addition, some accessories in the marching process use
sub-bags. Under such circumstances, this suspension system not only can save
space, but also can be used for the multi-function and multi-purpose operations.

4 Product Design of Suspension System

4.1 Back Pad Design

Referring to the Moore back pad of the US Army and the back pad system of South
Africa, it has innovated and designed the back pad system that was suitable for the
human body size and project requirements of our country. The back of the back pad
was designed strictly in accordance with the human bone curve in the ergonomics,
designing a lightweight carbon fiber back frame system suitable for the human
body. Considering to satisfy the differentiated needs of military and civilian
products of the back pad, it has designed a foldable bottom support in the bottom
carrying design, which can be fixed to the buckle of the product. Moreover,
according to the ergonomics of the suspension size measurement system method
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and based on the average height of our soldiers and the average suspension size of
our products, it has designed the following back pad as shown in the figure, which
ensured the reasonable weight distribution and the convenience of the suspension
method.

The back pad was as shown in the following figure, which was mainly composed
of the inclined back pad and the support. The weight was fixed to the six grooves on
the inclined back pad. The total weight of the model was 1.3 kg.

The back pad was fixed on the back through the straps fixed on the back pad,
which was closely attached to the back. With certain simplification here, the rods at
both ends of the back pad were used as fixed constraints. It calculated the stress
condition under the background of its own weight and loading 55 kg items. The
deformation and stress distribution of the back pad under its own weight were as
shown in the following figure. The maximum displacement was 0.02 mm, and the
maximum stress was 3.88 MPa, which occurred at the junction of the support and
the inclined back pad.

The response of the back pad with 55 kg without touching the support was as
shown in Fig. 3. The maximum displacement was 0.4 mm and the maximum stress
was 98.2 MPa, which occurred at the connection between the inclined back pad
plate and the support rod.

The response of the back pad loaded with 55 kg and placed on the support was
as shown in Fig. 4. The maximum displacement was 0.04 mm and the maximum
stress was 27.9 MPa, which occurred at the junction of the support and the inclined
back pad.

Based on the calculation of the maximum bearing capacity of the back pad, the
structure strength and mechanical properties design can meet the design
requirements.

Fig. 1 Back pad model (the left is the establishing finite-element model and the right is the finite
element model)
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Fig. 2 The response of the back pad under its own weight (the left is the displacement distribution
and the right is the stress distribution)

Fig. 3 Load 55 kg, the response without touching the support (the left is the displacement
distribution and the right is the stress distribution)

Fig. 4 Load 55 kg, the response placed on the bracket (the left is the displacement distribution,
the right is the stress distribution)
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4.2 Suspension Design

The suspension design is based on the structure of human body, dividing the
supports of the back in segments, equipped with thickened shoulder pads, shoulder
blade pads, waist pads, chest straps, and waist belts. After researching and refer-
encing more than 50 domestic and foreign products, it adopted the Y-shaped back
ventilation design, which can not only avoid the damage to the human spine and
scapular muscles, but also formed an upward back ventilation channel.

The shoulder straps and lumbar pads were made of synthetic nylon padding,
forming a concave-convex structure with the back pad, which avoided the pressure
on the soft tissues of the shoulder socket. Meanwhile, the fixed design of the waist
was changed to a semi-moving design, using the human hip bones as a lumbar
support to improve the heat dissipation at back and protect the tail vertebrae.

4.3 Material Selection of Back Pad

According to market research and analysis of competing goods, chose T800 carbon
fiber material, its strong tensile resistance and fiber soft the two features of
machinability can completely meet the requirements of the production of new type
of portable back pad. A: The junction of the bracket and the anticline. B: The
connection between the inclined back pad plate and the support rod. C: The
junction of the bracket and the anticline.

The data after stress experiment and static calculation of the new carbon fiber
T800 backrest are shown in Table 1.

4.4 Suspension Experiment

After the product was designed, the following tests have been carried out compared
with the original metal suspension system:

1. 10 healthy men of (18–25) years old each carrying a backpack with 25 kg items
were divided into A and B two groups, each group had 5 people. Group A was
equipped with the original ordinary suspension system, and group B was

Table 1 Static calculation of
carbon fiber back pad

Maxi-mum dis-placement
(mm)

Maxi-mum stress
(Mpa)

A 0.02 3.88

B 0.4 98.2

C 0.04 27.9
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equipped with a new type of suspension system. All group marched at the speed
of (4–5) KM per hour for 1.5 h, and then exchanged the personnel between
group A and group B, marching at the speed of (4–5) KM per hour for 1.5 h,
continuing to ask their feelings. Meanwhile, observed the appearance and
changes of the erythema on the compressed part of the soldier’s shoulders, and
observed whether the structure of the new back pad was cracked.

2. After carrying a certain type of the equipment, 10 soldiers were divided into A
and B two groups, each group had 5 people. Group A was equipped with the
original ordinary suspension system, and group B was equipped with the new
suspension system. After which it carried out the comparison between the time
for disassembly and assembly of each group.

After carrying many experiments, the carbon fiber back pad was not cracked
under the load of 25 kg. During the March, all users agreed that the new type
suspension system has obvious improved the experience on the shoulders and back,
and the erythema in the compressed part of the soldier is obviously lighter in color
compared with the original one caused by the old suspension system. Meanwhile,
the group B saved more time than group A in the disassembly and assembly parts.

4.5 Experimental Analysis

After carrying out many experiments, it is proved that the structural design and the
material selection of the back pad have meet the current use requirements, and the
weight is also better than the original metal back pad, so that soldiers can carry out
the universal replacement and quick disassembly and assembly of equipment during
the operation after adopting the modular design idea and the new carrying design,
which saves so much time. In addition, it can also be seen from this experiment that
the new suspension system can provide users with a good experience, which also
proves that this product can be promoted vigorously in the civilian market.

5 Conclusion

This research is mainly based on the new operational requirements, guided by the
actual analysis, proposing a new type of suspension system design strategy.
Compared with the foreign suspension system products and combined with the
actual situation of our military suspension system products, it has innovated and
designed a new type of portable suspension system product, which will provide a
good user experience for the future military suspension products and provide a
strong foundation for our military portable products in international competition.
Moreover, this product has entered a new journey of military-civilian integration
development, creating a new situation in which the military and civilian products
are mutually developed with that of countries in Europe and the United States.
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Study on Decarbonization
of ZGMn13Cr2 During Heat Treatment

Ke Zhu, Qiang Li, Jianmin Zeng, and Siyong Zhao

Abstract The Oxidation and decarburization of ZGMn13Cr2 steel under different
heat treatment conditions was observed, and the decarburization behavior was
predicted theoretically based on the oxidation mechanism and decarburization
kinetic model, and the relationship between experimental and theoretical decar-
burization depth was analyzed. The results show that the decarburization of
ZGMn13Cr2 is serious during heating, and the depth of decarburization layer
increases with the increasing of holding time at a certain heating temperature. Due
to the high temperature oxidation reaction and the action of carbide, the decar-
burization behavior of ZGMn13Cr2 is different at different heating temperatures.
When the heating temperature is 1000 °C, the predicted decarburization depth is in
good agreement with that in experiment. When the heating temperature is 1050 and
1100 °C, the decarburization depth is greater than that from the kinetic model.

Keywords ZGMn13Cr2 steel � Heat treatment � Dynamic model � Oxidation �
Decarburization

1 Introduction

High manganese steel, as a wear-resistant material, has been widely used in mining,
metallurgy, construction and other mechanical industries. However, as-cast steel
cannot be used directly because it possesses wear resistance only after heat treat-
ment [1, 2]. When high manganese steel is heat treated in atmospheric atmosphere,
decarburization will inevitably occur on its surface. In this case, the strength and
hardness of decarburized layer are relatively low, which will seriously affect the
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performance of steel parts and shorten the service life of steel parts [3, 4].
Therefore, it is of great significance to study the oxidation and decarburization of
high manganese steel to optimize the heat treatment process of high manganese
steel. In the present work, the decarburization of high manganese steel
(ZGMn13Cr2) was investigated by experiments under different conditions and the
experimental results were compared with theoretical calculations.

2 Methods and Principles

2.1 Experimental Methods

ZGMn13Cr2 was used for the experiment. The chemical composition was seen in
Table 1.

Samples with size of 15 � 10 � 10 mm were used in the experiment, and the
sample is heat treated by a muffle furnace and the parameters were shown in Fig. 1.
The mass of samples before and after heat treatment was measured with the electric
balance, and the weight loss was calculated and used to estimate the oxide layer
thickness. The decarburized sample was sectioned, grind, polished and corroded,
and then the decarburized layer depth was measured according to the metallo-
graphic method in ISO 3887: 2017 Steels-Determination of the Depth of
Decarburization, as shown in Fig. 2.

2.2 Dynamic Model of Decarbonization

The decarburization mechanism of the cast steel is that carbon reacts chemically
with oxidizing gases such as O2, CO2 and H2O in atmosphere during high tem-
perature heating, and reaction equations are as follows:

Fe3CþO2 ! FeþCO ð1Þ

Fe3CþCO2 ! FeþCO ð2Þ

Fe3CþH2O(g) ! FeþCO + H2 ð3Þ

A carbon concentration gradient will be established between the surface and
internal part when the carbon on the surface reacts with oxygen at high temperature,
which makes the carbon atoms continuously diffuse from the high concentration

Table 1 Chemical compositions of ZGMn13Cr2 steel (w %)

C Mn Si Ni Cr S P

1.14 13.66 0.42 0.06 1.90 0.002 0.036

138 K. Zhu et al.



area to the surface and continue to react, eventually forming a decarburization layer.
With the continuous diffusion of carbon and chemical reaction, the decarburization
layer also grows continuously [5]. Carbon diffusion belongs to unsteady diffusion,
there is the following relationship for a C (x, t) diffusion system:

@C
@t

¼ @

@x
D
@C
@x

� �
ð4Þ

where, C is the carbon concentration, t is the time, D is the diffusion coefficient of
carbon, x is the diffusion distance of carbon, i.e. decarburization depth.

Under certain initial and boundary conditions, the analytical solution of the
equation is:

Fig. 1 Heat treatment process parameters of ZGMn13Cr2 steel

Fig. 2 Decarburization
microstructure of
ZGMn13Cr2 steel
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x ¼ 2inverf
C � Cs

C0 � Cs

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D0 exp � Qc

RT

� �
t

s
ð5Þ

where, Cs is the carbon concentration, C0 is the original carbon concentration, Qc is
the diffusion activation energy of carbon atoms (1.4 � 105 J/mol), R is the gas
constant (8.314 j/(mol k)); D0 is the diffusion constant of carbon atoms
(2.0 � 10−5 m2/s), T is the absolute temperature. D is diffusion coefficient and
follows Arrhenius equation:

D¼D0 exp � Qc

RT

� �
ð6Þ

2.3 Oxidation Mechanism

Decarburization reaction occurs during high-temperature heating. Fe on the surface
will chemically react with atmosphere to form an oxide layer:

FeþO2 ! Fe2O3 ð7Þ

Fe3O4 þH2O ! Fe2O3 þH2 ð8Þ

FeþCO2 ! FeOþCO ð9Þ

It can be seen that the reaction between Fe and O2 will produce FeO, Fe3O4, Fe2O3,
which results in formation of three-layer oxide layer from interior to surface of the
casting. Some research data [6] showed that when the temperature was higher than
1000 °C, the thickness ratio of the three layer is about 95:4:1.

3 Results and Discussion

According to the density of oxide layers, the thickness ratio can be changed into the
mass ratio, and then the mass of each oxide layer can be calculated according to the
weight loss (the total mass of the peeled oxide layer) of the sample before and after
water quenching, as shown in Table 2. Finally, the total oxide layer thickness is
calculated according to the following equation:

x0¼
X Mi

qiS
ð10Þ
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where, x0 is the total thickness of oxide layer, Mi is the mass of each oxide layer,
mg; qi is the density of each oxide layer, S is the surface area of sample.

The estimated total oxide layer thickness is shown in Fig. 3. Combining Eq. (5)
with Eq. (10), the actual theoretical decarburization depth should be:

x0¼x� x0 ð11Þ

The test result was shown in Fig. 4.
Generally speaking, when the carbon content is less than 85% of the maximum

carbon content, it can be regarded as decarburization [7]. So, in Eq. (5), let
C = 0.85 C0 and Cs = 0. Combined with Eq. (11), the theoretical decarburization
depth can be calculated, as shown in Fig. 5.

It can be seen from the Fig. 5 that when the heating temperature is 1000 °C, the
theoretical decarburization depth is basically consistent with the experimental
measured value, indicating that the decarburization kinetic model can accurately
predict the decarburization. When the heating temperature rises above 1050 °C,
there is a deviation between theoretical and experimental values. This is mainly
caused by two reasons. On the one hand, with the increasing of heating temperature,
the oxidation at high temperature will be intensified, and the oxidation loss will
increase. On the other hand, The higher the heating temperature and the longer the
holding time, the more fully the carbide on the grain boundary is dissolved. That
makes diffusion of carbon atoms easier and therefore results in more severe
decarburization. Thus, at higher heating temperature, the deviation between kinetic
model and experiment value increases.

Table 2 Calculated values of mass of each oxidation layer

Temperature (°C) Time (min) Mass loss (mg) MFeO (mg) MFe3O4 (mg) MFe2O3 (mg)

1000 30 624.4 595.8 22.8 5.8

60 929.3 886.8 34.0 8.6

90 1191.4 1136.9 43.5 11.0

1050 30 1008.3 962.2 36.8 9.3

60 1454.9 1388.3 53.1 13.4

90 1838.7 1754.6 67.1 17.0

1100 30 1258.7 1201.1 46.0 11.6

60 1706.8 1628.7 62.3 15.8

90 2140.6 2042.7 78.2 19.8
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4 Conclusion

ZGMn13Cr2 has severe decarburization during heat treatment. When heated at
1000 * 1100 °C, the depth of decarburization layer increases with the increasing
of heating temperature and holding time.

The surface of ZGMn13Cr2 will undergo oxidation reaction at the same time of
reverse decarburization reaction, resulting in oxidation loss. Oxidation reaction will
be intensified with the increase of water toughening temperature and holding time,
and oxidation reaction has great influence on the traditional decarburization kinetic
model.

Fig. 3 Estimated depth of
oxidation layer of
ZGMn13Cr2 steel

Fig. 4 Depth of
decarburization layer of
ZGMn13Cr2 steel
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When the heating temperature is 1000 °C, the decarburization kinetic model can
accurately predict the decarburization of ZGMn13Cr2. With the heating tempera-
ture rising to above 1050 °C, the decarburization kinetic model is no longer
applicable due to the intensified oxidation reaction and decomposition of the car-
bides on the grain boundary.
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Numerical Simulation of Aluminum
Alloy Connecting Rod with Multi-wedge
Cross Wedge Rolling

Ke-Xing Zhang, Xiao-Lian Zhao, Ao-Ping He, Jian-Min Zeng,
Ke-Zhun He, Jun-Sheng Liu, and Gang Xiao

Abstract The connecting rod is one of the most important parts in the engine,
which plays a key role in the normal operation of the engine. High strength alu-
minum alloy was selected as raw materials for production in this program, and
multi-wedge cross wedge rolling was applied for forming an engine connecting rod
by numerical simulation, to explore the deformation mechanism and defect gen-
eration mechanism and its influencing factors. It is will be beneficial for subsequent
forging connecting rod to provide quality assurance and provide the reference for
the production of aluminum alloy connecting rod.

Keywords Cross wedge rolling (CWR) � Multi-wedge forming � Aluminum alloy
connecting rod � Numerical simulation

1 Introduction

The connecting rod is one of the most widely used multi-step shaft parts, it’s also
one of the most important parts of the engine [1, 2]. Using the wedge rolling
multi-wedge forming process can not only solve the problems such as the accurate
distribution of the connecting rod blank, the continuous distribution of metal fiber
streamline, etc., and mechanization automatic production can be achieved, high
productivity, large quantity, which is the trend of axis type manufacturing in the
future [3].

The deformation of wedge rolling is a kind of large plastic deformation, the
deformation process is complex. The three dimensional stress-strain state of the
rolling piece is also complicated, and the flow metal in the rolling piece may be
affected by several kinds of deformation at the same time, such as compression,
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stretching, bending, torsion, shear, etc. With the continuous development of
numerical simulation method [4], the accuracy of simulation is constantly
improving, and the simulation method is constantly being innovated and developed
which lead to more and more reliable results of the complex plastic deformation
simulation such as multi-wedge forming, and it is the main method to study the
process of wedge rolling process. Through numerical simulation, adjusting the
position and arrangement of the wedge on the roll and adjusting the process
parameters, stable forming can be obtained, no skid, spiral mark, stacking, bending
and other external defects rolling piece, and the surface quality of forming shape
and size can be ensured [5]. But so far, the central defect can not directly simulated
by numerical simulation. Therefore, the deformation process of the blank material
must be analyzed, using the variation of the stress and strain calculation results
gained by numerical simulation. The mechanism of deformation and defect will be
explored, which provides a theoretical reference for further study of the precise
forming and metal flow of wedge rolling multi-wedge parts.

2 Finite Element Model

Based on the DEFORM—3D finite element software platform, the finite element
model of the AL6061 alloy multi-wedge connecting rod is established. The model
is composed of rollers, rolling pieces, left and right baffles, as shown in Fig. 1.

Fig. 1 The finite element
model of CWR
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3 Results and Discussion

The connecting rod blank is a dumbbell-shaped structure, and the deformation
process is very complicated during rolling. It is a typical asynchronous multi-wedge
rolling process. Figure 2 demonstrates the process of the aluminum alloy con-
necting rod numerical simulation forming with CWR. it can be seen from the figure
that there are four wedge forming stages, which include wedge 1 (Fig. 2a–b),
wedge 2 (Fig. 2c and d), wedge 3 (Fig. 2e–f), wedge 4 (Fig. 2g and h).

3.1 Stress Analysis

Figure 3 shows the distribution of the equivalent stress field on the section of the
connecting rod at the end of rolling. It can be seen from Fig. 3 that some parts of the
surface of the blank which are in contact with the mold are in a compressive stress
state and the rest are in a tensile stress state. The tensile stress of the thin rod part of
the rolling part is the largest, and the tensile stress decreases with the increase of the
distance from the center, which indicates that the stress of the thin rod part of the
rolling is complicated, the metal flow is intense and the easiest Occurrence of
the site.

3.2 Strain Analysis

Equivalent strain is an important parameter in the process of plastic deformation,
the size of which can reflect the degree of plastic deformation of the blank. Figure 4
shows the distribution of the equivalent strain field of the whole and longitudinal

Fig. 2 Workpiece forming process of cross wedge rolling
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section of the connecting rod blank at the end of rolling. It can be seen from Fig. 4,
the middle of the thin rod equivalent strain is the largest, followed by clamping the
middle of the rod to the back of the small head, and the head of the largest part of
the equivalent strain of the smallest, indicating that the middle of the thin rod and

Fig. 3 Stress distribution of cross-sectional

Fig. 4 Stain distribution diagram of rolled piece
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clamping. The deformation of the rod is severe, the deformation is large, the metal
flow is complicated, and the bulk part is basically not deformed. The middle of the
thin rod and clamping rods have experienced the role of two wedges, through the
forming time relative to other parts of the long, strain accumulation, and thus prone
to necking or cardiac defects.

3.3 Ductile Damage Analysis

Ductile damage refers to the initiation and expansion of the internal induced cavity
and microcrack in the material after large plastic deformation. The accumulation of
ductile damage will cause material fracture, which is called ductile fracture. When
studying the internal defect, it is necessary to determine whether there is a defect in
the material. At present, the Normalized Cockcroft and Latham criterion and Oyane
criterion are widely used to predict whether the internal of Cross wedge rolling parts
can fracture. Researchers Taoxin have just combined numerical simulations with
physical experiments, and he discovered that Oyane criterion is more suitable for
damage analysis of wedge rolling parts. So this subject also chooses this criterion
when studying the internal defect.

The ductile damage distribution on the rolled pieces as shown in Fig. 5, the
upper part of the connecting rod, the center of the middle rod, the center of the
clamping rod and the end of the clamping rod are relatively large, and the head and
small head are less damaged. This indicates that the center of the middle rod, the
connecting rod and the clamping rod part have the possibility of centre weakness or
a crack in the center The damage of the end of the mill is mainly caused by the
concave center.

Fig. 5 Distribution of ductile damage
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4 Conclusion

1. The numerical simulation of the forming process of the wedge cross wedge joint
was carried out by DEFORM-3D finite element software, and the deformation
and defect mechanism were explored to provide theoretical reference for the
precise shape and metal flow of the wedge cross wedge.

2. During the rolling process, the middle part of the rod part and the clamping rod
are deformed violently, the deformation is large, the metal flow is complicated,
so it is easy to produce loose parts such as loose and crack. It is suggested that
the appropriate rolling process should be taken Reduce center defects.
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Effect of Water Temperature
on Quenching Residual Stress
of Aluminum Alloy Thick Plate

Xiao-Lian Zhao, Ke-Xing Zhang, Ao-Ping He, Jian-Min Zeng,
Ke-Zhun He, Jun-Sheng Liu, and Gang Xiao

Abstract Based on the finite element simulation software ABAQUS, the spray
quenching process of aluminum alloy thick plates were parametrically simulated by
establishing a finite element model, and the influence of the water temperature on
the distribution of the residual stress of the thick plate were explored by changing
the water temperature. The results indicated that when the spray parameters are
constant, the quenching residual stress in the aluminum alloy thick plate will
decrease with the increase of the water temperature. The increase of the water
temperature can effectively reduce the residual stress of the aluminum alloy thick
plate with the spray pressure of 100 kPa, and the stress can be reduced by
23.9 MPa; When the spray pressure is 200 kPa, the residual stress of the aluminum
alloy thick plate is the least sensitive to the change of the quenching temperature,
and the stress can be reduced by 13.9 MPa.

Keywords Aluminum alloy thick plate � Quenching � Residual stress � Water
temperature

1 Introduction

Al–Zn–Mg–Cu series high-strength aluminum alloys have high specific strength,
low density, good toughness and excellent corrosion resistance, and are widely used
in aerospace, weapon manufacturing and other fields [1–3]. In engineering pro-
duction, it is inclined to use a large cooling rate, but an excessive cooling rate will
cause the deformation of the aluminum alloy profile and increase the residual stress.
This kind of contradiction between performance and residual stress has always
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existed. Some scholars [4–6] used various methods to find ways to eliminate
residual stress.

At present, there are few researches on the residual stress distribution of alu-
minum alloy thick plates under different water temperature. Therefore, it is of great
significance to find a suitable quenching process to guide production. In this paper,
ABAQUS finite element (FE) analysis software is used as a tool to explore the
influence of water temperature on the residual stress distribution of aluminum alloy
thick plates by establishing a parameterized model.

2 FE Analysis Modeling

In order to facilitate the calculation, this simulation simplified the model to a certain
extent:

1. The model material can be regarded as an isotropic and uniform continuous
medium.

2. After solution treatment, the internal stress field is zero.
3. Ignore the influence of phase change on stress during quenching and the

influence of change in stress field on temperature.

The material used in the simulation of the thick plate was 7050 aluminum alloy,
the size was 1300 � 500 � 200 mm (length � width � thickness), the initial
temperature was set to 477 °C, and the air temperature was 20 °C. The material
parameters and performance parameters [7] are shown in Tables 1 and 2. The heat
transfer coefficient of water under different spray pressures and the heat transfer
coefficient of air are referred to [8].

Because the quenched model has the symmetry of geometry and boundary
conditions, 1/8 of the model was selected for modeling in this simulation, and
symmetry constraints was imposed on the three internal surfaces. The upper surface
is in contact with the quenching medium, and the two sides are in contact with air.
The analysis step used in the simulation is Coupled temp-displacement, and the
time period were 700 s. He default value in the length, width, and thickness
direction was 20, 15, and 10, a total of 3000 grids, the element type was C3D8R.
The model is shown in Fig. 1.

Table 1 Performance parameters

Temperature/°C Elastic
modulus/MPa

Poisson ratio Temperature/°C Yield strength/MPa

0 72,450 0.29 66 221

100 69,690 0.29 250 212

200 64,860 0.29 300 150

300 58,650 0.29 350 87

400 53,820 0.29 400 60

– – – 477 26
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3 Analysis of Results

Figure 2 shows the variation of temperature and residual stress (px) at the surface
point E and the center point O during the quenching process over time. The spray
pressure selected for quenching was 100 kPa and the water temperature was 20 °C.
When the residual stress value is positive, it represents tensile stress, and when the
residual pressure is negative, it represents compressive stress.

Figure 2a illustrates that the surface point E is much higher than the cooling rate
of the center point O. The quenching sensitivity temperature range of 7 � 50
high-strength aluminum alloy is 420–230 °C, and the cooling rates of the surface
point E and the center point O are 46.8 and 3.0 °C�s−1 which are more than 15 times
different in this temperature range. As shown in Fig. 2b, In the initial stage of
quenching, the surface metal is subjected to tensile stress and the center metal to
compressive stress. When the quenching process lasts for about 60 s, the stress state

Table 2 Material parameters

Temperature/°C Thermal conductivity/
(kW�m−1�°C−1)

Thermal expansion/
(10−6�°C−1)

Specific heat/
(J�kg−1�°C−1)

Density/
(g�cm−3)

0 0.11 – – 2.796

20 – 21.8 837 –

100 0.12 23.6 896 2.768

200 0.14 24.5 963 2.768

300 0.15 25.4 – 2.74

400 0.16 – 1130 2.713

477 – – 1193 –

500 0.17 – – 2.685

600 – – – 2.657

Fig. 1 FE model of
aluminum alloy thick plate
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of the surface metal and the core metal changes, the surface metal begins to
transform from tensile stress to compressive stress, and the core metal transforms
from compressive stress to tensile stress. During the entire quenching cycle, the
surface point E has completed the transformation from tensile stress to compressive
stress, and the center point O has completed the transformation from compressive
stress to tensile stress, which is in accordance with the theory.

Figure 3 characterizes the effect of water temperature on the residual stress in the
thickness direction of aluminum alloy thick plates under different spray pressures.
According to Fig. 3, the distribution of residual stress at the center point is affected
by the change of water temperature. When the spray parameters are constant, the
influence of the water temperature on the residual stress of the aluminum alloy thick
plate changes regularly. In general, the residual stress of aluminum alloy thick
plates decreases with the increase of water temperature. This is because as the water
temperature increases, the temperature gradient between the surface and center will
be reduced, which makes the overall deformation of the thick plate more uniform,
resulting in a reduction in residual stress. The effect of water temperature on
residual stress of thick aluminum alloy plates is also different under different spray
pressures. When the spray pressure is 100 kPa, the change of water temperature has
the greatest effect on the residual stress of aluminum alloy thick plates. When the
spray pressure is 100 kPa, the change of water temperature has the greatest effect on
the residual stress of aluminum alloy thick plates. When the water temperature is
increased from 20 to 80 °C, the stress value of center point is reduced by 23.9 MPa;
when the spray pressure is 200 kPa, the change of the water temperature has little
effect on the residual stress of the aluminum alloy thick plate, and the water tem-
perature is increased from 20 to 80 °C, the stress value of center point is only
reduced by 13.9 MPa.

Fig. 2 Temperature and residual stress at the center and surface points versus time
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4 Conclusion

1. During the entire quenching cycle, the distribution of residual stress in the
aluminum alloy thick plate has undergone complex changes. Overall, the alu-
minum alloy thick plate shows the stress distribution law of the surface com-
pressive and the center tensile stress at the beginning of quenching. After
quenching, the stress state of the surface area and center area of the thick plate
has changed, showing the stress distribution state of the surface tensile and the
center compressive stress.

2. The quenching residual stress of aluminum alloy thick plates will decrease with
the increase of water temperature.

3. The effect of water temperature on residual stress of thick aluminum alloy plates
is also different under different spray pressures.

Fig. 3 The relationship between the thickness direction residual stress and the water temperature
under different spray pressures
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Study on the Motion and Friction
Mechanism of Flexible Roller
in Space Roll Ring

Bin Wang and Jikui Liu

Abstract The space roller assembly is composed of inner ring, outer ring and
planetary roller. It can reduce contact resistance, increase power transmission ability
and improve electric transmission performance by increasing the number of rollers.
Based on the application background of high power roll ring for space power
station, this paper analyzes the rolling mechanism of flexible roller, puts forward the
feasible structure design scheme of roll ring assembly, analyzes the advantages and
disadvantages of the scheme, determines the flexible ring as the roller structure
scheme and the retainer scheme as the roller spacing scheme; The friction between
the flexible roller and the raceway and retainer is analyzed, the friction torque
calculation value of the roll ring assembly is given, and the bearing, raceway
lubrication and surface treatment scheme are determined. Finally, the contact stress
between the flexible roller and the raceway is analyzed by theoretical calculation
and finite element method.

Keywords Roll ring � Friction � Optimization � Contact resistance

1 Introduction

Conductive rings are usually used when electrical power or electrical signals need
to be transmitted between two components of continuous rotation. The conductive
ring can be divided into slip ring and roll ring according to the friction mode.
Because of its defects in motion principle, both friction torque and electric trans-
mission ability are difficult to meet higher application requirements. For the purpose
of effectively reducing friction torque and improving life and electrical transmission
performance, the roll ring is studied and [1] from the aspect of rolling motion at
home and abroad.
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The space application conductive ring is generally responsible for the trans-
mission of electrical power and other related signals on the whole satellite or space
station, and its reliability will affect the success or failure of the whole star mission.
Therefore, when developing conductive ring at home and abroad, we must pay
enough attention to its performance index.

Because its structure form, motion and working principle are completely dif-
ferent from the slip ring of the common driving mechanism, it is necessary to carry
out more in-depth technical investigation and theoretical calculation and analysis of
the structural design parameters of the existing roll ring prototype to optimize a
more reasonable structural form.

2 Design of Roll Ring Structure

The conductive rotating joint adopts the roll ring transmission scheme. The roll ring
consists of multiple rolling components through stacking. The structure principle of
the rolling component is shown in Fig. 1.

According to the above figure, the rolling component is mainly composed of
inner ring, outer ring and rolling body. the inner and outer ring generally use brass
substrate, the surface of the raceway is coated with anti-oxidation conductive film,
which has low contact resistance; the roller can be made of beryllium bronze and
other materials, which has good elastic properties and can set a reasonable
preloading force between the inner and outer rings. The number of rolling com-
ponents and the number of rollers in each rolling component can be determined
according to the transmission power requirements and structural dimensions.
Because rolling friction is used instead of sliding friction, compared with traditional
slip ring, it has many advantages, such as smaller friction moment, longer life,
smaller contact resistance and [2] transmission power.

Fig. 1 Roll ring rolling
assembly
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2.1 Roller Structure

The roller plays the role of connecting the rotating part and the fixed part in the roll
ring, which is the key link to affect the performance of the electric transmission of
the roll ring. According to the rigidity of rollers, the roll rings studied in the past can
be divided into two categories, that is, rigid roller roll rings and flexible roller roll
rings.

Rigid Roller Rigid roll ring mainly simulates the existing rolling bearing and
other structures, the general process is more mature, high machining accuracy. The
surface contact area between roller and stator and rotor is improved by high
precision roller machining and surface treatment, and the electric transmission
performance and reliability are improved by applying pretightening force to stator
and rotor.

Figure 2 is a four-point contact rolling bearing roller structure. Each component
adopts brass or copper base material, in order to ensure all contact of each roller,
cylindrical roller adopts high precision surface processing technology and is
selected on this basis. On this basis, pretightening force is applied to stator and
rotor, bearing clearance is 0, loop resistance is less than 1 mX.

However, the experimental analysis shows that the electric transmission capacity
is mainly completed through the contact area between roller and stator and rotor. In
order to improve the reliability of electric transmission, it is necessary to ensure the
contact area and contact pressure of the contact area. For rigid rollers, if the
pretightening force is too large, the friction moment of the roll ring increases and is
prone to serious wear. If the pretightening force is insufficient, the contact area and
pressure are insufficient to transmit the current very well. It can be seen that the
contradiction between reducing wear and friction moment and improving telex
performance can not be coordinated.

Fig. 2 Four point contact ring structure
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Flexible Rollers Flexible roller adopts elastic structure to solve the contact
problem in rigid roller. Flexible roller can adopt beryllium bronze and other
materials, which has good elastic performance and electric transmission perfor-
mance. The flexible roller has low stiffness, easier to apply pretightening force,
stable contact area and reliable electrical transmission performance, and has low
friction torque.

The flexible ring roller developed by the Sperry Corporation of the United States
is designed with a hollow star wheel, which has a very low wear rate and friction
torque, and each ring can transmit 1 A of current. In continuous rotation, due to the
existence of sliding friction, planetary wheels will eventually collide with each
other and produce serious sliding friction and wear. One solution is to use only one
flexible ring, but it will seriously restrict the current transmission capacity of the roll
ring. Another solution is to add a position holding device. Each flexible ring is
separated by idler wheel structure, and the same function can be realized by retainer
and other schemes. However, no matter which device is used, it will increase the
complexity of the ring structure and cause the weight and size of the ring to be not
too small.

John at the Goddard Space Flight Research Center of the National Aeronautics
and Space Administration. Venice has designed a standard gear roller, the flexible
roller of this structure keeps its position through the meshing of teeth, saves the
idler wheel and reduces the size of the whole machine. At the same time, because
the multi-tooth contact standard planetary gear provides more contact area than the
planetary gear with roll ring structure, and the contact area size can be quantita-
tively described by coincidence coefficient, Therefore, the flexible gear device has
obvious advantages in high current transmission than the idler roll ring device.
However, the subsequent studies show that the deformation of the standard plan-
etary gear used in this scheme is prone to serious wear and friction moment after
radial compression, and the insufficient compression will lead to insufficient contact
area and pressure and cannot transmit the current well.

In order to overcome the disadvantages of standard gears and retain their
advantages of self-positioning, the National Aeronautics and Space Administration
commissioned the Systems Research Institute of the University of Marry Landy to
develop a class of new tooth shapes for power transmission. Such new non-standard
flexible gears are called nodal rolling gears in NASA-CR-19442 research reports. In
view of the advantages of circular rolling gear transmission, the future research of
the National Aeronautics and Space Administration of the United States focuses on
the electric transmission device of the circular rolling gear (Fig. 3).

To sum up, the flexible roller roll ring is used as the whole machine scheme.
Because the flexible roll ring structure has good technology accumulation at pre-
sent, the scheme is optimized. To solve the problem of complex structure and
increasing size and weight, the structure parameters are optimized.
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2.2 Retainer Structure

Inert Wheel According to different application needs and flexible ring structure,
NASA developed a variety of flexible ring position holding devices, among which
the idler wheel holder scheme is more mature and has been used in the free space
station.

In the above scheme, the guide rail is fixed with the inner ring, and its rotational
speed is the same as the inner ring. The idler wheel is compressed between the
guide rail and the flexible ring on both sides. When the inner conductive ring
rotates, the flexible ring also rotates under the drive of the inner ring. The idler
wheel between the two flexible rings also needs to rotate at the same speed as the
flexible ring. In order to reduce friction, theoretically between the flexible ring and
the inner and outer ring, between the inert wheel and the flexible ring on both sides,
and between the inert wheel and the raceway are all pure rolling.

The advantage of this scheme is that the idler wheel is small in size, sandwiched
between two flexible rings and raceways, the whole machine is compact in structure
and light in weight. The disadvantage is that many flexible rings and idler wheels
are arranged in series for the whole cycle, and it is required that there is a certain
pre-pressure between the flexible ring and the inner and outer raceways and
between the idler wheels on both sides, so it is difficult to process and install the
parts. In addition, because the track is connected with the inner ring, the rotational
speed is different from the common rotation speed of the idler wheel and the
flexible ring, so it cannot be mechanically connected with the idler wheel.
Therefore, the idler wheel lacks hard limit, only two flexible rings are pressed on
the track, and the mechanical reliability is poor.

Retainer The retainer is connected to the positioning wheel through the bearing,
and the positioning wheel is pressed on the inner ring by pretightening force. When
working, the inner ring rotates simultaneously to drive the positioning wheel and

Fig. 3 Flexible planetary gear scheme
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the flexible ring to roll, and the positioning wheel guide retainer rotates according to
the flexible ring rotation speed.

When the common speed of the flexible ring is the same as that of the guide
wheel, there is no sliding friction in the whole roll ring assembly. When the rotation
speed of each flexible ring is inconsistent with the retainer speed because of the
machining error, the flexible ring with slow speed is pushed by the retainer pin
shaft, and the flexible ring with fast speed is blocked by the retainer pin shaft.

2.3 Flexible Ring Structure

The flexible ring structure adopts hollow ring structure, the inner surface of the ring
is cylindrical, which is in contact with the pin shaft of the retainer, and the outer
side is the electric transmission working surface, which is in contact with the
raceway of the inner and outer rings of the roll ring, which can be cylindrical or
arc[3].

When the radius of the outer arc surface and the radius of the specific raceway
arc surface are small, the contact area between the flexible ring and the raceway is at
the vertex, as shown in Fig. 4a. As shown in Fig. 4b, both schemes are practical.

The flexible ring structure parameters include thickness, width, ring radius, arc
radius, etc. The thickness should be as thin as possible and the ring radius should be
as large as possible under the premise that the machining accuracy and structure
size meet the requirements. The purpose is to reduce the stiffness. Under the same
fatigue stress, the compression is large and the contact area reliability is improved.

In addition, the pretightening force of the flexible ring is fixed on the radial
direction by the inner and outer raceways, and the arc radius of the inner and outer
raceways is fixed on the axial direction, so the stability in the process of mechanics
and motion should be considered. The arc radius of the raceway should be less than
the ring radius, as shown in Fig. 5. At this time, when the flexible ring deflects
because of disturbance, d2 < d1, the compression of the flexible ring increases, the
flexible ring can return to its initial position under the extrusion of the inner and
outer raceways.

Flexible ring

Outer ring

a b

Fig. 4 Flexible ring structure
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3 Design Analysis and Optimization

3.1 Power Transmission Capacity

The power transmission capacity of the whole machine mainly includes: (1) insu-
lation and voltage resistance between ring components and lead wires; (2) current
transmission capacity of lead wires; (3) current transmission capacity at contact area
between stator and rotor.

Cross section area of roller 0.89 mm2, which is greater than 20# conductor cross
section. The transmission current of 20 conductors is 6.5 A, according to GJB/
Z35-93. Each rolling assembly has two rows of rollers, each row of up to 6 rollers,
and each roller is annular, the effective conductive area is twice the cross-sectional
area. The total transmission current capacity of each rolling component is therefore
estimated as 156 A.

Fig. 5 Roller structure
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3.2 Frictional Torque

Friction torque of roll ring includes friction torque of supporting bearing, friction
torque of positioning wheel of retainer, friction torque of roller, etc. The friction
torque of each diagonal contact bearing is about 0.05 Nm, total 0.55 Nm.

Friction torque produced by roller is related to the number of rollers,
pre-pressure, structure size and other factors. In practice, each ring is not more than
0.1 Nm, according to 5 channels, there are 10 rings with loop, the friction torque is
1 Nm.

As a result, the total friction torque does not exceed 2 Nm. Adopting step motor
plus harmonic reducer can easily meet the requirement of driving torque.

3.3 Fatigue Life

The roller life mainly considers the compression fatigue life of the flexible ring
during the planetary rotation. The life of the roll ring is generally defined by the
number of inner rings. According to the 15 years life of the low-orbit satellite, the
number of turns during the life of the whole machine is as follows:

30� 365� 14 ¼ 1:53� 105 ð1Þ

The compression times of the flexible ring can be calculated by the number of
meshing times between the inner ring and the flexible ring. The same point on the
flexible ring is engaged with the inner ring once, and the fatigue stress is repeated
twice, so the number of stress cycles of the flexible ring is:

n2 ¼ 2� WH þW2ð Þ
W1 � n1

ð2Þ

The stress cycles of the flexible ring in 15 years are 9.3 � 105.
The contact stress of roll ring flexible ring is calculated by finite element method.

The parameters of beryllium bronze material for flexible ring (E1 = 131 GPa,
Poisson’s ratio 0.35) and brass material for ring channel (E1 = 110 GPa, Poisson’s
ratio 0.33). The finite element model and the calculation results are shown in Fig. 6.

The simulation results of displacement load, contact stress and pretightening
force in Fig. 6b show that when the compression of flexible ring is 0.28 mm
(0.14 mm), the pretightening force is 3.4 N, the maximum stress is 306 MPa.
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3.4 Resistance and Heating

The contact resistance can be calculated according to the empirical formula (3) [4,
5]. It can be seen from the formula that the flexible ring should be subjected to
sufficient pretightening force to reduce the contact resistance value from the point of
view of improving the contact resistance performance. In addition, reducing the
stiffness of the flexible ring can increase the deformation of the flexible ring and
improve the reliability of electrical contact:

RJ ¼ q1 þ q2
2tp

ffiffiffiffiffiffi
H
FR

r
ð3Þ

The pretightening force FR = 3.4 N, according to formula (3), the contact
resistance calculated empirically is obtained (Fig. 7):

RJ2 ¼ 2:2 � 10�5 þ 2:2 � 10�5

2 � 0:15

ffiffiffiffiffiffiffiffi
550
3:4

r
¼ 0:18 mX ð4Þ

(a) Displacement loads           (b) Contact area 

Fig. 6 Finite element calculations

Fig. 7 Single-loop resistance
distribution
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Single ring total resistance:

R ¼ 2� RYþ 2� RHþ 2� RJþRGð Þ=12 ¼ 1:34 m X ð5Þ

Total heat generation:

Q ¼ 402 � 1:34� 10 ¼ 21:4 W ð6Þ

The on-resistance between rings is tested by GW801-H millimeter. The test
results show that the circuit resistance is less than 1 mX.

4 Conclusions

In this paper, a new type of spacer and flexible ring structure design scheme is
proposed for high power and long life application. The power transmission
capacity, friction torque, life and heat of the roll ring are analyzed and optimized.
The optimal design size is given. The test results show that the product design and
calculation are reasonable and scientific to meet the long life engineering appli-
cation of aerospace.
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Analysis on the Influence of Bearing
Stiffness on Critical Speed of Rotor
System of a New Scroll Compressor

Jiang Pu, Xu Zhou, Ya-feng Su, and Xiu-hua Zhang

Abstract As the third-generation mainstream compressor scroll compressor, most
of the normal working speeds are below 7000 RPM, which greatly limits the
improvement of system efficiency. The main reason is that the problem of reso-
nance at high speed is not well solved. To avoid resonance and cross the critical
speed point smoothly, this paper takes a new type of scroll compressor rotor system
with a maximum working speed of 12,000 RPM being developed as the research
object, and studies the bearing stiffness, one of the important factors affecting the
critical speed, and obtains the influence law of several different bearing stiffness of
the system, for the scroll compressor rotor system to avoid resonance and select the
bearing stiffness to provide certain theoretical reference and practical guiding
significance.

Keywords Scroll compressor rotor � Resonance � Bearing stiffness � Critical speed

1 Introduction

Scroll compressors are widely used in many fields because of its continuous
compression process, high efficiency and energy saving, com- pact structure and
other characteristics [1–3]. At present, the working speed of the mainstream scroll
compressor is generally in the range of 6000–7200 RPM, and the system efficiency
is limited. The efficiency of the system can be improved by increasing the rotor
speed, but the increase in the speed makes the system more prone to vibration [4, 5].
As a high-speed rotating part of scroll compressor, the critical speed must be
avoided in design and operation. Reasonable configuration of critical speed of rotor
system is an important premise and foundation to ensure safe and reliable operation
of scroll compressor. The stiffness of rotor bearing is one of the important
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parameters affecting the calculation of critical speed [6–9]. Based on the scroll
compressor being developed with the maximum working speed of 12,000 RPM, the
influence of bearing stiffness on the critical speed of the scroll compressor rotor
system was analyzed, so as to provide certain theoretical reference for avoiding
resonance of rotor system of scroll compressor and selecting bearing stiffness.

2 Modeling

2.1 3D of the Rotor System Modeled

As the support unit of the scroll compressor rotor system, the dynamic character-
istics of the system will be directly affected by the bearing force and stiffness. In
order to study the influence of rolling bearings on the dynamic characteristics of
high-speed rotor system, a rotor system model was established, as shown in Fig. 1.

2.2 Established Finite Element Analysis of the Rotor System

The simplified model of the rotor system is shown in Fig. 2, and the physical
properties of the rotor are shown in Table 1.

Fig. 1 Rotor structure of scroll compressor. 1. Orbiter, 2. scroll disk bearing, 3. eccentric sleeve,
4. main bearing, 5. principal axis, 6. small counter-weight, 7. motor rotor, 8. counter shaft bearing

Fig. 2 Simplified rotor
model of scroll compressor
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3 Analyzed the Influence of Different Bearing Stiffness
on the Critical Speed of Rotor

After the physical properties and mesh generation of the rotor are set, constraints
and loads are added to the rotor. According to the installation position and assembly
relation between rotor parts of scroll compressor and the actual working condition,
the influence of rolling bearing damping is usually not considered. As the stiffness
of the bearing changes with the change of speed, a large number of tests show that
its value is generally 1 � 106–1 � 109 N/m [10–13]. Bearing constraint is adopted
to simulate the bearing elements of the rotating subsystem. Bearing stiffness is input
only, and distal displacement is adopted to limit the axial displacement of the rotor.
Set the rotation speed to 0–12,000 rpm and consider the effect of gyroscope. The
rotor analysis model after the above setting is shown in Fig. 3.

Through simulation, the bearing stiffness shown in Fig. 4 is obtained as The
Campbell diagram of the rotor system with 1.0 � 106N/m, 1.0 � 107N/m,
1.0 � 108N/m and 1.0 � 109N/m respectively, and the rotor vortex frequency as
shown in Table 2.

The relationship between rotor speed x and its natural frequency f is shown in
Eq. (1).

x ¼ 60 f ð1Þ

According to Eq. (1), when the bearing stiffness is 1.0 � 106N/m, the rotor has
two critical speeds of 174 and 11,700 RPM within the working speed range, the
former is small, and the rotor can cross this critical speed soon after starting to reach
a stable operating state. The latter is close to the rotary scroll compressor motor

Table 1 Physical properties of components

Parts Material Density (kg/m3) MOE (N/m2) Poisson ratio

Spindle 40Cr 7870 2.11E+11 0.277

Motor rotor DW310-35 7730 2.18E+11 0.26

Eccentric bushing QT600 7890 1.73E+11 0.3

Small counterweight CuZn36Pb1.5 8590 1.05E+11 0.1

Fig. 3 Rotor boundary
condition constraint model
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speed of 12,000 RPM, and the rotor operating speed that does not meet the engi-
neering requirements should avoid the resonance area of critical speed of about
15%. Similarly, when the bearing stiffness is 107, 108 and 109 N/m respectively, the
scroll compressor avoids the resonance region in the whole working speed. And the
critical speed value of the scroll compressor rotor increases with the increase of
bearing stiffness, so the bearing stiffness of the scroll compressor motor rotor is at
least 107 N/m. In the whole speed range, the rotor has only the critical speed at the
beginning of the operation, but the high-speed rotor will quickly cross the threshold
speed to reach the stable operation state, in line with the actual working state of the
rotor. By studying the influence of different bearing stiffness on the dynamic

(a) Bearing stiffness 1.0x106N/m               (b) Bearing stiffness 1.0x107N/m 

(c) Bearing stiffness 1.0x108N/m                (d) Bearing stiffness 1.0x109N/m 

Fig. 4 Campbell diagram of rotor with different bearing stiffness

Table 2 Rotor vortex frequencies with different bearing stiffness

Modal order 1st order
(HZ)

2nd order
(HZ)

3rd order
(HZ)

4th order
(HZ)

5th order
(HZ)

6th order
(HZ)Bearing stiffness

1.0 � 106N/m 2.9 195 195 1679 1686 4141

1.0 � 107N/m 2.9 611 611 1856 1864 4145

1.0 � 108N/m 2.9 1775 1777 2895 2913 4185

1.0 � 109N/m 2.9 3442 3494 4132 4207 4437

170 J. Pu et al.



performance of the rotor, it is shown that when the working speed of the rotor
system is close to the critical speed, the rotor can run smoothly by changing the
bearing stiffness with- out changing the structure.

4 Conclusion

(1) The analysis of the critical speed under different bearing stiffness shows that the
critical speed of the scroll compressor rotor increases with the increase of
bearing stiffness. Therefore, when the working speed of the rotor system is
close to the critical speed, the rotor can run smoothly by changing the bearing
stiffness without changing the structure.

(2) For this rotor system, the rotor will gen- generate resonance when the bearing
stiffness is less than 1.0 � 107 N/m, and the rotor will avoid resonance when
the bearing stiffness is greater than 1.0 � 107 N/m. However, too much bearing
stiffness will also cause the bearing life to be weakened. Considering this, the
system chooses 1.0 � 107 N/m bearing stiffness.
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Experimental and Simulation
Data-Driven Rolling Bearing Fault Size
Quantitative Diagnosis in Big Data Era

W. T. Huang, H. Zhai, J. N. Luo, Y. C. Jiang, and W. J. Wang

Abstract Data-driven fault diagnosis based on machine learning in rolling bearing
has become a hot topic in the field of fault diagnosis in recent years. Researchers
have focused on the study of diagnostic methods while ignoring the connotation of
data and the background of big data. Therefore, aiming at the problem that sample
data is insufficient in rolling bearing fault diagnosis, the vibration response simu-
lation signal generated by the dynamic model of the rolling bearing with four
degrees of freedom is applied to the quantitative diagnosis of the rolling bearing
fault size so as to enrich the data set of the rolling bearing. The VMD-BLSTM
method is proposed, which extracts the information features by calculating the
VMD energy entropy of rolling bearing vibration signal based on variational mode
decomposition and put features into BLSTM network, in order to obtain the result
of different fault size classification of rolling bearing. This method is applied to both
experimental and simulation data-driven rolling bearing fault size quantitative
diagnosis by estimating fault size of rolling bearing intelligently.

Keywords Variational mode decomposition � Long short-term memory �
Experimental data-driven � Simulation data-driven � Fault diagnosis

1 Introduction

Rolling bearing is one of the most important common parts of rotating machinery
and equipment. Its health affects the working condition and operating life of the
entire mechanical equipment. The field of fault diagnosis is entering the era of big
data due to the large scale requirement of diagnosis, more test points, and longer
data collection period of equipment [1]. Under the background of big data,
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intelligent diagnosis gets rid of the dilemma that traditional fault diagnosis relies on
experts. Relying on the large capacity, diversity and high rate of data, intelligent
diagnosis could identify the fault state of equipment accurately and efficiently [2].

In recent years, data-driven fault diagnosis based on machine learning has
become a hot topic in this field. Patil et al. [3] combined the discrete wavelet
transform and artificial neural network to achieve a good detection of the faults of
the inner and outer rings of the rolling bearing. Shen et al. [4] proposed a quan-
titative identification method for rolling bearing fault size based on support vector
regression, which can accurately identify fault size by extracting the feature vector
from the original signal as input and fault size as output. Wen et al. [5] proposed a
new convolutional neural network that converts one-dimensional signals into
two-dimensional images and achieves high diagnostic accuracy in fault diagnosis of
bearings, centrifugal pumps and hydraulic pumps.

Now, the proposed diagnosis methods are only verified in limited open source
data sets or laboratory conditions. The sizes of bearing fault provided by these data
sets are small and limited. Therefore, these “small sample” datasets have some
limitations. Moreover, faults based on historical data are only effective for the
specific environment in which they are collected [6], which often fails to reflect the
large capacity and diversity of big data, thus deviating from the original intention of
data-driven fault diagnosis. For the shortcomings of insufficient sample data
information in fault diagnosis and the lack of effective actual fault data of fault
labels, the vibration response signal of bearing simulation is obtained by using the
dynamic model of rolling bearing with four degrees of freedom, and it is applied to
the quantitative diagnosis of rolling bearing fault size to enrich the bearing data set.
Based on the methods of Variational Mode Decomposition (VMD) and
Bidirectional Long short-term Memory (BLSTM) network, this paper changes the
previous data-driven fault diagnosis by only using a small sample of a limited
number of experimental data, and conducts the fault degree quantitative diagnosis
of bearing through the dual data-driven experiment and simulation.

2 Dynamic Model of Surface Failure of Outer Ring
Raceway of Rolling Bearing

Many scholars have studied the dynamic model of rolling bearing. Sawalhi et al. [7]
proposed to simulate the bearing base with the mass-spring-damping system, and
analyzed the simulation results and experimental results in time domain and
frequency domain, and found a good consistency between the two results. Petersen
et al. [8] proposed a multi-body dynamic analysis model, which was extended to
double-row bearings to predict the vibration response of rolling bearings with
raceway surface defects. Our research group [9] introduced the impact force into the
vibration model and established a dynamic model of rolling bearing with four
degrees of freedom.
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As can be seen from Fig. 1, without considering whether the rolling body is in
contact with the bottom end of the fault, which means the influence of fault depth hd
on the motion path of the rolling body is ignored. The directional displacement of
the rolling body ddðtÞ is related to the fault length ld , which means it is related to the
angle ud between the fault and the center of the bearing circle. When ld changes,
ddðtÞ changes accordingly, so the vibration response results obtained are also dif-
ferent. The expressions are as below

ddðtÞ ¼ rb �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2b � r2o sin

2ðujðtÞ � uaÞ
q

� ro

þ ro cosðujðtÞ � uaÞ ; ua �ujðtÞ\um

ddðtÞ ¼ rb �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2b � r2o sin

2ðuc � ujðtÞÞ
q

� ro

þ ro cosðuc � ujðtÞÞ ; um �ujðtÞ�uc

8>>>>>><
>>>>>>:

ð1Þ

where, rb and ro are respectively the radius of the rolling body and the outer ring
raceway, ua and uc are position angles of the front and back edge of the failure
area, um is the position angle of the failure area in the radial plane median line, with
um = 270°.

The vibration response signal of the actual fault bearing obtained by the EDM
and the vibration response signal obtained by the dynamic model simulation are
shown in Fig. 2a and b respectively. From the moment of the rolling body entering

Fig. 1 The balls pass through the defect area of outer race of bearing

0.100 01.00
Time/s

A
cc

el
er

at
io

n
(m

·s
-2

)

(a)Actual vibration response of fault bearing

0

-1.2

1.2

0.05

0

-1.2

1.2

0.05

(b)Simulated vibration response of fault bearing

A
cc

el
er

at
io

n
(m

·s
-2

)

Time/s

Fig. 2 Vibration response of outer race fault with size of 3.280 mm
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and leaving the defect, there is little difference between the two signals. Therefore,
the simulation data can be used as the database for fault diagnosis of the rolling
bearing.

3 VMD Energy Entropy Signal Feature Extraction
Method

3.1 Basic Principle of VMD Algorithm

Variational Mode Decomposition (VMD) is a novel non-recursive mode decom-
position signal processing and the feature extraction method was proposed by
Konstantin et al. [10] on the basis of Empirical Mode Decomposition (EMD).

In the VMD algorithm, Intrinsic Mode Function (IMF) is defined as an AM-FM
signal, and the expression is

ukðtÞ ¼ AkðtÞ cosðukðtÞÞ ð2Þ

where, AkðtÞ represents the instantaneous amplitude of ukðtÞ; ukðtÞ represents the
instantaneous phase of ukðtÞ.

The basic principle of the VMD algorithm is to find K IMF components under
constraint conditions so as to minimize the sum of the estimated bandwidth of IMF.
Its specific structure is shown as follows:

(1) Analytical signals of each IMF were obtained by Hilbert transformation and
their unilateral spectra were solved as below:

dðtÞþ j
pt

� �
� ukðtÞ ð3Þ

(2) Add the prediction center frequency index item e�jxk t to each analytical signal,
and adjust the frequency spectrum of each IMF to the corresponding funda-
mental frequency band

dðtÞþ j
pt

� �
� ukðtÞ

� �
e�jxk t ð4Þ

(3) Calculate the square norm of regulated signal gradient and estimate the band-
width of each mode signal, and the variational problem constructed by that can
be expressed by Eq. (6).

176 W. T. Huang et al.



min
fuk ;xkg

X
k

@t dðtÞþ j
pt

� �
� ukðtÞ

� �
e�jxk t

����
����
2

2

( )

s:t:
X
k

uk ¼ xðtÞ

8>>>><
>>>>:

ð5Þ

where, fukg represents K IMF components after variational mode decomposi-
tion, and fxkg represents the frequency center corresponding to each IMF com-
ponent. The optimization selection method of K value is as follows [11]:

For this constrained variational problem, VMD algorithm introduced quadratic
penalty factor a and Lagrangian multiplication operator kðtÞ to eliminate the con-
straint, transforming the constrained variational problem into A non-variational
constraint problem, namely, the solution of the minimum value was transformed
into the problem of saddle points for solving the Lagrangian augmented function,
whose expression was expressed by Eq. (9).The quadratic penalty factor a enables
VMD variational problem to guarantee the signal decomposition and reconstruction
accuracy under gaussian noise. The larger its value is, the smaller the bandwidth of
each mode signal is. The Lagrangian multiplication operator kðtÞ guarantees the
strictness of the constraint.

Lðfukg; fxkg; kÞ ¼ a
X
k

@t½ðdðtÞþ j
pt
Þ � ukðtÞ�e�jxk t

����
����
2

2

þ xðtÞ �
X
k

ukðtÞ
�����

�����
2

2

þ kðtÞ; xðtÞ �
X
k

ukðtÞ
* + ð6Þ

VMD uses the multiplication operator alternating direction method to solve the
saddle point of Lagrangian augmented function by updating unþ 1

k , xnþ 1
k and knþ 1

k

alternately which is the optimal solution. The expression of unþ 1
k can be expressed

by Eq. (7).

unþ 1
k ¼ argmin

uk2X
a @t½ðdðtÞþ j

pt
Þ � ukðtÞ�e�jxk t

����
����
2

2
þ xðtÞ �

X
i

uiðtÞþ kðtÞ
t

�����
�����
2

2

8<
:

9=
;
ð7Þ

By using Fourier transform, unþ 1
k in Eq. (7) is converted to the frequency

domain

ûnþ 1
k ðxÞ ¼ x̂ðxÞ �P

i 6¼k ûiðxÞþ k̂ðxÞ
2

1þ 2aðx� xkÞ2
ð8Þ
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The updated equation of frequency xnþ 1
k is

xnþ 1
k ¼

R1
0 x ûðxÞj j2dxR1
0 ûðxÞj j2dx ð9Þ

The updated equation of Lagrangian coefficient Q is

knþ 1
k ¼ knk þ sðx̂ðxÞ �

X
k

ûnþ 1
k ðxÞÞ ð10Þ

where, s is the fidelity coefficient. Generally, s takes 0 to remove the noise in the
decomposed vibration signal.

When the condition of Eq. (11) is satisfied, iterative update is stopped and VMD
algorithm is completed.

P
k ûnþ 1

k � ûnk
�� ��2

2

ûnk
�� ��2

2

\e ð11Þ

where, e is the discriminant accuracy.

3.2 Feature Extraction of Bearing Fault Signal Based
on VMD Energy Entropy

In the running process of rolling bearing, the collected signals are generally
one-dimensional signals, and the state of each component can be observed through
variational mode decomposition. For example, variational mode decomposition is
performed on the vibration signal of a certain faulty bearing, and the calculation
parametersK ¼ 4; a ¼ 2000; s ¼ 0; e ¼ 10�7 are set. The results are shown in Fig. 3.
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Fig. 3 The result of VMD of bearing signal
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However, for different IMF corresponding ukðtÞ, it is still difficult to extract
effective features only from the time-domain signal, and the corresponding fre-
quency components of the rolling bearing will also change under different fault
conditions. Therefore, the energy entropy method based on VMD is proposed as a
means to extract effective information of vibration signal of rolling bearing.

The k modal component calculation energy entropy obtained by performing
VMD calculation on the rolling bearing vibration signal, can reflect the proportion
of each modal component in the original signal energy, so as to obtain the fault
characteristics of rolling bearing under different fault conditions.

The energy entropy calculation formula of each mode component of VMD is

HðukÞ ¼ �Pk logPk ð12Þ

where, HðukÞ is the energy entropy of the Kth component uk; Pk is the proportion of
energy of the K th component uk in the total signal energy, Pk ¼ Ek

E ; E is the overall

energy of the signal, E ¼ PK
i¼1 Ei; Ek is the energy of the Kth component, uk,

Ek ¼
P

ukðtÞ2.
The energy entropy of each modal component of VMD is calculated for the

vibration signal of rolling bearing corresponding to Fig. 4, and the results are
shown in Table 1.

4 BLSTM Fault Quantitative Diagnosis Method

BLSTM is an improvement on a Recurrent Neural Network (RNN).
HOCHREITER et al. [11] proposed the most original LSTM, which solved the
problem of long-term dependence. After improving, LSTM has been applied to
power transformer operation state prediction, traffic prediction and fault prediction
of complex systems such as aircraft [12–14].

Fig. 4 Diagram of LSTM
unit
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4.1 Basic Principle of LSTM

Set x as the input of LSTM cell, and h is the output of LSTM cell, c is the memory
cell of LSTM cell, and ~c is the candidate memory cell of LSTM cell; it is the value
of LSTM’s input gate,ft is the value of LSTM’s forgetting gate, and ot is the value
of LSTM’s output gate. The unit schematic diagram of LSTM is shown in Fig. 5.
Unlike the traditional single-layer RNN, the LSTM unit is specifically designed to
store historical information in memory cells.

The update steps for the LSTM unit are as follows

(1) Calculate the value ft of the forgetting gate. The forgetting gate layer is used to
control the influence of historical information on current memory cells.

ft ¼ rðWxf xt þWhf ht�1 þ bf Þ ð13Þ

where, Wxf is the input weight corresponding to the forgetting gate layer, Whf is
the output weight of LSTM unit corresponding to the forgetting gate layer at the
last moment, and bf is the bias corresponding to the forgetting gate layer.

(2) Calculate the value it of the input gate. The input gate layer is used to control
the influence of current input data on memory cells.

it ¼ rðWxixt þWhiht�1 þ biÞ ð14Þ

where, Wxi is the input weight corresponding to the input gate layer,Whi is the
LSTM unit output weight corresponding to the input gate layer at the last
moment, and bi is the bias corresponding to the input gate layer.

Fig. 5 Diagram of BLSTM
net structure

Table 1 VMD energy entropy of each intrinsic mode component of bearing signal

K 1 2 3 4

Energy entropy 0.1213 0.0352 0.3974 0.5227

Proportion 11.27% 3.27% 36.91% 48.55%
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(3) According to the principle of RNN, the candidate memory cell value ~ct at the
current moment is calculated

~ct ¼ tanhðWxcxt þWhcht�1 þ b~cÞ ð15Þ

where, Wxc is the input weight corresponding to candidate memory cells, Whc is
the output weight of LSTM unit corresponding to candidate memory cells at the
last moment, and b~c is the bias corresponding to candidate memory cells.

(4) Determine the current memory cell value of ct

ct ¼ ft � ct�1 þ it � ~ct ð16Þ

where, � represents the dot product.
(5) Calculate the value ot of the output gate at the current moment

ot ¼ r Wxoxt þWhoht�1 þ boð Þ ð17Þ

where, Wxo is the input weight corresponding to the output gate layer, Who is
the output weight of LSTM unit at the last moment corresponding to the output
gate layer, and bo is the bias corresponding to the output gate layer.

(6) Calculate the output value ht of LSTM unit at the current moment

ht ¼ ot � tanhðctÞ ð18Þ

.

This paper adopts BLSTM network structure, which is shown in Fig. 5. BLSTM
is the fusion of bidirectional RNN and LSTM. Output data can be got by input data
through bidirectional LSTM unit, and then pass through the Softmax layer to get the
final classification result.

4.2 Quantitative Diagnosis of Rolling Bearing Fault Based
on BLSTM

The vibration signal of rolling bearing can be regarded as a time series and the
characteristic information extracted from the signal can also be regarded as a
sequence. Therefore, BLSTM network classification method can be used to classify
and estimate the fault size of rolling bearing. Based on the content introduced in
Sect. 3.2, the VMD energy entropy feature sequence extracted from the rolling
bearing signal was regarded as the input of BLSTM network, which was divided
into training set and test set, and corresponding input features were labeled.
The BLSTM network structure was defined, and relevant parameters such as input
feature dimension, number of hidden neurons, training times and minimum iterative
sample size were set and the model was trained. Then the test set is used to test the
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trained model to get the test results, so as to make quantitative diagnosis of different
failure sizes of rolling bearings.

5 Quantitative Diagnosis of Bearing Fault Driven
by Experimental Data

For the fault diagnosis of rolling bearing with different fault locations and fault sizes
driven by experimental data, the rolling bearing experimental data adopted in this
paper comes from the CWRU bearing data center, and its signal acquisition system is
shown in Fig. 6. The experimental bearing is the 6205 deep groove ball bearing
produced by SKF. The fault was made by EDM (Electric Discharge Machining). The
sampling frequency of the sensor is fs = 12,000 Hz and the rotation speed of the shaft
is r ¼ 1730r/min.In the experiment, 9 kinds of bearing vibration signal data with
different fault positions and fault sizes under the motor load of 3HP were selected, the
fault positions were in the outer ring, inner ring and rolling body respectively, and the
fault sizes were 0.178, 0.356 and 0.533 mm respectively, there are 10 types faults plus
normal bearing data, and the drive end signal data were taken.

For this data set, 100 segments of signals are randomly selected as training
samples under each fault state, and 20 segments of signals are randomly selected as
test samples. There are 1000 training samples and 200 test samples.

The collected signal was extracted with VMD energy entropy feature. The
parameters of VMD are: K ¼ 4; a ¼ 2000; s ¼ 0; e ¼ 10�7. By calculating the
energy entropy of each IMF, the characteristic sequences of 10 different faults were
obtained.

BLSTM network structure is defined: the input feature dimension of BLSTM is
4, the number of hidden layer neurons is 200, the number of training times is 500,

Fig. 6 CWRU bearing signal acquisition system
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the minibatch size is 20, and the learning rate is 0.001. Adaptive moment estimation
algorithm is used to adjust the weight parameter optimization model of neural
network.

The extracted features were input into the constructed BLSTM training model
and tested with the test set to obtain the final diagnosis result. Diagnostic accuracy
is the ratio of the number of correct test results to the total number of test samples.
Since the diagnosis time is greatly affected by hardware and software, the diagnosis
time referred to in this paper is a relative value, and the diagnosis time of
VMD-BLSTM method is defined as 1. The diagnosis time of other diagnostic
methods is the ratio of the actual time of this method and the actual time of
VMD-BLSTM method.

In order to prove that VMD-BLSTM method is applicable to quantitative
diagnosis of rolling bearing fault size, this paper also lists the diagnosis results of
some traditional diagnosis methods for comparison, as shown in Table 2. In order
to retain more effective feature information, the first 6 modes of EMD were
selected. The kernel function of Support Vector Machine (SVM) is radial basis
function, and the kernel function parameters are optimized with coarse grid method,
with a learning rate of 0.01. The experimental data-driven test results of each
diagnostic method are the average of 10 experimental test results.

As can be seen from the comparison in Table 2, VMD-BLSTM has the highest
diagnostic accuracy. The method based on EMD is limited by the algorithm itself,
resulting in a large number of feature dimensions of the data, poor diagnostic
accuracy and long time. Although the diagnosis time of SVM is shorter than that of
BLSTM, its accuracy is lower and it is not conducive to dealing with big data
problems. It can be seen that VMD-BLSTM is a feasible diagnosis method in rolling
bearing fault diagnosis experiment. Therefore, VMD-BLSTM method is used in the
following parts to conduct quantitative diagnosis of rolling bearing fault size.

6 Simulation Data-Driven Quantitative Diagnosis
of Bearing Outer Ring Fault

Although the CWRU database can be used to verify the diagnosis methods of fault
location identification and fault size estimation, the characteristics of different fault
locations are easy to distinguish, and for the fault size of rolling bearings, only three
different fault sizes is far from enough for the intelligent fault diagnosis in big data
background. In addition, the l data obtained only under experimental conditions are

Table 2 The result of experimental data-driven fault diagnosis in different methods

Methods EMD-SVM VMD-SVM EMD- BLSTM VMD- BLSTM

Accuracy (%) 85.00 96.50 97.86 99.75

Time 0.91 0.79 1.19 1
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limited. Therefore, this paper simulates the vibration response of the fault bearing
according to the dynamic model of the rolling bearing mentioned above, so as to
obtain the simulation signal data of the rolling bearing and enrich the database.

According to the dynamics model mentioned above, the outer ring raceway
failure angle ud is used to determine the size of the outer ring raceway failure size
ld, a total of 22 kinds, the corresponding size parameters are shown in Table 3.

For the simulation data of each kind of outer ring fault, 100 segments of signals
were randomly selected as training samples, and 20 segments of signals were
randomly selected as test samples. The sampling points of each segment were 2048.
Assuming that the simulation data has k kinds of outer ring faults of different sizes,
there are k � 100 training samples and k � 20 test samples.

Firstly, 14 kinds of simulation signals of outer ring fault sizes were selected, ud

being 0.2°, 0.4°, 0.6°, 0.8°, 1.0°, 1.4°, 2.0°, 2.5°, 3.0°, 3.5°, 4.0°, 4.5°, 5.0° and 8.°0
respectively. VMD energy entropy was calculated for each signal. The BLSTM
network is trained with training samples, and the test samples are input into the
trained network to classify and estimate the fault size, and the result of quantitative
diagnosis of rolling bearing fault size is obtained. Then the sample types were
increased to 22 kinds of outer ring fault sizes, and the quantitative diagnosis results
of rolling bearing fault sizes were obtained in the same way. For the VMD-BLSTM
diagnostic method, relevant parameters of BLSTM are listed in Table 4, and the
diagnostic results are shown in Fig. 7, where the diagnostic accuracy is the average
of the five test results.

According to the diagnostic results in Fig. 7, when the BLSTM network
structure with number 1 and the number of modal components K = 4 were adopted,
the diagnostic accuracy of 14 kinds of outer ring fault sizes was significantly lower
than that of CWRU experimental data. This shows that, with the increase of the
type of training samples, the BLSTM network classifier with the same structural
parameters presents a situation of under-fitting, resulting in a decrease in accuracy.
Increasing the number of hidden neurons and training times appropriately can
improve the diagnostic accuracy. However, due to the increasingly complex
structure of BLSTM network, the corresponding training time will be increased
accordingly, so the efficiency of diagnosis will be reduced or even unable to meet
the requirements. In addition, blindly increasing the number of iterations of

Table 3 22 kinds of fault size parameters of outer race

No ud/
(°)

ld/
(mm)

No ud/
(°)

ld/
(mm)

No ud/
(°)

ld/
(mm)

No ud/
(°)

ld/
(mm)

1 0.2 0.082 7 1.4 0.574 13 3.5 1.432 19 6.5 2.659

2 0.4 0.164 8 1.6 0.656 14 4.0 1.639 20 7.0 2.863

3 0.6 0.246 9 1.8 0.738 15 4.5 1.843 21 7.5 3.066

4 0.8 0.328 10 2.0 0.820 16 5.0 2.048 22 8.0 3.280

5 1.0 0.410 11 2.5 1.025 17 5.5 2.252

6 1.2 0.492 12 3.0 1.230 18 6.0 2.456
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BLSTM network may lead to over-fitting, so it is necessary to set the termination
iteration conditions and regularization.

However, in the quantitative diagnosis of 22 kinds of outer ring fault sizes, the
diagnostic accuracy for the number of modal components K = 4 has been reduced
to completely be unable to meet the requirements of intelligent fault diagnosis.
Moreover, even adjusting the relevant parameters of BLSTM network cannot
substantially improve the diagnostic accuracy. In this regard, the number of modal
components K is adjusted to 8, increasing the dimension of the input feature. When
8 modes of VMD energy entropy were input into BLSTM network, the diagnostic
accuracy was over 90%. By increasing the dimension of the input feature, the
information of the input feature is enriched and the diagnostic accuracy is greatly
improved. By strengthening and optimizing the structure of BLSTM network, or
adjusting the number of modal components of VMD and improving the dimension
of input features, data-driven quantitative diagnosis of rolling bearing faults can be
realized.

7 Conclusion

(1) Based on a four-degree-of-freedom rolling bearing dynamic model, the bearing
vibration simulation signals of bearing outer ring fault were obtained. By set-
ting the angle of the outer ring raceway fault, the bearing vibration simulation
signals of different fault sizes were obtained, which can enrich the data set of
different fault sizes of the rolling bearing, and provid a database with large

Table 4 BLSTM parameters in simulation data-driven

No Number of hidden neurons Number of training Small sample handling capacity

1 200 500 20

2 800 1200 20

3 1000 1500 20

4 1500 1800 20
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Fig. 7 The result of
simulation data-driven fault
quantitative diagnosis of
rolling element bearing
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capacity and diversity for intelligent fault diagnosis of the rolling bearing under
big data.

(2) Quantitative diagnosis of rolling bearing based on VMD-BLSTM method.
VMD energy entropy was calculated to extract the characteristics of the
vibration signal of the fault bearing, which was input into the BLSTM network
to obtain the classification results, so as to quantitatively diagnose the fault size
of the rolling bearing. The method has high accuracy and good practicability.

(3) In the quantitative diagnosis of the rolling bearing driven by simulation data, as
the parameters of VMD-BLSTM remain unchanged, the sample types
increased, the training set became larger, the phenomenon of underfitting
occurred, and the diagnostic accuracy decreased. In order to obtain high
diagnostic accuracy, it is necessary to strengthen and optimize the structure of
BLSTM network properly and increase the number of VMD modal compo-
nents, improve the dimension of the features properly.

Through the dual data drive of experiment and simulation, the data set of the
fault bearing is expanded, the fault size of the rolling bearing is quantitatively
diagnosed, and the intelligent fault diagnosis of the rolling bearing under big data is
realized.
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Research on Assembly Error
Transmission of Small Displacement
Spinor Based on State Space Model

Chunqi Chen, Wei Wu, and Jianzhong Shang

Abstract In the assembly process of precision machinery, the error modeling of
the assembly process is one of the important means to analyze the assembly error.
This paper analyzes the error propagation in the assembly process, establishes a
mechanical assembly error propagation model based on the small displacement spin
(SDT) using the homogeneous transformation of robotics coordinates, and derives
the state space expression of the mechanical assembly process. Finally, a primary
and secondary mirror system is used as an example to analyze, using computer
software simulation and state space equations to predict the final cumulative error of
the assembly, which verifies the feasibility of the method for predicting the
cumulative error of the precision assembly process.

Keywords State space � Small displacement spinor � Coordinate transformation �
Error transfer

1 Introduction

In the assembly process of precision machinery, the overall error of the assembly
includes the machining error and assembly error of the manufactured parts. The
machining error can be measured by measuring tools, but the errors introduced
during the assembly process cannot be directly measured, and the first-line assembly
workers cannot intuitively know the assembly Process information causes blindness
during assembly adjustment [1]. The assembly accuracy of the whole machine
cannot be guaranteed only through part tolerance design, but must also be realized
through assembly processes such as measurement and adjustment. Therefore, it is
necessary to establish a mathematical model for the prediction and control of
deviation transmission in the assembly process to quantitatively describe the impact
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of assembly adjustment process on the final accuracy of the whole machine. After
the concept of small displacement spinner (SDT) was proposed, it was introduced
into the tolerance field in 1996. Spinor parameters can describe the variation of a
surface or its elements relative to its nominal position (tolerance zone). Each tol-
erance zone can be expressed in the form of a screw, which represents the slight
changes that may occur within the tolerance zone [2, 3]. This paper establishes a
mechanical assembly error propagation model based on the small displacement spin
(SDT) using the homogeneous transformation of robotics coordinates, and uses the
state space equation to describe the assembly process, which is of great significance
for the control of the assembly process of precision machinery.

2 Coordinate Transformation of Space Object

The description of space objects in different coordinate systems is different, which
requires us to perform coordinate transformation [4]. Define the global coordinate
system, and the local coordinate system, as shown in Fig. 1. A local coordinate
system can describe its position in a global coordinate system using three unit
vectors of the coordinate origin and the coordinate axis. Similarly, a local coordi-
nate system can use three unit vectors of the coordinate origin and the coordinate
axis, to describe its position in the global coordinate system.

The translation vector and rotation vector transformation of coordinate system
OB relative to coordinate system OA are expressed as APB and A

BR respectively, and

Fig. 1 Coordinate transformation
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the transformation of the two coordinate systems in the global coordinate system
OS is:

POA ¼ A
BR � POB þ APB ð1Þ

A
BR ¼

cosðxB; xAÞ cosðyB; xAÞ cosðzB; xAÞ
cosðxB; yAÞ cosðyB; yAÞ cosðzB; yAÞ
cosðxB; zAÞ cosðyB; zAÞ cosðzB; zAÞ

2
4

3
5 ð2Þ

APB ¼ POB � POA ð3Þ

The above formula is expressed in the form of a matrix as:

AP
1

� �
¼

A
BR

APB

0 1

� �
BP
1

� �
ð4Þ

As A
BT ¼

A
BR

APB

0 1

� �
, For the K coordinate system the coordinates are passed as

follows:

P1 ¼ 1
2T � 23T . . .k�1

k T � Pk ð5Þ

3 Assembly Error Propagation Model Based on Small
Displacement Spinor (SDT)

Establishing the error transmission model is the basis for the calculation of
assembly error [5]. All parts in the error transmission chain studied in this paper
meet the rigid body assumption, and there is no gap between the mating surfaces of
the parts. Therefore, the assembly error of each part and the tolerance of the part
assembly geometric feature surface can be regarded as the small displacement
relative to the ideal position, which can be represented by three translation vectors
D ¼ Dx;Dy;Dz½ �T and three rotation vectors R ¼ Da;Db;Dc½ �T . Then the assembly
error is expressed by the screw theory of small displacement as follows:

DT ¼
1 �Dk Db Dx
Dk 1 �Da Dy
�Db Da 1 Dz
0 0 0 1

2
664

3
775

As shown in Fig. 2, for an assembly containing k parts, the assembly error
accumulation model is:
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r ¼
Yk
i¼1

Ti � Dsi �
Yk
i¼1

Ti ð6Þ

The part tolerance is a small amount relative to the part size. Expand the above
matrix and ignore the second-order small amount to get:

r ¼

Dx
Dy
Dz
Da
Db
Dk

2
6666664

3
7777775
¼

Pk
i¼1

Dxi �
Pk
j¼2

ðyj
Pj�1

i¼1
DkiÞþ

Pk
j¼2

ðzj
Pj�1

i¼1
DbiÞ

Pk
i¼1

Dyi �
Pk
j¼2

ðzj
Pj�1

i¼1
DaiÞþ

Pk
j¼2

ðxj
Pj�1

i¼1
DkiÞ

Pk
i¼1

Dzi �
Pk
j¼2

ðxj
Pj�1

i¼1
DbiÞþ

Pk
j¼2

ðyj
Pj�1

i¼1
DaiÞ

Da1 þDa2 þ � � � þDak
Db1 þDb2 þ � � � þDbk
Dk1 þDk2 þ � � � þDkk

2
666666666666664

3
777777777777775

ð7Þ

Dsi represents the tolerance of the assembly characteristic surface of each part,Qk
i¼1 Ti represents an ideal assembly that requires only a coordinate transformation.

4 State Space Propagation Model

The error stream of the assembly process for K parts is shown in Fig. 3, [6]. All
vectors are defined as follows: XðkÞ ¼ Dak;Dbk;Dck;Dxk;Dyk;Dzkð Þ represents the
accumulated deviation of K Parts After Assembly; U(k) represents the

Fig. 2 Error transmission of part assembly
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manufacturing error of the feature surface introduced by the Assembly of K Parts; Y
(k) represents the observed value of the offset of K parts after assembly; W(k) and V
(k) are independent noises.

The assembly process can be written in the form of a state space equation:

XðkÞ ¼ AðkÞXðk � 1ÞþBðkÞUðkÞþWðkÞ ð8Þ

YðkÞ ¼ CðkÞXðkÞþVðkÞ ð9Þ

It can be derived from formula (7):

AðkÞ ¼

1 0 0 0 zk �yk
0 1 0 �zk 0 xk
0 0 1 yk �xk 0
0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

2
6666664

3
7777775

BðkÞ ¼ E;CðkÞ ¼ E

Matrix A(k) represents the influence of rotation error on translation error during
the assembly process, which is determined by the size of the part and the position of
the coordinate system; matrix B(k) is the input matrix, which represents the
influence of part offset on assembly error, Generally it is the identity matrix; the
matrix C(k) is the output matrix, and the selection matrix is composed of 0 and 1,
which represents the size we want to measure.

Fig. 3 Multi-part assembly process
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5 Case Analysis

Take a primary and secondary mirror system as an example, as shown in Fig. 4,
establish an error transfer coordinate system. The assembly consists of five parts:
the main mirror, the main mirror base, the connecting frame, the secondary mirror
base, and the secondary mirror. The assembly requires control of the matching
accuracy of the primary mirror and the secondary mirror. By analyzing the error
transmission chain of the primary and secondary mirror system: primary
mirror-connecting frame-secondary mirror.

The assembly parts are all surface-to-surface fits, and the tolerance characteristic
surface is expressed by small displacement spin as:

Ds ¼
1 0 Db 0
0 1 �Da 0

�Db Da 1 Dz
0 0 0 1

2
664

3
775;

Da� TPAR
2b

�� ��
Db� TPAR

2a

�� ��
�TSL �Dz� TSU

8<
: ;

� TPAR
2 � y � Daþ x � Db� TPAR

2�TSL �Dzþ y � Daþ x � Db� TSU

�

Among them, TPAR is the tolerance of parallelism, TSU and TSL are the upper
and lower deviations of the part size. According to the system design parameters
and accuracy requirements, the characteristic surface information is obtained as
shown in Fig. 5.

As the actual geometric characteristics of the part change relative to the nominal
geometric characteristics is unpredictable and random [6]. Therefore, the spinor
parameter in the characteristic surface is also a random quantity. Parts are usually
affected by many factors in the actual processing. Generally speaking, the pro-
cessing size approximately obeys the law of normal distribution. Using matlab

Fig. 4 A primary and secondary mirror system
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programming to simulate the characteristic surface parameter changes of the above
three parts, excluding noise, the number of simulations is 20,000 times, the results
are shown in the Fig. 6.

From the computer simulation results, it can be seen that the accumulation of
assembly errors along the X-axis and Y-axis is symmetrical, which is consistent

Fig. 5 Assembly error information

Fig. 6 Cumulative error distribution
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with the actual situation. The cumulative distribution range of assembly errors
along the Z-axis is larger: −0.12 mm—0.12 mm. It is the direction we need to
control. Based on the small displacement spin, this paper establishes a state space
model of precision machinery assembly error transmission. The state space model
can be used to effectively predict and analyze the cumulative error of mechanical
assembly, which is of great significance for the adjustment and control of
mechanical assembly errors.

Acknowledgements This work was financially supported by the National Natural Science
Foundation of China (Grant No. 51675527).
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Synthesis of Fluorescent Carbon Dots
from Glucose and Calcium Carbonate
and Their Application in the Beverage

Meiyu Zhang, Xiaoliang Hao, Zhigang Fang, Yun Gao,
and Tongtong Li

Abstract In this text, glucose and calcium carbonate are used as raw materials to
prepare carbon dots using electric thermostatic drying oven. The synthesized carbon
dots solution is used for pineapple beverage. The single factor experiment and
orthogonal experiment are used to determine the optimum proportion of the bev-
erage. The results showed that for pineapple beverage the optimum proportion is
that white sugar is 6%, citric acid is 0.1%, and pineapple juice is 40%, and carbon
dots solution is 2.5%. Under this condition, the best flavor of beverage was
obtained. It is hoped that this study could provide some suggestions for the further
application of carbon dots.

Keywords Glucose � Calcium carbonate � Pineapple � Carbon dots �
Fluorescence � Single factor

1 Introduction

A beverage is a liquid intended for human consumption or for livestock. It is a
product that has been quantitatively packaged for direct consumption or prepared or
brewed in a proportion of water and contains no more than 0.5% ethanol by mass
[1, 2].

With the continuous improvement of people’s life quality and level, beverages
are welcomed by a wide range of consumers because of their unique advantages.
And type fruit beverage can be drunk in a variety of occasions, such as family
gatherings, daily life, travel [3].

In the process of beverage production, more flavouring essences and pigments
are needed to obtain better taste and color. However, many of these flavouring
essences and pigments are synthetic, so there are some security risks. It is found that
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some food materials can be carbonized at high temperature, and some carbonation
reactions result in the formation of fluorescent carbon dots (CDs). For example,
coffee brewed with hot water, bread carbonized at high temperatures, there will be
some fluorescence of CDs production.

Fluorescent CDs are a new kind of carbon-based zero-dimensional nanomate-
rials. Since the discovery of CDs, the research of CDs has never stopped. CDs are
the most important part of the research and development of new nano-materials
because of their good optical properties, stable anti-external ability, non-toxic or
low toxic, good solubility and so on.

In this study, food-grade raw materials glucose and calcium carbonate were used
as raw materials, by one-step synthesis, CDs were obtained. Because the raw
materials itself is non-toxic, the process of preparation follows aseptic operation,
therefore the fluorescent CDs are relatively non-toxic. After carbonation, the better
color and structure were obtained, and fluorescent CDs were added to juice bev-
erage to explore more possible applications.

2 Experimental Procedures

2.1 Materials and Equipments

The reagents used in the experiments came from the biopharmaceutical laboratory
of University of Science and Technology Liaoning. Ultrapure water was used in all
the experiments. 202-20A Electric thermostatic drying oven (Jiangsu Changzhou
Huapuda Mathematical Instrument Co., Ltd.); UV-vis absorption spectra (UV-2000
UV-vis spectrophotometer, Unico China); fluorescence detection (FL-2700
fluorescence spectrometer, Hitachi Japan); X-ray diffraction (XRD) (Bruker AXS,
Germany); Fourier transform infrared spectrometer (FTIR) (Mettle, Switzerland).

2.2 The Synthetic Method of CDs and Preparation
of Beverage

1 g glucose powder, 1 g calcium carbonate powder, and 20 ml water were weighed.
Put the materials into stainless steel reactor, and then put the reactor into an electric
thermostatic drying oven, set the reaction temperature to 180 °C, and heat for 8 h.
After the reaction, the solution is filtered to obtain a clear liquid by the gauze, the
liquid is CDs solution. Pick fresh pineapple, remove the peel, wash with the water,
cut into small pieces and add 5 times water and press to juice.
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2.3 Sensory Evaluation Scoring Standard

In this experiment, a compound beverage was studied. In order to better determine
the best ratio, 10 trained personnel were selected. Sensory scores were scored by
tasting the beverage (Table 1).

2.4 Single-Factor Experiment

In this experiment, white sugar, citric acid, pineapple juice and CDs solution were
selected as the main factors. By consulting the handbook of food additives and the
literature, the range of each factor was determined. In the single factor experiment,
the quantity of three factors was fixed respectively, and the effect of another factor
on the sensory score was investigated.

2.5 Orthogonal Experiment

Orthogonal experiments are carried out using the optimal conditions obtained from
the above single factor experiment (Table 2).

Table 1 Sensory evaluation table

Index Scoring criteria

Status The pineapple juice is clear belongs to 10 points; there is a little sediment belongs tor
5 points; turbidity is 1 to 3 points

Odor Pineapple juice smells fresh belongs to 10 points; slightly peculiar smell belongs to 5
points; pungent smell belongs to 1–3 points

Taste The taste of pineapple juice is smooth belongs to 10 points; a bit sour is 5 points; the
taste is too sour belongs to 1–3 points

Table 2 Factor level table

Factor White sugar(%) Citric acid (%) Pineapple juice (%) CDs solution (%)

1 4 0.1 30 1.5

2 6 0.2 40 2

3 8 03 50 2.5
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3 Results and Discussion

3.1 Characterization

Result of XRD XRD was used to detect the characterization of CDs. The obtained
XRD pattern shows that there is a peak at 2h = 18.3°(Fig. 1). The peak of CDs
corresponds to the 002 lattice plane of the graphite structure, the CDs belongs to the
amorphous carbon structure.

Determination of Optimal Excitation Wavelength Figure 2 recorded the
fluorescence intensity of CDs when excitation wavelength was changed from 300 to
400 nm. When the wavelength increased, the emission intensity first increased and
then decreased, and the optimal excitation wavelength was 360 nm.

3.2 Single Factor Experiment Results

Effect of Whtie Sugar on Sensory Score With the increase of sugar content, the
sensory score increased at first and then decreased. The possible reason is that the
appropriate sweetness contributes to the flavor of the drink, but excessive sweetness
can degrade the taste. When the sugar content is 6%, the beverage tastes best
(Fig. 3).

Effect of Citic Acids on Sensory Score Citric acids help improving the taste of
the beverage, but too much of citric acids will increase the acidity and decrease the
sensory score. When the citric acids content is 6%, the beverage tastes best (Fig. 4).
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Fig. 1 XRD spectra of CDs
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Effect of Applepine Juice on Sensory Score Pineapple juice is good for the
nutrition of the beverage, but more juice will make the beverage more viscous.
When the pineapple juice content is 30%, the beverage tastes best (Fig. 5).

Effect of the CDs Solution on Sensory Score In this experiment, blue-emission
CDs were synthesized. Because the synthesis of raw materials is non-toxic,
preparation method is sterile, therefore the CDs solution has a higher safety. The
addition of CDs solution will improve the quality of the beverage, and increase the
nutrition of the beverage because of the addition of calcium ions. When the content
of CDs solution is 2%, the sensory score is highest (Fig. 6).
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3.3 Orthogonal Experiment Results

By the analysis of the range, it can be seen that the order of influence of the four
factors is: citric acid > pineapple juice > CDs solution > white sugar. According to
Table 3, the optimal formula of the beverage is: A2B1C2D3, that is, white sugar is
6%, citric acid is 0.1%, and pineapple juice is 40%, and CDs solution is 2.5%. The
pineapple juice under this formula is the best in terms of taste, smell and state.

4 Conclusions

In this study, a new type of CDs solution was prepared and synthesized using two
raw materials: glucose and calcium carbonate. After determining its characterization
and properties, the application of CDs was studied by single factor experiments and
orthogonal experiments. The low toxicity of CDs was used for experiments in the
food field. By the experiment, the best formula of pineapple beverage is: white
sugar is 6%, citric acid is 0.1%, and pineapple juice is 40%, and CDs solution is
2.5%. It is hoped that our research can provide suggestions for more applications of
fluorescent CDs.

Acknowledgements This paper is supported by the University of Science and Technology
Liaoning 2020 Innovation and Entrepreneurship Training Program for College Students
(202010146025).

Table 3 Orthogonal experiment table

Column 1 2 3 4 Score

Factor White sugar Citric acid Pineapple juice CDs solution

Experiment 1 1 1 1 1 28.4

Experiment 2 1 2 2 2 25.4

Experiment 3 1 3 3 3 24.7

Experiment 4 2 1 2 3 28.9

Experiment 5 2 2 3 1 24.2

Experiment 6 2 3 1 2 25.2

Experiment 7 3 1 3 2 27.3

Experiment 8 3 2 1 3 25.9

Experiment 9 3 3 2 1 26.1

Mean 1 26.167 28.200 26.500 26.233

Mean 2 26.100 25.167 26.800 25.967

Mean 3 26.433 25.333 25.400 26.500

Range 0.333 3.033 1.400 0.533
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Fault Location Method of Multiple
Bearings in Shafting Based
on SPWVD-CNN

W. T. Huang, H. Zhai, Y. Lei, and W. J. Wang

Abstract To solve the problem of multi-bearing fault diagnosis in mechanical
equipment, it is necessary not only to confirm whether there is fault in shafting, but
also to determine the position of the fault bearing, so as to meet the application
needs in practical engineering scenarios and effectively realize further diagnosis. In
this study, a fault location diagnosis method based on CNN for multiple rolling
bearings under coaxial installation in shafting is proposed. First, By analyzing the
vibration response signals in time domain and frequency domain, a time-frequency
analysis method based on SPWVD is proposed to identify the fault signal and the
coupling signal. Then, the information of fault and position can be used as the input
of AlexNet network for diagnosis by stitching the time-frequency diagrams of
bearing signals of each position in the shafting. The experimental results show that
the accuracy of fault diagnosis of the inner and outer ring fault bearings is above
90% when the three bearings are coaxial installed in the shafting. It verifies the
effectiveness of fault location based on SPWVD-CNN in the coaxial installation of
multiple bearings in the shafting.

Keywords Multiple bearings in shafting � Fault location � SPWVD-CNN

1 Introduction

At present, the research on fault diagnosis of rolling bearings is mainly focused on
fault detection, diagnosis or defect location of a single bearing, ignoring the
diagnosis research on the coaxial operation of multiple bearings in the shafting. But
in practical engineering applications, bearings are used simultaneously. For
example: the installation of bearings on the main shaft of wind turbine mostly uses
two or three point support; Bearings are used in aircraft engines in the form of
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pairwise installation, etc. Therefore, the study of single bearing failure in isolation is
obviously inconsistent with the practical application of bearing in engineering.

Shafting structure exists in many large mechanical equipment, so bearing fault
diagnosis in shafting has gradually attracted the attention of some researchers. Ma
et al. [1] proposed a multi-objective integrated deep learning diagnosis strategy that
weighted and integrated the Convolutional Residual Network (CRN), Deep Belief
Network (DBN) and Deep Auto Encoder (DAE) realized the diagnosis of rotor and
bearing faults; Han et al. [2] extracted bearing contact angle by using spline
interpolation algorithm to identify the specific position of bearing fault. The signal
is decomposed and reconstructed by full-vector EMD, and the contact times of
bearing single ring are recorded by the chamfered domain analysis, which realizes
the diagnosis of fault type. Dai et al. [3] analyzed the bearing signal based on the
principle of satellite positioning, and used time-amplitude curve analysis to capture
the fault frequency at the moment of occurrence. This time was taken as the input
condition to calculate the vibration wave source position and judge the position of
the fault bearing; Sun et al. [4] used the K-means to extract feature vectors from the
energy of different frequency bands after wavelet decomposition, and then used the
hidden Markov Model to diagnose the fault and determine the fault location; Chi
et al. [5] adopted the degree of cyclostationariness as an indicator for distinguishing
the characteristics of bearing signals at different positions, and used the slope of the
fitting curve of kurticity—degree of cyclostationariness of different components of
fault signals as a diagnostic parameter to identify the position of fault bearing in the
shafting; Based on the exclusion analysis method, Wang et al. [6] combined the
multi-spectrum analysis algorithm and GEMD algorithm to diagnose the fault
position in the system through the crossover results of each spectrum analysis
method; Wang et al. [7] used the pulse source positioning method to calculate the
difference between the sound source and each microphone in order to identify the
fault location in the rotating machinery for periodic pulse signals with high noise.

There are two main reasons for the difficulty in fault diagnosis of multiple
bearings in shafting: first, when multiple bearings are installed coaxially, coupling
between signals would occur resulting in that the measured signals would no longer
have a single fault characteristic; second, when diagnosing multiple bearings in
shafting, it is necessary not only to diagnose the existence of faults, but also to
confirm the fault location. This article uses the SPWVD to analyze the vibration
response signal of each bearing in shafting, which could distinguish the fault signal
and coupling signal. Then time-frequency images are spliced according to the
bearing position in shafting. Finally, the fault bearing in shafting is diagnosed by
convolution neural network.
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2 Analysis of Rolling Bearing Fault/Coupling Signal
in Coaxial State

2.1 Time Domain Analysis of Rolling Bearing Fault/
Coupling Signal

When bearing fault signals and coupling signals in coaxial state are observed from
the perspective of time domain, impact signals would be generated when the ball
moves to the fault area, whether the fault of the rolling bearing is in the outer or an
inner raceway. This phenomenon can be regarded as an important feature of time
domain analysis. Taking the coaxial installation of three bearings as an example,
observing the vibration response signals measured at the motor end (Position 1), the
middle position (Position 1) and the position away from the motor (Position 3)
when the faulty bearing is at Position 1. The specific installation position of the
bearing is shown in Fig. 1. Machinery Fault Simulator (MFS) is used to collect data
and the bearing type used is 6205. The sensor’s sampling frequency is set to
51,200 Hz, the sampling time is set to 5.12 s and the shaft speed is set to
1200 r/min. Data collection should be carried out after the motor is stable to avoid
random interference caused by unstable operation.

The vibration response signals of the bearings at each position acquired are
shown in Fig. 2. By analyzing the vibration response signals of each position, it can
be seen that the vibration signals measured at the Position 1 have impact charac-
teristics due to the presence of the faulty bearing. The bearings installed at Position
2 and 3 are all normal bearings and the measured signals should not have the
characteristics of failure impact. However, because all the bearings are in the state
of coaxial installation, the vibration response signals measured at the other two
positions also have the characteristics of failure impact due to the coupling effect.
Therefore, it’s hard to determine whether the bearings at various positions in the
shafting are fault or healthy but disturbed by coupling effects just according to the
time-domain impact feature.

Motor Position 1 Position2 Position 3

Fig. 1 Specific installation of
bearings
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2.2 Frequency Domain Analysis of Rolling Bearing
Fault/Coupling Signal

In addition to analyzing the signal from the time domain according to the impact
characteristics, analyzing the characteristics of the rolling bearing vibration signal
from the frequency domain is also one of the common bearing fault diagnosis
methods [8].

The characteristic frequency of inner ring fault of rolling bearing is expressed as

fbpo ¼ Z
2
fr 1þ De

Dp
cos a

� �
ð1Þ

The characteristic frequency of outer ring fault of rolling bearing is expressed as

fbpo ¼ Z
2
frð1� De

Dp
cos aÞ ð2Þ

where fr is the switch frequency; De is the diameter of the ball; Dp is the pitch
diameter of rolling bearing; Z is the number of ball; a is the pressure angle of the
ball.

The outer diameter of the 6205 bearing Do is 52 mm, the inner diameter of the
bearing Di is 25 mm, the number of the ball Z is 9, the radius of the ball re is
3.696 mm, the pressure angle of the ball a is 0, the rotating frequency fr is 20 Hz. It
is calculated that the characteristic frequency of the inner ring fault of the 6205 deep
groove ball bearing is fbpo = 108.56 Hz, and the characteristic frequency of the
outer ring fault is fbpo = 71.44 Hz. According to Eqs. (1) and (2), it can be seen that
the factors affecting the characteristic frequency of the rolling bearing are fr, De, Dp,
Z and a respectively. When the same type of bearing is installed coaxially, the fault
characteristic frequency of each bearing is the same. Therefore, when any bearing in
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the shafting has defects, its impact vibration would cause different degrees of
resonance of each bearing, resulting in the frequency spectrum of all bearings on the
same shaft peaking at the frequency multiplier of the bearing’s fault frequency. That
is, all bearings would have fault characteristics, as shown in Fig. 3.

3 Time Frequency Processing of the Signal

The use of time domain or frequency domain methods alone lacks a comprehensive
description of the signal, resulting in the inability to distinguish the fault signal and
coupling of bearings in the shafting. Therefore, time and frequency are considered
as rulers to represent the signal. The bearing fault signal is processed through
time-frequency analysis, so that the result contains the characteristics of the original
signal in both time domain and frequency domain.

Short-Time Fourier Transform, Wavelet Transform and Wigner-Ville time-
frequency distribution are the common time-frequency processing methods. Due to
the uncertainty principle, the signal information may be lost in the process of
Fourier Transform. When using Wavelet Transform, the results of time frequency
processing of the same signals are different because of the choice of the parent
wavelet, which may make the optimization process of time-frequency results more
complex. Comparatively speaking, the Wigner-Ville distribution is more suitable
for fault diagnosis of rolling bearings [8].
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The expression for the Wigner-Ville distribution is

Wxðx; tÞ ¼ 1
2p

Z1

1
x tþ 1

2
s

� �
x� t � 1

2
s

� �
e�isxds ð3Þ

The problem of cross-term suppression can be solved by adding window
function to s in the processing of signals using the Wigner-Ville distribution.
Adding the window function on the time axis and frequency axis, the cross term of
two directions could be suppressed. This distribution is called the Smooth Pseudo
Wigner-Ville Distribution (SPWVD) [9] and its expression is

SPWxðx; tÞ ¼ 1
2p

Z1

1

Z1

1
hðsÞgðs� tÞx sþ 1

2
s

� �
x� s� 1

2
s

� �
e�isxdsds ð4Þ

where h(s) is the window function on the time axis; g(t) is the smooth window
function on the frequency axis.

It can be seen from Fig. 4 that the time-frequency diagram obtained by using
SPWVD can clearly distinguish the characteristic differences between fault signals
and coupling signals. Therefore, SPWVD time-frequency diagram can be used as
an important tool for bearing fault diagnosis in shafting. Therefore, SPWVD would
be used as a time-frequency analysis method to extract fault features from exper-
imental signals in the follow-up study of this paper.

4 The Fault Location Method Based on CNN

The Convolutional Neural Network (CNN) was originally proposed by LeCun in
1989 [9]. CNN is generally composed of input layer, convolution layer, excitation
layer, pooling layer and full connection layer. CNN can automatically extract image
features and topological structure, and has good robustness and computing
efficiency.
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CNN network has strong processing capacity for two-dimensional image sam-
ples. Therefore, the two-dimensional time-frequency images of experimental sig-
nals obtained by SPWVD are used as the input of CNN for network training and
fault diagnosis. However, the time-frequency image only contains the fault infor-
mation of a single bearing in the shafting, and no bearing position information can
be obtained from it. Therefore, the time-frequency image input to CNN is spliced
according to the acquired position of the bearing signal, that is, the time-frequency
image generated from the signal measured at position 1 is placed at position 1, and
so on. The essential idea of splicing time-frequency image is to gather the signals of
each bearing in the shafting into a module, so that the splicing time-frequency
image has shafting characteristics and the characteristic dimension is expanded. The
splicing time-frequency image not only contains the bearing fault information, but
also has the fault location information that the time-frequency image of the single
channel signal does not have.

It would take a long time and a large amount of resources to rebuild a new CNN
architecture. Moreover, the new CNN architecture is often not adequately trained,
which leads to insufficient generalization ability of the model. Therefore, instead of
training a CNN model from the ground up by completely using the fault data
samples obtained by the laboratory, it would be easier to classify your own data by
fine-tuning the network structure and parameters of the CNN whose architecture
completed by mass data training. Compared with the new CNN architecture, the
fine-tuned pre-training network has lower requirements on the quality and quantity
of the follow-up training data set. And the pre-trained CNN can also reduce the
training cost and speed up the training process. Therefore, AlexNet model with
fewer network layers and higher training efficiency is selected as the diagnostic
model. AlexNet which was proposed by Krizhesvsky et al. [10] in 2012 is the first
network structure that successfully demonstrates the potential of convolutional
neural networks. After its appearance, CNN has gradually become the core model
of image classification. Its structure is shown in Fig. 5

Input Layer 227×227

Conv 1 11×11 stride=4 / ReLU1

Maxpooling 1 3x3 stride=2

Conv 2 5×5 stride=1 / ReLU 2

LRN 1

LRN 2

Maxpooling2 3x3 stride=2

Conv 3 3×3 stride=1 / ReLU 3

Conv4 3×3 stride=1 / ReLU 4

Conv 5 5×5 stride=1 / ReLU 5

Maxpooling5 3x3 stride=2

Fully Connected Layer 6 / ReLU 6

Dropout 6

Fully Connected Layer 7 / ReLU 7

Dropout 7

Fully Connected Layer 8 

Softmax

Output Layer

Fig. 5 The network structure of AlexNet
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The effectiveness of AlexNet network for locating and diagnosing faulty bear-
ings in shafting is verified by experiments. In the experimental design, AlexNet is
used to locate and diagnose the bearing fault when the rolling bearing in the
shafting has outer ring fault and inner ring fault respectively. Firstly, the data set
input to the diagnostic network is set. According to the above data processing
method, the spliced time-frequency image of bearing signals of each position in the
shafting is obtained when the outer ring fault bearing is located in three positions
respectively, as shown in Fig. 6a. The three types of time-frequency splicing dia-
grams are labeled with data according to the fault location. In this way, the data set
is classified by AlexNet, and the location of the fault bearing in the shafting can be
completed. In the same way, the experimental signals are obtained when the faulty
bearing is an inner ring fault and the data set is set, as shown in Fig. 6b.

Because the AlexNet has strict requirements on the size of input image samples,
the image size converter is used to adjust the time-frequency image size to
227 � 227. The number of time-frequency image of each label in the training set is
set to be 1000. The data sets were divided into training samples and verification
samples in a ratio of 7:3. The epoch is set as 3 and the sample size for each input to
the network is set as 20. In order to speed up the initial training speed, the initial
learning rate is set as 1 � 10−4 and the learning rate attenuation factor is set as 0.5.
Set the sample classification number to be consistent with the sample label type in
the data set. According to the above setting, when the fault bearing in the shafting is
an outer ring fault, the accuracy rate of positioning and diagnosis of the model is
98.45%. The change of accuracy rate and loss of the model in the training process is
shown in Fig. 7a. When the fault bearing in the shafting is an inner ring fault, the
parameters and data sets of the diagnosis model are set the same as when the fault
bearing is an outer ring fault, and then experimental verification is carried out.
Finally, when the fault bearing in the shafting is an inner ring fault, the accuracy of
positioning and diagnosis of the model is 94.67%. The change of accuracy and loss
of the model in the training process is shown in Fig. 7b.

The faulty 
bearing is in

position 1

The faulty 
bearing is in

position 2

The faulty
bearing is in

position 3

a) Bearing with outer ring fault b) Bearing with inner ring fault

Fig. 6 AlexNet diagnostic data set
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5 Conclusion

In this paper, the fault diagnosis of multiple bearings under coaxial installation in
shafting is studied. After analyzing various signals in shafting in time domain and
frequency domain respectively, a signal time-frequency analysis method based on
SPWVD is proposed to distinguish fault signals and coupling signals in shafting.
Aiming at the problem of bearing fault location diagnosis in shafting, the method of
splicing the time-frequency image of bearing signal obtained at each position
according to the position of bearing in shafting is proposed, so that the splicing
time-frequency image contains both fault information and position information.
Then the spliced time-frequency image is used as the input of AlexNet network for
fault location diagnosis. The experimental results show that the accuracy of fault
location is 98.45% when the fault bearing in the shafting is an outer ring fault.
When the fault bearing in shafting is an inner ring fault, the fault location accuracy
is 94.67%.

In future studies, we would diagnose the severity of fault bearings in shafting and
improve the accuracy of fault diagnosis of convolutional neural network under
different working conditions through transfer learning.
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Investigate the Damage of Kinetic
Energy High-Velocity Bird Impact
on Three Different Model Spar by Using
the Coupled Eulerian-Lagrangian
(CEL) Approach

Muhammad Hassam Saeed and Noaman Muhammad

Abstract This study aims the experimental and numerical high-velocity bird strike
on the aircraft’s spar and analysis the kinetic energy (K.E.) of the bird. The
experiment is having different designs of spar resist against the bird strike at high
velocity. The striking velocity of the bird is 300 m/s in this study, using two
materials, one is aluminium, and the second is a composite material. The vertical
plate, top and bottom horizontal plates of the spar are made by aluminium, and
composite plates make other structures. In the first model, plates are parallel to the
top and bottom and between them. In the second V shape plates fix on vertical
aluminium, V shape’s single edge is the outer side. The third is similar to the first
but cover with aluminium cover. Abaqus explicit finite element software is used to
simulate the strike of a bird. Experiment using Coupled Eulerian-Lagrangian
(CEL) approach. Where the bird modelled the Murnaghan EOS, the material
parameters are identified by the optimisation process. The simulated dynamic
response of bird strike on spar are compared with the experimental result to verify
the numerical model. At last, compare the different designs and dissolving power of
K.E. of the bird.
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1 Introduction

Nearly the last thirty years, airline is the most common way of travel. It is smoother
and quicker than other modes of transport. Military aircraft play a significant role in
the war. An engine and a wing are the core parts of an aircraft. All are adaptive and
boost the aircraft to reach its destination. Mostly these two parts are the only ones to
face the attack of birds. Bird impacting is a significant threat to civilian and military
aircraft. The primary wing, horizontal and vertical stabiliser, it has many essential
roles in the whole flight. The primary wing transport the aircraft fuel. Due to these
factors, civil aviation ensures that after the bird strikes, airplane land safely on his
destination or nearby airports. Wing also follows the essential safety requirements for
security of the airplane. Part 25 of the Law allows an airplane to be capable of
completing a flight where the effect of a 4 lb (1.82 kg) bird (8 lb (3.64 kg) on a frame
of a bird’s empennage) might cause structural damage but does not reach within a
wing, where the bird’s speed (Design Cruise Velocity) of an airplane has been
defined at sea level [1]. The bird’s liquid behaviour, according to ShuchangLong,
happens when it reaches a comparatively rigid structure at high velocity. The bird is a
model on a reliable feature by smooth particulate hydrodynamics (SPH) technique in
his research. At the time of the experiment, the atoms were converted into particles
[2]. Sd. Abdul Kalam is concerned with a hydrodynamic model sensitivity study,
carried out by numeric simulation, and his results show that the hemispheric ended
bird form with porosity 0.1 results are very close to the theoretical results [3]. In the
wing spar is mainly a part that combines all together, which provides the left to take
off. It can bear the bird’s impact and dissolve the kinetic energy (K.E) of the bird.
Dahai Research on K.E. of the bird during shock and deformation needs to be studied
(K.E) [4]. According to the studies, a bird impacts the leading edge after failing the
leading edge bird strike on the spar and analysing spar damage [5]. Ernnie Illyani
Basri study about design and simulation validation based on finite element optimi-
sation for tubercle leading edge and internal stress on the spar [6]. The optimisation of
the aircraft’s wing spar beam was done by comparing the crack growth’s tiredness for
various cross-sectional types but constant cross-sectional areas of the spar. Usually,
Coupled Eulerian-Lagrangian (CEL) methods are prevalent and occur at high speed.
Salvatore’s utilising CEL examines and extends the formation of structural defor-
mation and damage by analysing unique impact places and different angle [7]. In this
study, the bird’s hitting velocity is 300 m/s. In this analysis, one is aluminium using
two components, and the second is a composite material. The vertical plate and the
spar’s top and bottom horizontal plates are made of metal, and other frame is made of
composite plates. In the first model, the plates are parallel to and between the top and
the bottom. In the second V, plates mounted on vertical aluminium. The outer side
consists of a single V-shaped tip. The third is same as the first but coated by
aluminium cover. Abaqus explicit finite element software elements are used for the
simulation of bird strikes. Coupling Eulerian-Lagrangian (CEL) experiment.
Experiment. The material parameters of the bird are calculated by the optimisation
method when modelled on the Murnaghan EOS.
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2 Bird Impact Theory

As per the event of impact into three categories: elastic impact theory, plastic
impact theory, and Hydrodynamic impact theory. These theories are classified
based on impact of velocity. In this study, birds behave like fluid, Hydrodynamic
theory treated with the fluid. When a bird impacts a body, there is a common
characteristic in pressure background determined by transducers away from the
centre’s impact but decreases in pressure amplitude at increasing radial distance
from the impact centre. To calculate the time of bird takes to travel through its
length and it is expressed by logically as

T ¼ L
U0

L is the length of the object; T is the impact period and U0 is the initial velocity
impact. In this period, the bird effect is classified into four groups. “Figure 1 shows
all of these groups.”

3 Bird Modelling

The bird behaves like a fluid during impact and designed as a cylinder made by
water, but since there are cavities and internal organs containing air, bird is com-
monly made as made of 90% fluid and 10% air. Here geometry, which represents a
real bird that is also a cylindrical shape, has both ends, is the semi sphere. By using
of empirical formulas derived by the Australian Transport Safety Bureau, 2002.
Federal Aviation Regulations which certification required 4 Ib bird here bird is also
4 Ib and properties of bird is shown in (Table 1) which is derived by emprical
formulas. q (kg/m3) = 942.7 density is calculated by emprical formulas Co (m/s) =
1480 Speed of sound in water = 1480 m/s in this experiment is made by water, and
it is constant.

bird mass ¼ 4 IB ¼ 1:82 Kg

Density ¼ 959� 63 � log10 mass of birdð Þ ¼ 942:7 kg/m3

Diameter of bird ¼ 0:0804 �mass of bird0:035 ¼ 0:098 m

Length of bird ¼ 4 � mass of bird

p � density � Diameter of bird2
� Diameter of bird

6

� �
¼ 0:189 m

Total length of bird ¼ 0:098þ 0:189 ¼ 0:287 m
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Fig. 1 a Initial impact phase; b Shock propagation; c Steady state flow; d Pressure decay process

Table 1 Material properties
of the bird

Properties Values

q (kg/m3) 942.7

Co 0

Co (m/s) 1480

S 0
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4 Marital Damage Modes

To conduct the research on the bird’s high-velocity impact on spar it performed
using finite element analysis (FEA). In composite material, three forms of damage
are considered: fibre loss, ply fracture delamination. They are implementing an
acceptable failure parameter and constitutive equation to the model, the structural
characteristics of marital composite and alloy. In this research, aluminium inner
structure [8] and plates are composite materials T300 [9]. Simulate our study using
the Johnson-Cook damage model for aluminium, and Hashin’s law is for the
composite model. These damage models can predict the material’s behaviour, and
both available finite element (F.E.) tools to model material forming simulations.
The Johnson-Cook model analyses statistical effective and mostly usabble mod-
elling and simulation work. The Johnson-Cook material model is a universal
material relation for metals commonly used in impact simulation and
problem-related penetration. It has a wide range of potential applications. The
composite layer is damage mostly with impact velocity on it. For the impact, that
time, more than one stress acting on the composite layer, Hashin’s law deals with
the different types of failure models and appraises the failure. According to the
Hashin’s law, which used to study these criteria are the developers for the unidi-
rectional polymeric composite layer. It will also be much rough calculation refer to
many types of laminate and non-polymer composite normally Hashin’s applies on
two-dimensional approaches for point stress.

5 Test Model

The moden technological development took place in aciations too, in the result, the
aircraft is faster than it needs a strong wing, which is more reliable and low weight.
This experimentation uses FEA like ABAQUS/Explicit, which is suitable for
research. It provides a nearly accurate result of the experiment. In this steady using
Abaqus FEA is the CEL approach. This study over aims spar design must be
lowweight and able to bear the impact of the bird. In this bird strike, our velocity is
300 m/s. This study uses two materials, aluminium [8], and second is a composite
material [9]. The spar’s vertical plats, top and bottom horizontal plats are made by
aluminium, and the other structures is made of composite plats. In the first
(model-a), plats are parallel to the top and bottom, and between them, “Fig. 2a
shows that model”. In the second (model-b), V shape plats fix on vertical alu-
minium. The single edge of V shape is the outer side “Fig. 2b shows that model”.
The third (model-c) is like the first but cover with aluminium. “Figure 2c shows that
model”. Fix all of these spar models with fixtures and apply the boundary condition
on fixtures. Set the target on the centre of the spar, then bird impact equally on the
spar “Fig. 2d shows all process”.
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5.1 Validation of CEL

To validate our work credibility and approach gives the result of bird impact on the
wing is near to spar’s real bird impact. Validate our methodology to compare the
real experiment, which is presented in [10]. The result of the bird impact in ref-
erence study. Where gelatin bird lode in the gas gun with bird 4Ib (1.82 kg). Which
is fire on aluminium plate Al6061 at a velocity of bird is round about 150 m/s. The
aluminium plate is fixed on a rigid body frame. The dimension of the plate is
550 * 550 * 6.35 mm. The diameter is free from the rigid frame is 0.4064 m, after
bird impact on plate. Like bowel shape using the CEL approach in Abaqus explicit,
its damage replaced the body frame by the boundary condition. After getting the
resulting CEL, compare with the experiment results, “Fig. 3 shows the result of an
experiment and CEL bird impact.”

6 Result

This simulation carried out in three different types of spars. All details are described
in the above part of the paper. The striking velocity of the bird in 300 m/s. The
bird’s mass is 1.82 k.g. When the bird strikes on the model, the bird’s K.E is

Fig. 2 Test models
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decreasing. Due to K.E’s absorption in the material. Three different spar designs
have a different type of response against the bird strike the K.E “Fig. 4 shows
kinetic energy graph.”

Fig. 3 Results comparison

Fig. 4 Kinetic energy graph
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7 Conclusion

This research aims to stimulate the bird strike’s impact on the spar and assess the
damage at velocity 300 m/s. Our validation proves that the CEL method is given
nearly accurate results to the experiment. Finite element computational simulations
of the bird effect were carried out using the CEL technique to represent the bird
body. The bird was modelled using the EOS with water properties. Based on the
numerical simulation results, “Figs. 5, 6 and 7, shows the results,” model-c is given
better results than others. The outer covers absorb the K.E. of the bird, and the

ba

Fig. 5 Bird strike simulation in model-a at 300 m/s, a t = 0.12 ms; b t = 4 ms

Fig. 6 Bird strike simulation in model-b at 300 m/s, a t = 0.12 ms; b t = 4 ms

Fig. 7 Bird strike simulation in model-c at 300 m/s, a t = 0.12 ms; b t = 4 ms
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composite material plates help absorb energy. Model-a gave the result better than
model-b. The composite plates help to cut the bird into pieces and divide the K.E.
The aluminium plate of the spar, which is vertically absorbed more K.E then the
composite material.
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Effects of Y2O3 on Microstructure
and Wear Resistance of Laser
Cladding Ni-Based Coating
on 42CrMoA Alloy Steel

Yunfeng Li, Yan Shi, and Qingtang Wu

Abstract In the paper, Ni45 alloy coating was produced by laser cladding on
42CrMoA alloy steel using the 5 kW CO2 laser, four-axis CNC machines and the
coaxial powder feeding system. It were investigated that the effects of Y2O3 on
microstructure and wear resistance of the Ni-based coating. The macromorphology
and microstructures were characterized by using optical microscopy, SEM, and
microhardness tester. The wear properties were evaluated on the friction-wear
tester. The results show that the microstructure was first refined and then coarsened
with the increase of Y2O3 addition. When the Y2O3 addition is 0.3 wt%,the coating
showed the finest microstructure. Meanwhlie, the wear rates of coating were
gradually decreased.

Keywords Laser cladding � Y2O3 � Microstructure � Wear resistance

1 Introduction

Laser cladding has been widely used in industrial manufacturing [1]. Meanwhile,
the laser cladding can be mainly divided into two ways on the basis of the methods
of adding powder. One of two ways is Pre-placed laser cladding. The pre-placed
method can make ensure that the content of additions (rare earth, carbide etc.) isn’t
decreased in composite coating during the laser cladding process.
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At present, rare earth elements (REs) and their oxides (REO) have been widely
used in various industrial fields [2, 3]. Many scholars have investigated the influence
of rare earth (such as Y2O3, CeO2, La2O3 et al.) on microstructure, physical and
chemical properties of composite coating by pre-placed laser cladding for the past
many years. Of these, the effects of micron-CeO2 and nano-CeO2 powders have been
investigated by laser cladding. The results show that the microstructure and properties
of the coatings with the addition of micron-CeO2 and nano-CeO2 were better than the
coating without CeO2 added [4–6]. Meanwhile, some researchers also investigated
the effects of La2O3 on microstructure and properties in clad layer [7–9].

In addition, the Y2O3 has been discussed in many studies. Liu Qibin et al. [10]
study the effect of Y2O3 on microstructure of composite coating. The result indicate
that the best effect of rare earth in synthesizing HA and b-TCP was acquired with
the content of Y2O3 from 0.3 to 0.6%. Anil Kumar Das et al. [11] develop the
micro-hardness and wear resistance of alloyed layer with and without the Y2O3 in
the mixed powder of Ti+SiC+h-BN on the Ti–6Al–4V substrate by laser surface
alloying. The micro-hardness and wear resistance of alloyed layers are enhanced
significantly with Y2O3 addition. According to the report by Li H.C. et al. [12], the
optimal addition of Y2O3 have the best effect on microstructural refinement and
cracking resistance of CaO-SiO2 coatings.

Although the above papers already have investigated the influence of rare earth
in clad layer by the pre-placed method, there are many disadvantages about it. The
deformations, cracks, pores and slags also can be generated in clad layer. Except as
described above way of Pre-placed laser cladding, the coaxial powder injection is
used to feed powder in molten pool. It can improve the absorptivity of laser energy
and eliminate the pores in coating. Furthermore, the synchronized shielding gas can
prevent the oxidation of the molten pool. Parisa Farahmand investigated the effects
of rare earth element (La2O3) on the microstructure, microhardness and corrosion
resistance of Ni-WC coatings by using a coaxial powder feeding system. The grain
of the coating was refined with nano-WC particles and La2O3 [13].

From the above studies, no one has done any research about the Individual
effects of Y2O3 in Ni45 composite coating by the laser cladding of coaxial powder
feeding. So in this paper will reveal the effect of Y2O3 on the microstructure,
microhardness and wear resistance of the Ni45 composite coating by coaxial
powder feeding laser cladding.

2 Experiment Methods

2.1 Material

The composite coating was fabricated on the substrate of 42CrMoA alloy steel. The
Ni45 powder were used to clad the composite coating. The Y2O3 powder was added
into the Ni45 powder in the mass fraction of 0.0, 0.3 and 0.6 wt%.
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2.2 Equipment

The laser cladding were conducted by a process device (a 5 kW CO2 laser, a 4-axis
CNC platform and a powder feeder). The clad layers were produced by multi-track
laser cladding with a overlapping rate of 40%. The laser process parameters on clad
procedure were explored including 2100 W of laser power, 8.5 g/min of powder
feed rate and 300 mm/min of laser scan speeds.

The cross-section of clad specimens were ground and polished. Afterwards, aqua
regia was used to etch the sample. The microstructures of clad layers were char-
acterized by a JEOL: JSM-6510F SEM microscope. A Empyrean sharp shadow
X-ray Diffractometer was used to analysis the phases of the clad layers. The
microhardness was measured by a MH-60 tester.

The wear teat of the clad layers sliding against GCr15 steel ring were conducted
with a method in Fig. 1. Under condition of 98 N load, the GCr15 steel ring
performs a 30 min wear test on the clad samples at a rotating speed of 400 r/min.
The wear rate x of the clad layers were calculated by the Eq. (1) [14]:

x ¼ Vloss
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ð1Þ

Vloss ¼ B
pR2
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arcsin

b
2R
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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ð2Þ

L¼2pRvt ð3Þ

Fig. 1 Friction and wear test. a Friction and wear device, b wear track
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Volume loss (Vloss) is calculated by Eq. (2), B and b is the length and width of
the wear track (mm), R is the radius of the GCr15 steel ring (25 mm), L is the wear
distance (mm) as calculated by Eq. (3), v is the rotating speed of the GCr15 steel
ring (400 r/min), t is the wear time (30 min), F is the load (98 N).

3 Result

3.1 Cracks Morphology of Clad Layers

The cracks morphology of clad layers with different amount of Y2O3 are shown in
Fig. 2, respectively. The number of cracks were decreased first and then increased
with the increase of Y2O3 addition.

3.2 Microstructure Characteristics of Clad Layers

The microstructure of the clad layers with different amount of Y2O3 are shown in
Fig. 3. It can be observed that the variation of solidification type were in the forms
of columnar dendrites and equiaxed crystals. With increasing amount of Y2O3, the
length and quantities of columnar dendrites were decreased first and then increased.
However, the quantities of equiaxed crystals were first increased and then
decreased. The crystal size of clad layer with the amount of 0.3 wt% is most
uniform and fine.

3.3 Microhardness of Clad Layers

Figure 4 show the microhardness of the clad layers with different amount of Y2O3.
The clad layers with the addition of Y2O3 possess higher micro-hardness than that
of the clad layer without Y2O3. With the gradual increase of Y2O3 addition, the
microhardness gradually increased.

Fig. 2 Cracks morphology of clad layers with different amount of Y2O3. a 0.0 wt%, b 0.3 wt%,
c 0.6 wt%
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3.4 Wear Resistance of Clad Layers

Figure 5 shows the wear rate of the clad layers. As the content of Y2O3 increased,
the wear rate decreased first and then increases. When the addition amount is 0.3 wt
%, the wear rate does not decrease significantly. When the addition of Y2O3

increased to 0.6 wt%, the wear rate dropped to the lowest value.

4 Discussion

4.1 Effect of Y2O3 on the Microstructure of Clad Layers

Figure 6 show the microstructure of the clad layers by SEM analysis. It can be seen
that the primary dendrites of clad layers with Y2O3 addition (Fig. 6b) became more

Fig. 3 Microstructure of clad layers with different amount of Y2O3. a 0.0 wt%, b 0.3 wt%,
c 0.6 wt%

Fig. 4 Microhardness of clad layers with different amount of Y2O3
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fine and uniform than that of clad layer without Y2O3 addition (Fig. 6a).
Meanwhile, the clad layer without Y2O3 showed a clear dendritic morphology.
There was a coarse dendritic structure, and a large number of particles precipitate in
the eutectic zone. When 0.3 wt% Y2O3 is added (Fig. 6b), the size of primary
dendrites was refined significantly in the clad layer with the amount of 0.3 wt%.
The dendritic and columnar grains disappeared, and uniformly distributed fine
grains were formed.

At the same time, The hypoeutectic zone is largest than that of another clad
layers. The eutectic structure with a larger distribution area was formed at the
refined grain boundary, the particles precipitated in the eutectic zone are signifi-
cantly reduced, and the particle size is significantly reduced. As the addition of
yttrium oxide increased to 0.6 wt%(Fig. 6c), the microstructure was significantly
coarsened, and larger columnar crystals were formed, and the particle precipitation
gradually increased.

Due to the large atomic radius of Y can generate a great amount of lattice
distortion and increase the total energy of system [15]. So, the Y2O3 are easily
converged to grain boundaries for retaining the lowest free energy of the grain
growth. When the Y element accumulate over the grain boundaries, it could have an

Fig. 5 Wear rate of clad layers with different amount of Y2O3

Fig. 6 Microstructure of clad layers with different amount of Y2O3. a 0.0 wt%, b 0.3 wt%,
c 0.6 wt%
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positive effect on retarding grain evolution by creating a dragging effect during the
process of grain growth [16]. The Y2O3 can reduce the energy of solid-liquid
interface in the molten pool, which cause probably the reduction of Gibbs free
energy for forming a nucleus. Therefore, Y element can reduce the phenomenon of
critical nucleation by generating the more number of nuclei. In a word, the grains
become finer with the growing number of nucleation formed in the solidifying
molten pool [17].

4.2 Effect of Y2O3 in Reducing Crack Susceptibility

According to the characteristic of rapid solidification, the high cooling speed and
temperature gradient can result in forming the cracks [18]. Further to this, it can
cause the propagation of cracks that the coefficient of thermal expansion of matrix
and clad layer exist a larger difference. Besides, the toughness can be reduced
throughout the section of clad layer owing to the inhomogeneous distribution of the
coarse brittle phase and the high density of reinforcing carbide phase [19].

Due to the Y2O3 addition of clad layer, the grains were refined and caused the
increase in the number and area of grain boundaries [16]. The crack initiation may
be hindered and the dragging effect is improved on the propagation of cracks [20].
Additionally, the development of grain boundaries decrease the concentration of
impurity and the density of dislocation. The stress concentration can be relieved by
the above advantages. When too much Y2O3 was added (0.6 wt%), the clad layer
showed many larger crystal grains. It could reduces the density of grain boundaries
and aggravates dislocation slip. In addition, too much Y2O3 were enriched to the
grain boundary, which greatly increased the brittleness of the grain boundary and
the microhardness. The above reasons cause the clad layer with 0.6 wt% Y2O3 to
have a greater tendency to crack.

4.3 Effect of Y2O3 on the Wear Morphology of Clad Layers

Figure 7 show the wear morphology of the clad layers by SEM. For the clad layer
without Y2O3 (Fig. 7a), the worn surface shows obvious adhesive wear and plastic
deformation, no obvious furrows are formed. When 0.3 wt% Y2O3 is added
(Fig. 7b), a wide and deep furrow is formed on the wear surface of the coating. As
the Y2O3 content increases to 0.6 wt% (Fig. 7c), a larger number of narrow furrows
are formed on the worn surface.

When the Y2O3 content is 0.3 wt%, the microstructure was significantly refined.
The refined structure brings dense grain boundaries and eutectic regions. The
boundary has been significantly strengthened, resulting in a strong tendency of
slippage of dislocations near the grain boundary, thereby increasing the possibility
of slip transfer within the grain [21]. At the same time, the grain boundaries help the
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stress relaxation at the front end of the worn microcracks, and hinder the continued
propagation of the cracks. However, the 0.3 wt% Y2O3 does not significantly
increase the microhardness. So it does not show a lower wear rate. As the addition
of Y2O3 increase, the Y2O3 enriched at the edge of the grain will hinder the
dislocation slip of the grain boundary, thereby slowing down the amount of wear.
But when the content of Y2O3 reaches 0.6 wt%, too much Y2O3 will be enriched to
the grain boundary, which greatly increases the brittleness of the grain boundary
and the microhardness of clad layer. So that the coating wear rate is reduced. In
summary, the addition of Y2O3 can refine the microstructure and enhance the wear
resistance of the coating.

5 Conclusions

(1) The microscopic analysis results show that with the increase of rare earth
content, the coating grains are first refined and then coarsened. When 0.3 wt%
Y2O3 is added, the grain size of the coating is smaller.

(2) The micro-hardness of the clad layers with the 0.3 wt% Y2O3 were higher than
that of the clad layer without Y2O3. Meanwhile, the microhardness gradually
increased with the increase of Y2O3 addition.

(3) The wear resistance test shows that the wear rate of the clad layer gradually
decreased as the content of Y2O3 increased. When the amount was increased to
0.6 wt%, the wear rate of the clad layer dropped to the lowest value.

Acknowledgements The authors are also grateful for the financial aids from the Foundation of
Changchun Institute of Equipment and Processes (Grant No: WDZC2019JJ015).

Fig. 7 Wear morphology of clad layers with different amount of Y2O3. a 0.0 wt%, b 0.3 wt%,
c 0.6 wt%
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Effect of Nb/Sn and B Combinatorial
Micro-alloying on the Microstructure
and Corrosion Properties of As-Cast
TiFe-Based Alloys

J. W. Li, Z. Y. Wang, S. X. Liu, H. S. Cao, Z. H. Dan, and H. Chang

Abstract Effects of Sn, Nb and B micro-alloying on the microstructural refine-
ments and the anti-corrosion properties have been investigated in order to obtain the
finer initial cast microstructures of TiFe-based alloy ingots. Three alloys including
Ti73.3Fe26.7, Ti73.3Fe24.6Nb2B0.1, Ti73.3Fe24.6Sn2B0.1 alloys have obtained by vac-
uum suspension melting and the effect of adding Sn, Nb, B on the structure,
corrosion properties of Ti–Fe alloys has been explored by surface morphology,
X-ray diffraction, grain size statistics, potentiodynamic polarization measurements
and contact angle tests. The results show that the grain sizes of TiFe-based alloys
can be reduced by chemical compositions designs, and the corrosion resistance can
be improved as well. The grain refinements by micro-alloying can be achieved for
all regions. The average grain sizes at the edge of cast ingots were confirmed to be
225 lm for Ti73.3Fe26.7 alloy, and the size of 156 lm for Ti73.3Fe24.6Sn2B0.1 alloy
and 86 lm for Ti73.3Fe24.6Nb2B0.1 alloy, respectively. The refinement efficiency
was 30.8 and 61.8% by the minor addition of Sn/Nb+B elements. According to the
polarization curves, the corrosion potential of micro-alloyed TiFe-based alloys
positively shifted more than 200 mV. The refinements are possibly ascribed to the
low diffusion coefficients of micro-alloyed elements and the inhibition of the rapid
growth of the grains.

Keywords TiFe-based alloys � Chemical compositions design � Microstructural
refinement � Corrosion performance
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1 Introduction

Since the 1950s, titanium and titanium alloys have attracted the extensive attention
of researchers because of their superior properties, such as high strength-to-weight
ratio, good corrosion resistance to strong corrosive medias, nonmagnetism, and
biocompatibility [1–3]. The design of chemical compositions of the titanium alloys
is of importance to meet the specific demands for the practical applications. These
a-phase stabilized elements, i.e. Al, C, N and O, tend to increase the phase tran-
sition temperature. On the contrary, b-phase stabilized elements, such as Fe, Mo,
Mg, Cr, Mn and V decrease the phase transition temperature. Neutral elements, i.e.
Sn, Zr, are considered to have little effect on phase transition temperature. The
designs and optimal combination of the alloying elements can effectively manip-
ulate the initial microstructures of the as-cast alloys, and further improve the
mechanical performances of a titanium alloys, b titanium alloys and a+b titanium
alloys after the specific plastic deformations to obtain the finer grains.

It has been the choices of many researchers to add Fe as b-phase stabilizing
element to improve the compressive strength, tensile strength and elastic modulus
of the titanium alloys. Binary Ti65Fe35 alloys prepared by arc melting and casting
exhibit a high mechanical strength of 2.2 GPa, ductility of 6.7% and a Young’s
modulus of 149 GPa by Louzguine [4]. Peng et al. [5] reported that the tensile
strength of the Ti1−xFex alloys was significantly enhanced when they increase the
Fe concentrations. Zhang et al. [6] revealed that the average columnar dendrite
spacing of as-cast Ti–46Al alloy was 1,000 lm, and they refined as-cast structure of
Ti–46Al alloys by Hf and B additions. Das et al. [7] investigated the addition of the
element Sn to binary Ti70.5Fe29.5 alloy, and they found that the ingots of the
Ti67.79Fe28.36Sn3.85 alloy have ultrafine high-strength ductile eutectic and high
processibility at a low cooling rate of 10 K/s. Sn element was added to improve the
surface tension of the melt in the process of smelting and affect the solidification
processes and the casting microstructure, thus the corrosion resistance was
improved [8]. Meanwhile, Nb element can be used to refine grains and make
intermediate phase precipitation strengthening [9]. Ehtemam-Haghighi et al. [10]
assessed the effects of Nb contents on the microstructural and mechanical charac-
teristics of the Ti–Fe–Nb alloys, and the Young’s modulus values decreased from
129 to 84 GPa with Nb additions from 0 to 11 wt%. Tamirisakandala et al. [11]
revealed that the as-cast grain sizes have been reduced by about an order of
magnitude in Ti–6Al–4V and Ti–6Al–2Mo–4Sn–2Zr alloys with an addition of 0.1
wt% B. It has also been reported that a trace of *0.1 wt% B addition to Ti-6Al-4V
alloys can reduce the grain sizes with nearly an order of magnitude [12, 13]. B was
added to improve the mechanical performances of the casting titanium alloy [14,
15]. Therefore, the combination of Fe and other minor alloying elements, such as
Nb, Sn and B, is proposed here to reduce the initial grain sizes, refine as-cast
microstructures and improve the properties of TiFe-based alloys.
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This research aims to refine the microstructure by adding Sn, Nb and B elements
to the binary Ti73.3Fe26.7 alloy and improve the corrosion performance of binary
Ti73.3Fe26.7 alloy. Meanwhile, the refined microstructure is helpful to obtain the
better deformed microstructures in the subsequent materials processing.

2 Materials and Methods

Ti73.3Fe26.7, Ti73.3Fe24.6Nb2B0.1 and Ti73.3Fe24.6Sn2B0.1 button ingots of about
300 g were prepared by cold crucible suspension melting furnace with mixtures of
Ti (99.7 mass%), Fe (99.9 mass%), Sn (99.99 mass%), Nb (99.99 mass%) and B
(99.5 mass%). The microstructure was observed on Zeiss metallographic micro-
scope after etching in HF, HNO3 and H2O solution with volume ratio was 1:2:7.
The potentiodynamic evaluations were implemented in 0.1 M HCl solution with
scan rate of 1 mV/s and in the potential range from −1 to 1.5 V. An X-ray
diffractometer (XRD, Rigaku, Geigerflex) was used to analyze the constituent
phases. The contact angle tests were carried out in pure water and n-Hexadecane.
The metallographic observations and corrosion evaluations were conducted at the
edge, middle and central zones, respectively.

3 Results and Discussion

The Moeq [16], defined as the sum of the weighted averages of the elements (wt%),
can be used as a criteria for the mechanical properties in Eq. (1):

Moeq ¼ Moþ 0:67Vþ 0:44Wþ 0:28Nbþ � � � þ 1:25Niþ 1:7Coþ 2Fe wt:%ð Þ
ð1Þ

The Mo equivalent was confirmed to be 53.4 for Ti73.3Fe26.7 alloy, and the Mo
equivalent of 49.2 for Ti73.3Fe24.6Sn2B0.1 alloy and 49.76 for Ti73.3Fe24.6Nb2B0.1

alloy, respectively. According to the Moeq, Nb/Sn+B micro-alloyed alloys belong
to the stable b-type titanium alloys.

Figure 1a, b, c and d are the metallographic photos of the edge zones of three
alloys and the change of the average grain sizes in the edge, middle and central
zones. The average grain sizes at the fine grains distributed in the edge zones were
confirmed to be 225 lm for Ti73.3Fe26.7 alloy, 156 lm for Ti73.3Fe24.6Sn2B0.1 alloy
and 86 lm for Ti73.3Fe24.6Nb2B0.1 alloy, respectively. The refinement efficiency
was 30.8 and 61.8% by the addition of Sn, Nb and B elements. The average grain
sizes of columnar crystals at the middle zones were done to be 232 lm for
Ti73.3Fe26.7 alloy, 174 lm for Ti73.3Fe24.6Sn2B0.1 alloy and 100 lm for
Ti73.3Fe24.6Nb2B0.1 alloy, respectively. The refinement efficiency was 25.0 and
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56.9% by micro-alloying. These of equiaxed grains at the central zones were
measured to be 227 lm for Ti73.3Fe26.7 alloy, and the size of 168 lm for
Ti73.3Fe24.6Sn2B0.1 alloy and 95 lm for Ti73.3Fe24.6Nb2B0.1 alloy, respectively. The
refinement efficiency was 26.0% and 58.1%. The Nb+B combination is most
effectively for the refinements of the initial as-cast microstructures of Ti73.3Fe26.7
alloy. Moreover, it is obviously that the grain refinement efficiency in the edge area
is the highest. This may be ascribed to the high cooling rates and heat transfer of
melt solutions close to the copper cold crucible.

Figure 2a, b and c show the XRD patterns of as-cast Ti73.3Fe26.7,
Ti73.3Fe24.6Nb2B0.1, Ti73.3Fe24.6Sn2B0.1 alloys at the different tested zones. There
are obvious diffraction peaks from b-Ti phases in the edge, middle and central
zones at about 40°. The diffraction peaks are very strong corresponding to
(110) planes. There is also a small diffraction peak at about 43°, the peak is arising
from TiFe phases. In addition, small b-Ti diffraction peaks can be found at 58° and
74°. The three large XRD diffraction peaks were confirmed to belong to b-Ti phases
in the quaternary alloys at the edge, middle and central zones, corresponding to the
(110) plane, (200) plane and (211) plane. According to the diffraction patterns, a
small amount of a-Ti phases precipitated in the matrix of as-cast Ti73.3Fe26.7 alloys
due to the insufficient stabilities of 26.7% Fe. The diffraction peaks can be assigned
to b-Ti, a-Ti, TiB2, TiFe phases. The presence of new phase P6/mmm TiB2 may be
one of the reasons for the grain refinements through the increases of the grain
boundaries and the nucleation densities, and inhibit effect of the atomic diffusion.
There are two phases, TiFe and b-Ti, in the microstructure of three alloys. The
lattice parameter of the Pm�3m TiFe phase (a = 0.2983 nm) is slightly larger than

Fig. 1 Metallographic photos of as-cast Ti73.3Fe26.7 (a), Ti73.3Fe24.6Nb2B0.1 (b),
Ti73.3Fe24.6Sn2B0.1 (c) alloys in the edge zones and the change of the average grain sizes in the
edge, middle and central zones (d)
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that of TiFe phase (B2, a = 0.2975 nm). The small black regions in Fig. 1a, b, c
may be TiFe phase instead of TiB2 phase because of the low proportion of B (0.1%)
and small amount of precipitated TiB2 phases. The lattice parameter of the Im3m
b-Ti phases (a = 0.3160 nm) is smaller than of pure b-Ti phases (0.33065 nm)
because of the shrinking lattice distortion effects of Fe [17]. On the basis of the
metallographic photos (Fig. 1) and XRD patterns (Fig. 2) of as-cast Nb/Sn+B
micro-alloyed alloys, it is concluded that the main phases for as-cast alloys are b-Ti.
As-cast Ti73.3Fe26.7 alloy is a+b type alloy, and as-cast Ti73.3Fe24.6Nb2B0.1 and
Ti73.3Fe24.6Sn2B0.1 alloys are b type alloys.

Polarization curves of as-cast Ti73.3Fe26.7, Ti73.3Fe24.6Nb2B0.1,
Ti73.3Fe24.6Sn2B0.1 alloys in three different zones in 0.1 mol/L HCl solution are
shown in Fig. 3. The corrosion current density and corrosion potential are obtained
by Tafel slope methods. It can be found that the overall trends of the polarization
curves of the three alloys in the edge, middle and central zones are similar. The
corrosion current density and corrosion potential of as-cast alloys in the edge,
middle and central zones of Ti73.3Fe26.7, Ti73.3Fe24.6Nb2B0.1, Ti73.3Fe24.6Sn2B0.1

alloys are shown in Table 1. According to the polarization curves, the corrosion
potential at the edge region was confirmed to be −0.36 V for Ti73.3Fe26.7 alloy,
−0.27 V for Ti73.3Fe24.6Sn2B0.1 alloy and −0.11 V for Ti73.3Fe24.6Nb2B0.1 alloy,
respectively. The more positive the corrosion potential is and the smaller the
self-corrosion current density is, the better the corrosion resistances the as-cast
alloys have [18]. On the basis of the metallographic photos (Fig. 1), it is concluded
that the corrosion potential of micro-alloyed TiFe-based alloys positively shifted
with the decrease of grain sizes, and the corrosion resistance was improved.
Therefore, their corrosion resistances are improved through the microstructural
refinements by Nb/Sn+B micro-alloying on the basis of the chemical compositions
designs.

Figure 4 shows the surface energy and contact angles with water of as-cast
Ti73.3Fe26.7, Ti73.3Fe24.6Nb2B0.1 and Ti73.3Fe24.6Sn2B0.1 alloys at the central zones.
The contact angles with water at central zones were confirmed to be 89.09° for
Ti73.3Fe26.7 alloy, 92.74° for Ti73.3Fe24.6Sn2B0.1 alloy and 93.75° for
Ti73.3Fe24.6Nb2B0.1 alloy, respectively. Meanwhile, it can be seen that the surface
energies at the central zones were 29.89 mJ m−2 for Ti73.3Fe26.7 alloy, 28.79 mJ m−2

Fig. 2 XRD patterns of as-cast Ti73.3Fe26.7 (I), Ti73.3Fe24.6Nb2B0.1 (II), Ti73.3Fe24.6Sn2B0.1

(III) alloys in the edge a, middle, b, central, c zones
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for Ti73.3Fe24.6Sn2B0.1 alloy and 28.17 mJ m−2 for Ti73.3Fe24.6Nb2B0.1 alloy,
respectively. The surface of as-cast alloys is considered to be hydrophobic because of
the contact angles of large than 90° for Ti73.3Fe24.6Sn2B0.1 and Ti73.3Fe24.6Nb2B0.1

alloys. In general, the lower surface energy reflects the more stable system and the
better corrosion resistance of the alloys to some extent. The larger the surface energy
the smaller contact angles are, the more easily the solid surface will be wetted and the
worse the corrosion resistances of the as-cast alloyswill have [19]. The surface energy
of Ti73.3Fe26.7 alloy was the highest and Ti73.3Fe24.6Nb2B0.1 alloy was the lowest, it
suggests that the addition of Nb/Sn+B improved the corrosion resistances of as-cast
TiFe-based alloys. On the basis of the metallographic photos (Fig. 1), the surface
energies decreased with the decrease of grain sizes and the corrosion resistance was
improved, this trends corresponded to potentiodynamic polarization curves (Fig. 3c).
Hence, their surfaces are more stable through the microstructural refinements by Nb/
Sn+B micro-alloying on the basis of the chemical compositions designs.

Das [8] have suggested that the Sn addition is effective to introduce a spatial
heterogeneity at the interfacial areas, thus minimizing the interfacial strain between
the b-Ti solid solution and the constitute TiFe compounds. Similar findings were also
reported for HCP Mg alloys recently by Ma et al. [20]. It was concluded that eutectic
compounds of Mg alloys are finely distributed and dispersed after adding Sn com-
paredwithMg alloywithout Sn, although the precipitated amount is very small, which
indicates that Sn has the refining effect on theMgZn eutectic compounds [20]. It is also
noted that the addition of Nb causes a quite large lattice mismatch between the b-Ti

Fig. 3 Potentiodynamic polarization curves of as-cast Ti73.3Fe26.7, Ti73.3Fe24.6Nb2B0.1 and
Ti73.3Fe24.6Sn2B0.1 alloys at the edge, a middle, b central, c zones

Table 1 Summary of the grain size, and the electrochemical properties of the as-cast Ti73.3Fe26.7,
Ti73.3Fe24.6Nb2B0.1, Ti73.3Fe24.6Sn2B0.1 alloys in the edge, middle and central zones

Alloys Grain size/lm Corrosion potential/V Corrosion current
(10−7A/cm2)

Edge Middle Central Edge Middle Central Edge Middle Central

Ti73.3Fe26.7 225 232 227 −0.36 −0.35 −0.37 5.94 4.95 8.63

Ti73.3Fe24.6Sn2B0.1 156 174 168 −0.27 −0.06 −0.23 0.74 0.25 0.52

Ti73.3Fe24.6Nb2B0.1 86 100 95 −0.11 −0.15 −0.12 5.67 5.12 2.20
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and TiFe phases [9, 10, 21], as revealed by the increase of the b-Ti lattice parameter,
and simultaneously introduces a coherency strain as well as minimizes the coherency
stress at the interface, which may be favorable to absorb dislocations from the b-Ti
(Fe, Nb) phases. Hence, we consider that the Sn, Nb and B elements could form solid
solution of b-type titanium alloys, which leads to the lattice distortions of Ti and
hinders transference of Ti and Fe atoms. The good refinements in the microstructures
in the middle and central zones of Ti73.3Fe24.6Nb2B0.1 alloys are considered to be
resulted from the suppression effects of the fast growth of the grains by the low
diffusion coefficients of Nb+B combinations. The diffusion coefficients of Ti and Nb
are DTi = 4.54 � 10−4e−31300/RT cm2/s and DNb = 2.91 � 10−4e−31030/RT cm2/s,
respectively [22]. The diffusion coefficient of Nb is smaller than that of Ti. The
intermediate refinements from Sn+B combination might be resulted from the surface
tension and high viscosity of Sn element [7, 8]. The surface tension of Sn is about from
470 to 630 mN/m near the melting point, and those of Ti is about from 1390 to
1650 mN/m. It is obvious that the surface tension of Ti is much larger than that of Sn.
From the aspects of the surface diffusion and the surface tensions, the slower surface
diffusion and the smaller surface tension helps to increase the nucleation density and
inhibit the fast growth of the nuclei. As a result, the finer microstructure refined by the
combinatorial micro-alloying of Nb+B and Sn+B into eutectic Ti73.3Fe26.7 alloys.
According to Hall-Petch [23, 24] formula in the form ofrs = r0 + kd−1/2 (rs: tensile
strength; d: grain size), the yield strength increases drastically with the decrease of the
grain sizes. Therefore, the present microstructural refinements arising from the
combinatorial micro-alloying of Nb/Sn and B are highly expected to enhance the
mechanical properties of the TiFe-base alloys after plastic deformations such as
forging, hot-rolling and cold rolling processing.

Fig. 4 Surface energies and
contact angles of as-cast
Ti73.3Fe26.7,
Ti73.3Fe24.6Nb2B0.1 and
Ti73.3Fe24.6Sn2B0.1 alloys at
the central zones
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4 Conclusion

Combinatorial micro-alloying of Nb/Sn and B has been employed to refine the initial
microstructures of as-cast Ti73.3Fe26.7 alloys on the basis of the chemical composition
design. As-cast Ti73.3Fe26.7 alloy is a+b type alloy, and as-cast Ti73.3Fe24.6Nb2B0.1

and Ti73.3Fe24.6Sn2B0.1 alloys are b type alloys, on the principle of Mo equivalence
and XRD data. The micro-alloying of Nb+B can drastically reduce the grain sizes
with high refinement efficiency, although Sn+B addition can also refine the initial
microstructure with a medium level. The refinements have been achieved by both
combinatorial Nb+B and Sn+B additions. The corrosion resistances of micro-alloyed
TiFe-based alloys were improved due to the microstructural refinements and the
formation of the small-sized grains. The initial cast microstructure with refined grains
is highly expected to enhance the mechanical properties of the TiFe-base alloys.
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Sputter Deposited Nanocomposite
Cr-Based Films and Their
Characterization

A. Vyas and Z. F. Zhou

Abstract The Cr-C-N films with varied N concentrations (45.3–25.5 at.%), con-
trolled by closed loop optical emission monitoring, were deposited onto Si(100) and
M42 steel substrates by reactive magnetron sputtering technique. The deposited
films were characterized by employing X-ray photoelectron spectroscopy (XPS) for
elemental composition and bonding state, X-ray diffraction (XRD) for crystal
structure, Pin-on-disc (POD) test for friction coefficient, Rockwell-C test and
Scratch tests for adhesion and Nanohardness test. It is found that variation in N
concentration influences the structure and thus the properties. The phase structure
changes from CrN + Cr for samples with N/Cr = 1.16–0.95 (at.%) to
b-Cr2N + CrN + Cr for samples with N/Cr = 0.80–0.42. Film with N/Cr = 0.80,
possesses the highest nanohardness of 27.3 GPa comprising of Cr2N + CrN + Cr
phases. The lowest achieved friction coefficient value was 0.36 and lowest specific
wear rate of 2.1 � 10−8 mm3/Nm, in the pin-on-disk wear test which was mainly
due to the combination of the two factors: growth of hard Cr2N phase and high
carbon content of 20.6 at.% in the film. The low friction coefficient and wear values
are due to the presence of high carbon content. The scratch test provided best
adhesive and cohesive properties with critical load as high as LC2 = 72.9 N for the
hardest film. Rockwell-C adhesion tests demonstrated adhesion strength HF2 for
the hardest film.
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1 Introduction

Cr based hard coatings are traditionally used in industries where engineering tools
such as drills, dies and precision metal parts to increase their performance and life
due to their merits such as good hardness, strength, good adhesion to steel substrate,
high wear resistance, chemical stability, etc. [1–3]. However, for the tribological
properties, Cr-N coatings have high friction coefficients, and thus striving for lower
coefficients of friction (COFs) has been of interest lately. Through the addition of
carbon in Cr-N films, Cr-C-N films with reduced COFs can be prepared by various
techniques [4–8]. Since carbon exists mostly in amorphous form in the films,
mechanical properties of the Cr-C-N films are usually compromised over tribo-
logical properties or vice versa.

It is known that Cr-N coatings have a range of phase compositions (i.e. bcc Cr,
fcc CrN and hexagonal b-Cr2N), depending on the specific deposition conditions
[9, 10]. The Cr2N phase is more covalent than CrN phase, leading to higher intrinsic
hardness than that of purely cubic phases [11]. The formation of hard Cr2N phase in
Cr-C-N films may provide a facile way to increase the film hardness and at the same
time maintain their low coefficients of fiction. The N concentration mainly deter-
mines the phase composition of Cr-N films according to the phase diagram [12],
which then affects the mechanical properties.

In this work, Cr-C-N films with continuously decreased N concentrations are
prepared by reactive magnetron sputtering, and the influence of N content on phase
structure, mechanical and tribological properties of the Cr-C-Nx films are
investigated.

2 Experimental

The Cr-C-Nx films were deposited on Si(100) wafer (for structural and mechanical
analyses) and M42 tool steel (for tribological test) substrates by an unbalanced dc
magnetron sputtering system (UDP 450, Teer Coating Ltd.), with a pure Cr and C
targets (99% pure). The Cr and C target currents were fixed at 4.0 A respectively.
The base pressure of the vacuum chamber was � 5.0 � 10−5 Pa. The target cur-
rents and bias voltage were fixed at 4.0 A and −60 V, respectively. After the
preparation of a Cr interlayer (*0.25 lm), N2 gas was introduced to the chamber to
deposit the ternary films. The flow of N2 gas was controlled using optical emission
monitor (OEM) by regulating the reactivity of Cr+ with the OEM settings at 40%,
45%, 50%, 55%, 60% and 65% to get the samples A1–A6 (Table 1). The working
pressure was *0.26 Pa, and no additional heating or cooling of the substrate was
applied during the deposition process. The deposition duration was 60 min, and the
total film thickness was around *1.8 lm.

The elemental concentration of the films was determined by X-ray photoelectron
microscopy (XPS, PHI 5802 system) with a monochromatic Al Ka X-ray source
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(hm = 1486.6 eV). Figure 1 shows the spectra of XPS scan demonstrating chemical
and bonding states in the CrCN coating. Cr, C, N are the major peaks. Existence of
O is also detected which is understood to inherently exist in the coating. To
investigate the crystal structure of the films, XRD using a Rigaku MiniFlex
diffractometer with a Cu tube operated at 40 kV and 30 mA was employed. The
measurements were carried out using Cu Ka radiation with a Ni filter to remove Cu
Kb reflections. The nanohardness (H) and elastic modulus (E) were analyzed by
nanoindentation measurements with a maximum load of 20 mN. Ten separate
measurements were taken for each sample in order to get a mean value and the
maximum indentation depth was kept less than 10% of the total film thickness.
POD tests were conducted on coated CrCNx steel substrate using Tungsten carbide
ball having a 5 mm diameter at room temperature as well as in air at about 70–75%
relative humidity. The loads used in this experiment were 2 N and a constant
sliding speed of 0.0570 m/s with a total of 10800 cycles per experiment. Thereafter,
specific wear rates were calculated. The wear rates were determined by using, an
Archard’s classical wear equation [13]: W = V/(S x L) where, S is the sliding
distance, L represents the loading force, and V is wear volume. Scratch test was
conducted using progressive loading from 10 N to 80 N. The radius of stylus was

Table 1 OEM value, elemental concentration and phase composition of the Cr-C-Nx films

Sample OEM (%) Concentration (at.%) N/Cr Phase composition

Cr C N

A1 40 38.9 15.8 45.3 1.16 CrN + Cr

A2 45 39.5 19.2 41.3 1.04 CrN + Cr

A3 50 40.1 21.5 38.4 0.95 CrN + Cr

A4 55 44.0 20.6 35.4 0.80 Cr2N + CrN + Cr

A5 60 53.2 19.7 27.1 0.50 Cr2N + CrN + Cr

A6 65 60.1 14.4 25.5 0.42 Cr2N + CrN + Cr

Fig. 1 XPS scan
demonstrating chemical states
in the CrCN coating
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300 nm which was drawn over the coating surface with a continuously increasing
normal force of 1 N/s until the film delaminated [14]. The maximum load was
80 N. The normal force causing cohesive and adhesive failures was defined indi-
cated by the critical scratching load. Optical microscope was employed to inves-
tigate the morphology of the scratch tracks. The Rockwell-C test with a load of
1500 N, was conducted to evaluate adhesion of the coatings and the results were
assessed on the basis of defined adhesion strength quality classification HF 1–6.
HF1–4 are classified as sufficient adhesion strength and HF 5 and HF 6 are con-
sidered as poor adhesion.

3 Results and Discussion

3.1 X-Ray Diffraction for Crystallographic Structure

Figure 2 shows XRD patterns of the Cr-C-Nx samples. Phase structure of the films
changes from CrN + Cr for samples A1-A3 to b-Cr2N + CrN + Cr for samples
A4–A6. The evolution of Cr-N phases is related to the reduced N content of the
films (Table 1). Sample A1 (N/Cr = 1.16, atomic ratio) exhibits orientations of CrN
(111) and CrN (200), while the peaks of CrN (311) and CrN (222) at higher 2h
angles signify a high degree of crystallinity of the film. Sample A2 (N/Cr = 1.04)
shows the similar pattern but with increased intensities. This observation may
indicate the formation of the finer grains. For sample A3 (N/Cr = 0.95), the CrN
(111) peak is reduced, but the CrN (200) peak is enhanced. The CrN peaks are
significantly reduced, and b-Cr2N (111) and Cr (110) peaks emerge for sample A4
(N/Cr = 0.80). These observations seem to be contradictory to the report that near
stoichiometric CrN phase occurred at N/Cr = 0.81 [15]. It is noted that some N
atoms exist as CNx phase in the films, although diffraction peaks of CNx are not
detected due to its amorphous nature. The appearance of Cr (110) peak may come
from Cr in the Cr-C-Nx film, rather than from the interlayer. However, it is reported
that the presence of excess nitrogen at the interstitial sites and grain boundaries is
possible [11, 15, 16]. Samples A5 (N/Cr = 0.50) and A6 (N/Cr = 0.42) have
similar phases to sample A4, but CrN (111) peak is further reduced and Cr(110)
peak is markedly increased, signifying the dominance of Cr phase in the samples.
Coexistence of CrN-Cr2N phases at lower N/Cr ratio agrees with the reports in
[17–19].

Since no peaks of CrC or CNx phase was observed suggesting mainly graphite/
amorphous structure of CNx, amorphous C or short-range carbide phases [15]. Also,
since C has lower energy X-ray characteristic, therefore it cannot be appear in the
X-ray diffraction pattern.
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3.2 Hardness

Decrease in grain size can improve the hardness [15]. It is found that hardness
(H) and elastic modulus (E) values of the films first increase from sample A1 to A4,
and then decrease for sample A5–A6 and a maximum hardness of 27.3 GPa and
elastic modulus of 190 GPa, was achieved for sample A4 (see Table 2). A4 film
contains CrN, significant volume of b-Cr2N phase and high content of carbon (20.6
at.%). The enhanced hardness for this film can be explained as b-Cr2N phase is
more covalent than the CrN phase, leading to higher intrinsic hardness than that of
purely cubic phases [11]. In our case the hardness of A4 sample is much higher than
previous reports [16]. The further decrease in N and increase in C content results in

Fig. 2 XRD h-2h scan patterns a–f Cr-C-Nx samples A1–A6, and their N at.%. The ICDD file
number is 06-0694 for bcc Cr, 11-0065 for fcc CrN, and 35-0803 for hexagonal b-Cr2N
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drop of hardness and elastic modulus, which is consistent with previous reports
[20–22].

Moreover, H/E ratio, and H3/E2 ratio were determined where H/E ratio is a
parameter which corresponds to the elastic strain to failure and can be used to
predict wear resistance. Moreover, wear rate is related to resistance to the plastic
deformation coefficient (H3/Er2) [13, 23]. The H/Er and H3/Er2 ratio of all the films
with various N concentration is shown in Table 2. Both, H/Er and H3/Er2 ratios
were in the range of 0.130–0.143. These ratios are high as compared to reported
results [23].

LC1
a , a critical load for cohesive failure and defined as the load at which the film

shows first chipping on the scratch track [24].
LC2
b , a critical load for adhesive failure and defined as the load at which the

substrate is revealed on the scratch track.

3.3 Pin-on-Disc Test to Determine Friction and Wear

Tribological test under the load of 2N were conducted on all the films by employing
POD to determine coefficient of friction (COF). The COF values of the samples first
decreases for the samples A1 to A4 and then increases for sample A5 and A6 (see
Table 2), showing an inverse variation trend with the C content and hardness of the
films. Lowest COF is obtained for sample A4 which is 0.36. Film A4 has higher
hardness and COF is lower than the results reported previously [23]. Figure 3 shows
details of the POD spectra for the typical samples A1, A4 and A6 with COF values
ranging 0.52–0.36 and are relatively low when compared with those of the binary

Table 2 Nanoindentation, scratch and pin-on-disk test data of the Cr-C-Nx samples
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Cr-N films [25]. It is obvious that C content (21.5–14.4 at.%) in the films plays an
important role in reducing the COF values and are comparable with previous results
[26]. In addition, the specific wear rates were determined to be in the range of (1–5)�
10−7 mm3/Nm for samples A1 and A2 and (2–4)�10−8 m3/Nm for samples A3–A6.
Lowest wear rate obtained is for the film A4 (2.1 �10−8 m3/Nm). Wear resistance is
closely related to the films structure. The phases in our films mainly comprise of
Cr2N + CrN + Cr as determined by XRD. Moreover, according to the theory on
wear [13], hardness is an important factor which certainly influences the wear
resistance of the film. It has been reported [26] that films rich in carbon possess low
friction coefficient. In such films carbon mostly exists in graphite or amorphous form
[27] leading to low hardness and have high wear rate. Contrarily, in our case,
although film A4 has comparatively high carbon (20.6 at. %) retains low COF and
possess high hardness with lower wear values suggesting not all of carbon is in
amorphous form. It can be understood as, since the transition metals in group 4–6
has strong carbide forming ability [28] thus, multiple Cr-C phase formations are
possible and existence of sole carbon in a complete amorphous form is ruled out.
A solid solution with small amounts of C into interstitial sites can occur and a
short-range order of complex chromium-carbide phase could be present contributing
to comparatively high hardness of the film. Also, free carbon largely amorphous with
no structural order can exists at grain boundaries between nitride grains analogous to
what is witnessed in other binary or ternary systems.

Fig. 3 Coefficient of friction
vs number of rotation cycles
of the three typical Cr-C-Nx

samples measured in the
pin-on-disk wear test
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3.4 Scratch Test and Rockwell-C for Adhesion

Both, cohesive as well as adhesive properties of Cr-C-Nx films were evaluated by
scratch test, which gives information on cohesive failure, where crack occurs at a
certain load (LC1), and the adhesion failure, where the first delamination occurs at
the edge of the scratch track at a certain load (LC2) based on acoustic emission
measurement. The values of both critical loads, LC1 and LC2 pf all the samples are
given in Table 2.

Typical optical micrographs of scratch tracks on films A1, A4 and A6 are shown
in Fig. 4 indicating critical loads LC2. It is found that the film A1, with the highest
N/Cr ratio (1.16), demonstrates severe delamination with critical load
LC2 = 37.3 N. However, films A4 and A6 with lower N/Cr ratios (0.80 and 0.42),
show a remarkable increase in critical loads, LC2 = 72.9 and 71.8 N, respectively.
On one hand, during the scratch test the tensile and compressive stress distributions
present in the film are high, there is also a higher plastic flow of the material,
therefore resulting in an increased critical load. The enhanced critical load values
obtained here are much higher when compared with even multilayers CrN/CrCN
which supposedly show better properties in comparison to their single layer
counterparts [29]. It seems that the low N/Cr ratio is favorable for film adhesion and
hardness comprising of phase mixture Cr2N + CrN + Cr.

In order to investigate the adhesion strength, which is an important parameter to
evaluate the coatings, Rockwell-C hardness test was utilized to determine the
adhesion between the coating and substrate by observing the indentation impres-
sions that causes coating spallation thus giving the scale of delamination if any. In
such a way, the coating adhesion can be evaluated qualitatively on the basis of six
classes from HF1–HF6 [23, 30]. Table 2 shows the classification of adhesion
strength for all samples falling between HF2–HF5. Elemental concentration highly
affects the adhesion of the films. Coatings A1–A3 with higher N/Cr ratios between
1.16-0.95 possess poorest adhesiveness. A1 show poorest adhesion strength quality
HF 5 whereas A4 and A5 possess good strength quality HF2 and could be related to
the hardness conforming well to the indentation. Figure 5a–c shows the optical
micrographs after the Rockwell-C indentation test illustrating adhesion strength for
the sample A1 as HF5, A4 as HF2 and A6 as HF3.

4 Conclusion

Nanocomposite Cr-C-Nx films were prepared by close-field unbalanced magnetron
sputtering technique where nitrogen gas was controlled by using optical emission
monitor (OEM) by regulating the reactivity of Cr+ with the OEM settings between
40% and 65% leading to production of films with varied elemental composition. For
the sputter deposited nanocomposite Cr-C-Nx films, the phase structure changes
from CrN + Cr for films with N/Cr = 1.16–0.95 to phase b-Cr2N + CrN + Cr for
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films with N/Cr = 0.80–0.42. The sample A4 with N/Cr = 0.80 possesses the
highest hardness of 27.3 GPa. Film A4 also has the best adhesive and cohesive
properties LC2 = 72.9 N amongst all the films. The lowest friction coefficient value
0.36, with lowest wear rate for the same films is related to the formation of hard
Cr2N phase and the high carbon content 20.6 at.%, in the film.

Fig. 4 Optical micrographs
of the scratch tracks made at a
continuous progressive load
on typical Cr-C-Nx films and
the critical load LC2: a A1,
b A4, c A6
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Study on Compressive Properties
of Cylindrical Graphene Oxide
Cement-Based Composites

Qiong Liang, Zhanyuan Gao, and Dong Ruan

Abstract To investigate the effects of GO and age on the compressive strength,
fracture propagation of cement-based composites. GO (0–0.06%) cement mortar
cylinder specimens with different dosage (60 mm in diameter and 30 mm in height)
were prepared, and static compression experiments were carried out on 3d, 7d, and
28d. The results show that the compressive strength increases as the age increases.
With the increase of GO content, the compressive strength of cement-based com-
posite first increases and then decreases. When the compressive strength of 3d and
7d cylinders reached the maximum, the GO content was 0.03%, which was
increased by 19.3% and 23.3% respectively compared with the blank group. When
the compressive strength of the 28d cylinder reaches the maximum, the GO content
is 0.04%. Compared with the blank group, the improvement was 37.2%. At the
same time, the addition of GO can effectively improve the stress during fracture
generation, prevent fracture expansion, and thus enhance the mechanical properties
of cement matrix composites.

Keywords Graphene oxide � Cement base � Composite materials � Compressive
strength � Fracture propagation

1 Introduction

At present, the static mechanical properties of GO cement matrix composites have
been studied extensively at home and abroad, but the dynamic mechanical properties
need to be further studied. Separated Hopkinson bar was one of the effective means
to study the dynamic mechanical properties of various materials. Its specimen shape
was generally a cylinder with a height/diameter ratio of 1/2, which was different
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from the specimen size in static compression specifications of various countries.
Therefore, the static compression test of a cylinder (diameter 60 mm, height 30 mm)
can not only provide a theoretical basis for the study of dynamic compressive
properties of going cement-based composites but also lay a foundation for the
corresponding relationship between cylinder specimens and standard specimens.

Many domestic and overseas scholars have studied the mechanical properties and
microstructure of GO cement-based composites. Wang Qin [1] studied the effect of
GO on the mechanical properties of cement-based composites and it turned out that,
compared with the control group, the GO mass fraction of 3d,7d, and 28d com-
pressive strength increased by 43.2%,33%, and 24.4%, respectively, at 0.05%. Zeng
Ju Qing [2] also showed that when GO was mixed with cement mortar, the flexural
strength and compressive strength of the cement-based composites can be signifi-
cantly improved. Ge Yaping et al. [3] showed that with the increase of GO content,
the compressive and flexural strength of GO cement-based composites first increases
and then decreases and the effect of increasing the flexural strength far exceeds the
compressive strength. Lv Shenghua et al. [4] studied the effect of the GO nanometer
layer on the mechanical properties of cement mortar. When the oxygen content of
GO was 25.43%, the compressive strength increased by 30.8% compared with the
control sample. Gong et al. [5] conducted a study on Portland cement paste by
enhancing the effect of GO, showing that the 28-day compressive strength increased
by more than 40% compared with the control sample when the GO content was
0.03%. Li et al. [6] conducted 3d, 7d, and 28d compression tests on GO cement
matrix composites, and GO can improve the compressive strength of cement matrix
composites. Shang [7] studied the GO cement-based composites, indicating that the
compressive strength increases with the increase of GO content and age.

In this paper, cylinder specimens with different GO content (60 mm in diameter
and 30 mm in height) were made for static compression tests to analyze the
compressive strength, crack propagation, and failure morphology of GO
cement-based composites.

2 Experiment

2.1 Materials and Instruments

GO dispersion (concentration: 1 g/mL),specific parameters of GO dispersion (as
shown in Table 1), polycarboxylate water-reducing agent (PC) [8–10], ordinary
Portland cement, ISO standard sand.

Table 1 Related parameters of graphene oxide dispersion

Model pH Solid content Relative deviation of solid content

FH-522 1–6 0.1% ±10%
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Specifically related parameters of CNS-Y1000 double-column electro-hydraulic
servo pressure testing machine (as shown in Table 2), UJZ-15 mortar mixer,
KH2200DE NUMERICAL control ultrasonic cleaner, Metro small concrete
vibrator.

2.2 Static Compression Test

Specimens were prepared and maintained according to the standards in ASTM/
C109. Cement-based composites were prepared according to 543.1 g cement,
263.4 g water, 1493.6 g ISO standard sand, 0.2% PC and 0, 0.01, 0.02, 0.03, 0.04,
0.05 and 0.06% GO (GO was solid content and calculated according to cement
quality; PC was calculated according to cement quality). To improve the dispersity
of GO nano-flakes and PC in aqueous solution, the GO dispersing liquid, water and
PC were mixed and dispersed by ultrasonic cleaning machine for 30 min. Then the
GO aqueous solution was poured into cement for the 30 s, mixed with sand for 60s,
stopped 90s, and continued to be stirred for 60s. Then, the GO aqueous solution
was injected into the mold and vibrated to form on a small concrete vibrating table.
Carry out maintenance and quasi-static compression test according to ASTM/C109
standard, set the loading rate to 1.5 mm/min, and apply lubricant on the upper and
lower contact surfaces of the test piece.

3 Results and Discussion

3.1 The Influence of GO on the Compressive Performance
of 3d Cylinder

3.1.1 GO Resists the Effects of Compressive Strength

According to the uniaxial compression test, a 3d cylindrical cement mortar
stress-strain curve was obtained (as shown in Fig. 1). Figure 1 shows that the
stress-strain curve of go cement mortar was similar to that of ordinary cement
mortar, which was composed of ascending and descending sections, and there were
peak points in both. With the increase of GO, the peak stress first increases and then
decreases. Among them, when the GO content was 0.03%, it reaches the maximum
value, which was 19.3% higher than the blank group. When the go content was

Table 2 Relevant parameters
of electro-hydraulic servo
pressure testing machine

Model Test force
(KN)

Range of force
measurement

YNS-Y1000 1000 2–100%
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more than 0.03%, the peak stress of cement-based composite material was lower
than the maximum peak stress. Due to the excessive dosage, GO was not easy to
disperse, which was not conducive to play the regulation and template role of GO,
thus reducing the compressive strength.

3.1.2 The Influence of GO on Crack Propagation

When the compressive strength of the 3d cement matrix composite reaches the
maximum, the GO content was 0.03% (Fig. 2). Therefore, the blank group and the
specimens with the GO content of 0.03% were selected to analyze the crack gen-
eration, peak stress, and failure, Respectively, the fracture status diagram at dif-
ferent positions was obtained (as shown in Fig. 3). Figure 3a–f correspond to
Fig. 2a–f. Figures 2a, b and 3a, b show that, compared with the blank group, the
stress of cement mortar crack with GO was increased by 3.31 MPa, with a small
crack difference, while the crack at peak stress and failure are significantly different.
The cement mortar with GO appears discontinuous cracks at the peak stress, and the
surface fragments flake off (as shown in Fig. 3d). A large number of mortar frag-
ments spalling occurred at the failure point, which was lower than the cement
mortar spalling in the blank group (as shown in Fig. 3f), indicating that the
incorporation of GO was conducive to preventing crack expansion and reducing the
degree of specimen failure.
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3.2 The Influence of GO on the Compressive Performance
of 7d Cylinder

3.2.1 GO Resists the Effects of Compressive Strength

According to the uniaxial compression test, the stress-strain curve of 7d cylindrical
cement mortar was obtained (as shown in Fig. 4). The stress-strain curve of GO
cement mortar consists of an ascending section and a descending section, and both
have peak points. With the increase of GO, the peak stress of cement-based
composites first increased and then decreased. Among them, when the GO dosage
was 0.03%, it reaches the maximum value. Compared with the blank group, it was
increased by 23.3%. When GO content was more than 0.03%, the compressive
strength of the cement-based composite was lower than the maximum compressive
strength, indicating that GO of 0.03% was the optimal content at 7 days.

3.2.2 The Influence of GO on Crack Propagation

When the compressive strength of 7d cement matrix composite reaches the maxi-
mum, the GO content was 0.03% (Fig. 5). Therefore, the blank group and the
specimens with the GO content of 0.03% were selected to analyze the crack gen-
eration, peak stress, and failure, respectively, and the fracture status diagram at
different positions was obtained (as shown in Fig. 6). Figure 8a–f correspond to
Fig. 5a–f. Figures 5a, b and 6a, b show that, compared with the blank group, the
stress generated by cement mortar cracks with GO increased by 8.85 MPa, with a
small difference in cracks, while there was a difference in peak stress and failure.
The specimen with GO appeared multiple cracks on the surface at the peak stress,
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and some small pieces fell off (as shown in Fig. 6d). At the crushing point, part of
the cement pieces fell and the internal structure was damaged, but to a lesser degree
than the blank group (as shown in Fig. 6f).

3.3 The Influence of GO on the Compressive Performance
of 28d Cylinder

3.3.1 GO Resists the Effects of Compressive Strength

According to the uniaxial compression test, the stress-strain curve of 28d cylindrical
cement mortar was obtained, as shown in Fig. 7. The stress-strain curve of GO
cement mortar was composed of an ascending section and a descending section, and
both of them have peak points. With the increase of GO, the peak stress first
increases and then decreases. Among them, when the GO dosage was 0.04%, it
reaches the maximum value. Compared with the blank group, the improvement was
37.2%. It shows that the compressive strength of 28d is improved more than that of
3d and 7d. When GO content was greater than 0.04%, the compressive strength of
cement-based composites was lower than the maximum compressive strength.
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3.3.2 The Influence of GO on Crack Propagation

When the compressive strength of 28d cement matrix composite reaches the
maximum, the GO content is 0.03% (Fig. 8). Therefore, the blank group and the
specimens with the GO content of 0.03% were selected to analyze the crack gen-
eration, peak stress, and failure, respectively, and the fracture status diagram at
different positions was obtained (as shown in Fig. 9). Fig. 9a–f correspond to
Fig. 8a–f. Figures 8a, b and 9a, b show that, compared with the blank group, the
stress generated by cement mortar crack with GO increased by 13.8 MPa. At the
peak stress, discontinuous cracks appeared on the surface of the specimen with GO,
and the number of cracks and some small pieces of cement fell off (as shown in
Fig. 9d). At the point of failure, inclined cracks and nonpenetrating cracks appeared
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Fig. 6 Blank group and 0.03% GO crack propagation diagram
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in the specimens with GO, showing good integrity (as shown in Fig. 9f), and the
degree of failure of the internal structure of the specimens was lower than that of 3d
and 7d.
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4 Conclusion

With the increase of age, the compressive strength of the cylinder specimen
increases. With the increase of GO content, the compressive strength of the cylinder
specimen first increased and then decreased, and the increased amplitude of the
compressive strength was greater than that of 3d and 7d at 28d. Among them, when
the compressive strength of 3d and 7d cylinders reached the maximum, the GO
content was 0.03%, which was increased by 19.3% and 23.3% respectively com-
pared with the blank group. When the compressive strength of the 28d cylinder
reaches the maximum, the GO content is 0.04%. Compared with the blank group,
the improvement was 37.2%. The above changes in mechanical properties are
mainly since the addition of GO can effectively improve the fracture stress of
cement-based composites, prevent the expansion of cracks, and reduce the damage
degree of specimens, thus improving the mechanical properties of cement-based
composites.

References

1. Wang, Q., Wang, J., Lv, X., et al.: Effect of Graphene Oxide on Microstructure and
Mechanical Properties of Cement-based Composites. New Carbon Materials 30(4), 349–356
(2015)

2. Zeng, Q.J., Xu, D.Y., Pan, H.Z., et al.: Research on the fluidity, mechanical properties and
mechanism of Go Cement-based composites. J. Jiangsu Univ. Sci. Technol. 33(3),126–130
(2019)

3. Peng, H., Ge, P.Y., Yang, T.Z., et al.: Mechanical properties and microstructure of go
reinforced cement matrix composites. Mech. Prop. Microstruct. Go Reinf. Cem. Matrix
Compos. 35(8), 2132–2139 (2018)

4. Lv, S.H., Zhou, F.Q., SunT., et al.: Effects of GO nanometer layers on the mechanical
properties of cement hydration crystals and colloidal sand. J. Build. Mater. 17(5), 749–754
(2014)

5. Gong, K., Pan, Z., Korayem, A,H., et al.: Reinforcing Effects of Graphene Oxide on Portland
Cement Paste. J. Mater. Civ. Eng. 27(2), A4014010.1–A4014010.6 (2015)

6. Li, X., Li, C., Liu, Y., et al.: Improvement of mechanical properties by incorporating graphene
oxide into cement mortar. Mech. Adv. Mater. & Struct. (2016)

7. Shang, Y., Zhang, D., Yang, C., et al.: Effect of graphene oxide on the rheological properties
of cement pastes. Constr. Build. Mater. 96, 20–28 (2015)

8. Wang, X.Y., Cai, R.J., Cao, J., et al.: Mechanical properties and microstructure of multilayer
go-cementmatrix composites. J. Appl. Mech. 37(2), 860–865 (2020)

9. Lv, S.H., Zhang, J., Zhu, J.J., et al.: Effects of go on microstructure regulation and
compressive strength of cement matrix composites. J. Chem. Ind. 68(6), 2585–2595 (2017)

10. Lv, S.H., Sun,T., Ma, Y.J., et al.: Nano-graphene oxide control and toughening of hydrated
crystal structure in cement composites. Concrete 11,1–6 (2013)

266 Q. Liang et al.



Split Tensile Test of Brazilian Disc
Specimen of Graphene Nanoplatelets
Reinforced Cement-Based Composite
Materials

Yanfa Sun, Zhanyuan Gao, and Dong Ruan

Abstract Effect of Graphene nanoplatelets(GNP) on the mechanical behavior of
cement-based composite materials is studied by using split tensile test of Brazilian
disc. The ordinary cement mortar and 0.01–0.07% GNP cement mortar are made
into disc specimen with a diameter of 60 mm and a height of 30 mm. The indirect
tensile strength of the specimen was obtained by splitting tensile test under
quasi-static loading, and the failure pattern was analyzed. The results show that
GNP can significantly enhance the strength of cement mortar. With the increase of
graphene content, the tensile strength decreases gradually. The tensile strength of
cement mortar with 0.01% graphene is the largest, which is increased by 25.51%
compared with the blank group.

Keywords Graphene � Cement � Tensile strength � Brazilian disc � Splitting
tensile

1 Introduction

Cement-based material is a common building material, which is widely used in all
kinds of engineering construction. Cement-based material is a kind of brittle
material, its tensile strength is much lower than its compressive strength. It is easy
to form cracks under various loads, which reduces its durability and increases its
maintenance cost. The defects of traditional cement-based composites are difficult
to meet the requirement of engineering technology development. In order to
improve the tensile strength of cement-based materials, some high strength and high
toughness materials such as steel fiber, polypropylene fiber and carbon fiber are
added to cement matrix [1–3]. The above methods delay the extension and diffusion
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of cracks from the macro perspective. Although it played a certain positive role, it
failed to fundamentally solve the problem of internal cracks. Therefore, it is nec-
essary to improve the cement-based materials at the nanoscale from the micro level
in order to fundamentally solve the durability, fracture and permeability problems.

In recent years, with the rapid development of nanotechnology, a number of
high-performance nanomaterials have emerged, such as graphene, carbon
nanotubes and nano-silicon. Single-layer graphene is the strongest (130GPa)
nanomaterial with the thinnest thickness (0.35 nm) [4]. Graphene’s unique structure
and excellent physical and chemical properties [5] have attracted great attention in
the research field of cement-based composites [6–8]. Du et al. [9] found that adding
graphene nanosheets to cement mortar significantly reduced the water penetration
depth, chloride diffusion coefficient and chloride migration coefficient. This is
mainly due to the resistance of GNP itself to permeability and the refinement of the
micro-structure. Dimitar et al. [10] made a kind of graphene concrete, whose
compressive strength and flexural strength increased by 146% and 79.5% compared
with standard concrete. Xia Cui et al. [11] found that the hardness of cement matrix
composites with 5%NGPs increased by 1.5 times, the wear amount per unit area
decreased by 71%, and the wear depth decreased by 73%.

Because of the difficulty of specimen clamping, it is usually not necessary to
measure the tensile strength of cement-based materials by direct tensile method.
The Brazilian disc splitting experiment has attracted much attention because it can
be used to measure the tensile strength easily and quickly. At present, there are few
reports about the tensile strength of graphene cement-based composites using
Brazilian disc. In this paper, ordinary cement mortar and graphene-based cement
mortar with different contents were prepared to compare the compressive strength,
indirect tensile strength and failure modes of different specimens by quasi-static
Brazilian disc splitting test. It aimed to find out the best mixture of graphene and
provide theoretical support for engineering applications.

2 Experimental

2.1 Materials

Graphene is produced by Shandong Leadernano Technology Co. Ltd, whose
physical properties are shown in Table 1. The surfactant is polyvinylpyrrolidone
(PVP, average molecular weight 1,300,000), which was purchased from Shanghai
Aladdin Biochemical Technology Co. Ltd. Bilon-500 ultrasonic disperser is pro-
duced by Beijing BILON Experimental Equipment Co. Ltd.

Table 1 Physical properties of graphene

Thickness (nm) Size (um) Specific surface area
(m2/g)

Purity (%) Conductivity (S/m)

1–5 1–10 300–600 � 96 � 400

268 Y. Sun et al.



2.2 Preparing GNP Suspensions

In order to introduce graphene into cement-based materials, aqueous solutions of
graphene need to be prepared first. In the previous study on graphene dispersion
process, the author found that graphene had the best dispersion effect when the
mass ratio of graphene and surfactant (PVP) was 1:1, the ultrasonic power was
500 W, and the ultrasonic time was 60 min. The graphene suspension prepared by
this method is shown in Fig. 1.

2.3 Specimen Preparation

According to the preparation of cement mortar is based on ASTM C109, the
graphene content of cement mortar is 0.01–0.07%. The mass ratio of standard sand
to cement is 2.75, and the water-cement ratio is 0.485. The Brazilian disc is 60 mm
in diameter and 30 mm in thickness. The process of making the Brazilian disc is as
follows: First, put the cement and standard sand into the blender and mix them
evenly. In the second step, the graphene suspension was added and stirred. The
third step is to load the graphene cement mortar into the mold and shake on the
shaker until the surface overflows with cement. The specimen was taken out after
24 h and cured for 28 days at room temperature in saturated lime water, as shown
in Fig. 2.

Fig. 1 Graphene suspension
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The tensile strength formula:

rt ¼ 2p
pDh

ð1Þ

where r is the tensile strength (MPa), P is the failure load (N), D is the diameter
(mm) and h is the thickness (mm).

2.4 Testing Procedures

The indirect tensile strength of the specimen was measured by an electro-hydraulic
servo pressure testing machine with a maximum bearing capacity of 100kN. The
installation method of the specimen is shown in Fig. 3, and the loading speed is
1.5 mm/min. During the test, the load curve slowly rises, then suddenly drops and
does not rise any more. This phenomenon indicates that the specimen has lost its
bearing capacity, and the specimen is fractured. In the test, with the increase of
vertical load, cracks first appeared in the center of the specimen. The cracks rapidly
expanded and connected along the loading direction and cracked loudly. The
fracture surface is shown in Fig. 4.

Fig. 2 Brazil disc
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3 Results

3.1 Tensile Strength

When the tensile strength is measured by quasi-static splitting test, six sets of
parallel tests are done for each specimen. The load-displacement curve rises slowly,
reaches the highest point and then drops suddenly, as shown in Figs. 5 and 6. The

Fig. 3 Specimen placement
mode

Fig. 4 Fracture surface
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fracture load P of graphene specimen (0.01% GNP) is significantly higher than that
of ordinary specimen, indicating that 0.01% graphene improves the bearing
capacity of ordinary cement mortar. In view of the discreteness of the test results,
the average values of 6 groups of test loads are taken as the final results. The
maximum bearing capacity of cement mortar with different graphene content is
shown in Fig. 7. It can be seen from the figure that the failure load of graphene
cement mortar is higher than ordinary cement mortar. With the increase of graphene
content, the failure load first increased and then decreased. When the
graphene content was 0.01%, the maximum load was achieved, indicating that the
graphene content at this time was the optimal value.

As shown in Fig. 8, the tensile strength of graphene cement mortar at the same
age and under the same curing condition is higher than that of the blank
group. With the increase of graphene content, the flexural strength curve showed a
trend of first increasing and then decreasing. When the content was 0.01wt%, the

Fig. 5 0% GNP tensile strength

Fig. 6 1% GNP tensile strength
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strength reached its peak. This shows that graphene can improve the compressive
strength of cement-based composites. Within a certain range, the strength of
cement-based materials also increases with the increasing proportion of graphene
doping. When the dosage is too large, the enhancement effect will weaken, or even
reduce the strength of cement-based materials.

According to formula (1), the tensile strength and increase amplitude of gra-
phene cement mortar were calculated. As shown in Table 2, graphene has a sig-
nificant strengthening effect on the tensile strength of cement mortar, and the
strengthening extent is closely related to the amount of graphene added.

Fig. 7 Bearing capacity of cement mortar with different graphene content

Fig. 8 Tensile strength of cement mortar with different graphene content
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3.2 Failure Pattern

In the quasi-static splitting experiment, the compression failure and crack genera-
tion of the specimen are shown in Fig. 9. Figure 9a shows the splitting process of
the Brazilian disk of cement mortar without graphene. The crack first appears at the
center of the disc, and then expands outward rapidly, and finally runs through the
whole specimen. According to Sect. 3.1, the optimum content of graphene is
0.01%. Figure 9b shows the splitting process of 0.01% GNP Brazilian disk, which
is similar to Fig. 9a, and meets the requirements of splitting test. From the crack
path after penetration, the crack of (a) is a straight line, while the crack of (b) shows
obvious bending shape. It is obvious that the cracks in (b) encounter more obstacles
in the process of propagation, and even need to penetrate the graphene sheet. As a
result, more energy is required, which results in a stronger tensile strength.

Table 2 Growth rate of compressive strength of different graphene cement mortar

GNP Breaking load (KN) Tensile strength (MPa) Growth rate

0 6.6173 2.3404 –

0.01% 8.3056 2.9375 25.51%

0.03% 7.5957 2.6864 14.79%

0.05% 7.3376 2.5951 10.89%

0.07% 6.7506 2.3875 2.01%

(a) 0%GNP.

(b) 0.01%GNP.

Fig. 9 Splitting failure process of Brazil disk
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4 Conclusions

Brazilian disc splitting test was carried out on 0% * 0.07% GNP cement mortar.
Compared with ordinary cement mortar, the addition of graphene can significantly
improve the tensile strength of cement mortar. In the range of 0.01–0.07% gra-
phene, the tensile strength first increases and then decreases with the increase of
graphene content. The best content of graphene is 0.01%, and the tensile strength is
the largest, increasing by 25.51%. Too much graphene will have an adverse effect
on the tensile strength.
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Review on the Preparation Processes
of Natural Fiber Reinforced PLA
Composites

Z. H. Zhu and H. W. Wu

Abstract The common preparation processes of natural fiber reinforced PLA
composites, including injection molding, extrusion molding, hot pressing molding,
hot pressing molding and 3D printing molding were introduced. The advantages
and disadvantages of various processes were pointed out in this paper.

Keywords Natural fiber � PLA � Composites � Process

1 Introduction

The most commonly used forming processes to prepare natural fiber reinforced
biocomposites include injection molding, extrusion molding, hot pressing molding
after open or intensive refining, et al. According to the characteristics and forming
requirements of different plant fibers, different forming processes can be selected.
For short cut plant fiber such as bamboo fiber, wood fiber, short hemp fiber, it is not
necessary to consider the shearing of the fiber in the molding process, and thus the
molding process is relatively more selective.

For some plant fibers with large length-diameter ratio, such as sisal fiber, hemp
fiber, the main molding process is hot pressing process. It is mainly because that
fiber would be cut because of the strong shearing action of a screw or rotor during
the Injection molding process extrusion molding process and open refining process.
Therefore, there is no guarantee that the length-diameter ratio of the fiber will be
maintained at the desired large value, which will influence the overall performance
of the composites.
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2 Preparation Processes

2.1 Lamination Process

Lamination is a common forming process for preparing composites. Its main
advantage is that the forming equipment is simple and cheap, and the natural fiber
will not be subjected to strong shearing action during the forming process which
will lead to the reduction of length-diameter ratio, and thus maximize the
comprehensive performance of the long fiber reinforced composite. Therefore,
lamination process is often used in the preparation of long plant fiber reinforced
composites.

Ochi [1] prepared Kenaf fiber reinforced PLA composite by hot-pressing process
and studied the mechanical properties of the composite. It was found that the
mechanical properties of the composite gradually improved with the increase of the
content of flax fiber.

Graupner et al. [2] blended Hemp fiber Kenaf fiber and Cotton fiber with PLA
fiber to prepare mixed fiber, and then prepared multi-fiber reinforced PLA lami-
nated composites by hot-pressing process, and studied the influence of different
fiber ratios on the mechanical properties of composites. It was found that different
fibers have different effects on the tensile properties, bending properties and impact
properties of the composites. The composites with excellent tensile properties,
bending properties and impact properties can be obtained by using appropriate fiber
ratio.

Plackett et al. [3] made jute fiber into fiber felt, and prepared composites by
lamination process and polylactic acid (PLA) thin film hot-pressing, and studied the
influence of different molding temperature on the tensile properties of composites. It
was found that the tensile strength of the composite could be increased by nearly
100% with appropriate hot pressing temperature and fiber content.

2.2 Hot Pressing After Open or Close Refining

Hot pressing after open or close refining is also a common process. Compared with
lamination process, the dispersion degree of plant fiber and PLA matrix is better due
to the blending process of open or close refining. However, the plant fiber will be
cut off due to the shearing action because of the strong shearing action of the double
roller or the rotor of the mixer, and thus the length-diameter ratio of the plant fiber
cannot be guaranteed.

Zhu et al. [4] prepared sisal fiber reinforced polylactic acid composite by open
blending process and studied the thermal and crystalline properties of the com-
posites. It was found that the addition of sisal fiber could increase the crystallization
rate of composites. Compared with pure PLA, the crystallinity of the composites
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was improved. However, the thermal stability of the composites was reduced, and
the relative molecular weight of pure PLA and composites was reduced after
blending.

Fu et al. [5] studied the difference of mechanical properties and degradation
properties of sisal fiber reinforced PLA composite treated with alkali and grafted
with L-lactide by hot pressing after blending. It was found that the degradation rate
of composites was faster than that of pure PLA while the impact properties of
composites were reduced and the tensile properties and bending properties were
improved after graft treatment.

Cai Jun [6] prepared the sycamore fiber reinforced PLA composite by using an
internal mixer. It was found that sycamore fiber could promote the crystallization of
PLA, and the bending modulus of composite was positively correlated with the
content of sycamore fiber. However, the impact strength of the composite decreases
with the increase of the content of sycamore fiber.

2.3 Extrusion and Injection Molding

The other two common processes are extrusion molding and injection molding,
which were often used in the preparation of some short fiber or powdery plant fiber
reinforced PLA composites. Their main advantages are simple operation and high
production efficiency. However, the equipment is expensive, and the length-
diameter ratio of plant fiber will be reduced due to the strong shearing action of
screw and thus the performance of plant fiber would be decreased.

Lee et al. [7] prepared bamboo fiber reinforced PLA composites by extrusion
blending and hot-pressing process, and studied the changes of mechanical prop-
erties of composites with different bamboo fiber content. It was found that the
tensile strength of the composite was negatively correlated with the increase of
bamboo fiber content when the bamboo fiber content was low, but the mechanical
properties of the composite were still better than that of the pure PLA. Oksman
et al. [8] also used extrusion and blending process to prepare PLA composites with
different content of flax fiber. It was found that the composites were easy to be
formed and the mechanical properties were improved, while the increase of fiber
mass fraction reduced the tensile strength of the composites.

2.4 3D Printing

3D printing technology, also known as additive manufacturing technology, is a new
manufacturing technology that is made by computer-aided design and manufac-
turing, which is similar to the direct printing of products by ordinary printers. As a
research hotspot nowadays, how to apply plant fiber/polymer composites to 3D
printing is what the researchers are concerned about.

Review on the Preparation Processes of Natural Fiber … 279



Filgueira [9] grafted dodecyl gallate (LG) or octyl gallate (OG) on the surface of
thermal mechanical Spruce wood pulp fiber (TMP), then the PLA composite was
processed wire with the diameter of into U 2.2 mm, in which the content of TMP
were 10% and 20% respectively. Finally, a 3D printer with a nozzle of 0.4 mm was
used to print the molding spline. SEM analysis showed that the cross section of
unmodified TMP/PLA has uniformly distributed holes, while the size of holes in the
LG modified TMP/PLA cross section is significantly smaller than that of the
unmodified TMP/PLA. The tensile strength test of 3D printed spline showed that
modified TMP/PLA had higher tensile strength than pure PLA, which is further
verified that OG modification can effectively improve the interface binding between
TMP and PLA.

Y Tao et al. [10] filled wood powder with PLA to prepare 3D printing wire rod
and applied it in FDM molding successfully. The tensile properties, crystallinity
and surface morphology of PLA/wood powder composites were measured and
characterized by SEM, TGA and DSC respectively. The results showed that the
initial bending resistance of the composite was enhanced compared with PLA,
the initial thermal degradation temperature of the composite decreased slightly, and
the melting temperature had almost no effect.

Scholars at home and abroad are exploring various types of natural fiber/polymer
composites to be used in 3D printing and have tried different improvement methods
to solve the problems encountered. The modification and addition of compatibilizer
on the surface of natural fiber are the main approach. It also seems to be effective to
improve the technological parameters and methods of printing. For example,
Continuous fiber printing is also a new direction of improvement.

3 Conclusion

According to the above introduction, several commonly used composite molding
processes have advantages and disadvantages. Injection molding and extrusion
molding process have high production efficiency and are easy to be used in
industry. Whereas, the expensive equipment and the strong shearing action of screw
make the composites comprehensive performance decrease. The hot pressing pro-
cess can produce natural fiber reinforced composites with excellent mechanical
properties, while it is not suitable for industrial application due to its low production
efficiency. For 3D printing, natural fiber reinforced PLA composites are mostly
printed by FDM printers. Because of the poor interfacial compatibility, the poor
fluidity of some fibers in the melting state and the poor mechanical properties of the
products, and the increase of fiber content will affect the product quality, etc., the
types of natural fibers applied are also relatively limited. Therefore, the suitable
forming process must be selected according to the actual situation to achieve the
ideal comprehensive properties of the composites in the preparation of natural fiber
reinforced PLA composites. We believe that more and more exploration will lead to
the application of more natural fiber/polymer composites in 3D printing.
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Fabrication of Nickel/Nano-Lu2O3
Co-Electrodeposited Coating with Good
Corrosion and High Temperature
Oxidation Resistance

Yanli Dou, Yi Liang, Ruishan Yang, Guangguang Qian, Xiaojie Wei,
and Hong Xu

Abstract In this paper, pure nickel and Ni-Lu2O3 composite coatings with dif-
ferent content of nano-Lu2O3 particle were prepared using direct current electro-
plating. The morphology, texture, corrosion and high temperature oxidation
resistance of the nanocomposite coating are investigated. The results show that the
deposition amount of Lu2O3 particles in the composite coating increased first and
then decreased with the increasing of the nano-Lu2O3 particles concentration in
plating solution. The incorporation of nano-Lu2O3 particles changes the surface
morphology and the preferential orientation of nickel matrix. The corrosion resis-
tance and high temperature oxidation resistance of Ni-Lu2O3 composite coatings
increase with the deposition amount of Lu2O3 particles. Compared with other
samples, the composite coating of Ni/Lu2O3 (2.99 wt%) shows the best corrosion
resistance and high temperature oxidation resistance.

Keywords Composite electroforming � Rare earth � Corrosion resistance � Lu2o3
particles

1 Introduction

Electroforming of nickel on the electric plastic surface has the advantage of
replicating micro-structure of the matrix accurately. These electroformed nickel
molds are widely used as slush mold or injection mold to prepare the parts of circuit
board, automobile, or aircraft. The corrosion and oxidation resistance under high
temperature are very importance to these molds. Many researchers have demon-
strated the composite electroplating is a superior technique to enhance the prop-
erties of pure metal electroforming coating [1–5]. Introducing nano-sized particles
as the second-phase in the coating is a way to improve the properties of nickel
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matrix [6–10]. In the past few decades, many efforts have been made to improve the
performance of nickel deposits by co-deposition of nano-sized particles such as
Si3N4 [11], TiO2 [12], SiC [13, 14], nano-diamond [15], etc.

Among the available nano sized particles, rare earth oxide act as a promising
material in corrosion protection, solid fuel electrolyte applications and environ-
mental catalysis, etc. Campos et al. synthesized the Pt-CeO2 composite coatings by
codeposition [16]. Hui Jin [17] prepared the Ni-CeO2 nanocomposite coatings,
which was achieved by ultrasonic cavitation. The corrosion resistance of Ni-CeO2

nanocomposite coatings was improved. Carac et al. produced the Ni-Co-CeO2

composite coatings by electrodeposition [18], which indicated the deposition of
CeO2 in a cobalt and nickel matrix was possible, and the properties of composite
coatings could be varied in a wide range. Zi-tao Zhou [19] prepared that the
hardness, high-temperature oxidation resistance and the corrosion resistance of
Ni-Fe-La composite coatings were significantly improved. Zhiyong Li et al.
demonstrated that the electrodeposion of Cu-La2O3 composite coating had better
electrical erosion resistance compared to pure Cu [20]. As one of rare earth oxides,
Lu2O3 has similar chemical properties with CeO2 and La2O3. To study the effect of
nano-Lu2O3 nanoparticles on the properties of nickel films, the preparation of thin
films of Ni and Lu2O3 reinforced nickel matrix composites were obtained through
electrodeposition.

In our work, an electroplating process of Ni-Lu2O3 nanocomposite coatings was
developed. To examine and better understand the effect of nano-Lu2O3 particles
content on the properties, the weight percent of nanoparticles in deposits, preferred
orientation, high oxidation resistance and wear resistance of deposits were inves-
tigated in this paper.

2 Experimental

2.1 Preparation of Ni-Lu2O3 Composite Coatings

The Ni-Lu2O3 composite coatings were prepared by constant current electrodepo-
sition. The bath component and plating conditions were listed in Table 1. The
plating solution was prepared using analytical reagents and de-ionized water. The
concentration of nano-Lu2O3 particles in the bath varied from 0.4 to 8.0 g/L. The
temperature of electrolyte was maintained at 50 °C by thermostat water bath, the pH
was 4.0 adjusted by sulfamic acid. A copper plate (99.9% purity) of 60 mm
70 mm � 0.2 mm was used as cathode and the sulfur-containing nickel cake
produced by INCO of Canada (purity 99.9%) was used as anode. The thickness of
the coating was fixed to 0.8 mm. The distance among the anode and cathode was
maintaining at 20 cm. After electrodeposition, the specimens were rinsed with
de-ionized water and then dried.
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2.2 Microstructural and Phase Characterizations

The content of Lu element in the composite coatings was measured by an induc-
tively coupled plasma emission spectrometer (ICP, Plasma1000, NCS), and the
mass fraction of Lu2O3 was obtained by calculation. The surface morphology and
roughness of the composite coatings were observed by scanning electron micro-
scopy (ZEISS, EVO 18) and three-dimensional laser confocal microscopy (LEXT
OLS4100, OLYMPUS). The crystal structure of the composite deposits was
investigated by X-ray diffraction (D/max-2500, Rigaku Corporation).

2.3 Corrosion Test

CHI-660D electrochemical workstation was used for electrochemical measure-
ments. Tafel curves were obtained in 1 M NaOH or 1 M HNO3 solution. The
corrosion potential (Ecorr) and corrosion current density (Icorr) for the deposits were
obtained from the intersection of the cathodic and anodic Tafel curves by the Tafel
extrapolation method. To study the corrosion resistance of samples, the weight loss
of samples after acid etching was calculated. Oxidation at 800 °C was performed in
a muffle furnace. After certain intervals of exposure, samples were withdrawn from
the furnace for weighing. The weight change of samples was calculated for char-
acterizing high temperature oxidation resistance of samples. After 20 h oxidation,
the oxide scale was investigated by scanning electron microscopy (SEM).

Table 1 Composition of the bath solution and the electrodeposition parameters

Bath composition Plating conditions

Component Concentration (g/
l)

Plating conditions Value

Ni(SO3NH2)2�4H2O 420 Temperature (°C) 50

NiCl2�7H2O 5 pH 4.1

H3BO3 36 Current density (A/dm2) 3.0

CH3(CH2)11NaOSO3 0.3 Area ratio (cathode:anode) 1:2

Nano-Lu2O3

particles
0.4–8 Distance (between cathode and anode)

(cm)
20

Stirring rate (r/min) 800

Thickness (mm) 0.8
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3 Results and Discussion

3.1 The Composition of Co-Deposition Layer

The content of Lu element in the co-deposition layer tested by ICP and the content
of Lu2O3 calculated according the data of Lu element are listed in Table 2. The
content of Lu2O3 in the codeposition layer increase as the concentration of
nano-Lu2O3 particles(NLP) in plating solution increase up to 4 g/L and decrease
beyond this value. In the plating solution, nickel ions can be adsorbed on the
surface of NLP by the electrostatic interaction under stirring situation. Then nickel
ions take NLP to the cathode surface through electric force between electrodes [5].
The codeposition process of NLP and nickel ion is shown in Fig. 1. The collision
probability of NLP and nickel ion increase as the content of NLP raise in plating
bath under stirring situation. As a result, the number of nano-Lu2O3 particles arrive
to the surface of cathode increase through electric field force. The nickel
nanocrystalline layer formed after the discharging of nickel ion at the surface of
cathode, and then the nano-Lu2O3 particles are embedded into the composite
coatings. In addition to Ni+, H+ ionized by acid and water can also act as the carrier
of NLP. However, when the concentration of NLP in plating solution is beyond 4 g/
L, the NLP quality content in Ni-Lu2O3 composites decrease. As more NLPs
accumulate on the surface of cathode, the non-conductive area increase, resulting in
the increasing of current density, which intensifies hydrogen evolution [21]. When
the hydrogen escapes from cathode surface, the adsorption of NLP in the plating
solution is inhibited. Therefore, the content of NLP in the co-deposition layer
decreases when continuing to increase the concentration of NLP in plating solution.

The SEM surface morphology and confocal microscopy images of Ni-Lu2O3

composite coatings are shown in Fig. 2. Pure nickel coating is uneven, it shows
cell-like structure with different and broad sizes in Fig. 2a. The surface of the
codeposition layer of Ni/Lu2O3 levels off and the size of cell-like structure becomes
more smaller with NLPs addition, as shown in Fig. 2b–d. Especially in Fig. 2d,
only finely grainy morphology can be observed in the coating of Ni/Lu2O3 (2.99),
and the surface is smooth with good compactness. To quantitative analyze the
changes in the codeposition layer, the roughness data is tested by confocal
microscopy and shown in Table 3. The surface roughness is decreasing with the
content of NLPs increasing. When the content of NLP increases to 2.99 wt% in the
composite coatings, the surface roughness decreases from 1.123 lm to 0.445 lm.
The reason is that Lu2O3 particles co-deposit with ions at cathode in the solution
under the drive of stirring and disperse in the nickel matrix, producing dispersion

Table 2 The contents of Lu element and Lu2O3 of deposition layer

The concentration of NLP in plating solution (g/L) 0.4 2 4 6 8

Content of Lu element in codeposition layer (wt%) 0.23 1.47 2.63 2.60 1.52

Content of Lu2O3 in codeposition layer (wt%) 0.26 1.67 2.99 2.96 1.73
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force and reducing the interfacial tension of crystal nucleus. Thus, the critical
nucleation radius has been decreased and more crystal nucleuses have been formed.
Moreover, metal nickel ions can deposit directly with Lu2O3 particles as the base
point, which can hinder the growth of nickel crystal grains [22–25]. As a result, the
surface of coating is fine and uniform without cracks, holes, and other defects.

3.2 Roughness and Morphological Analysis

The XRD patterns of pure Ni and Ni-Lu2O3 composite coatings with different
nano-Lu2O3 content are shown in Fig. 3a. The pure Ni coating is clearly observed
to be orientated in the (111) and (200) plane direction, while Ni-Lu2O3 composite
coatings exhibit a reinforcement of (311) and (111) lines accompanied with a
reduction of the (200) line. It is worth noting that the reinforcement of the lines
(311) and (111) is attributed to a reduction of (200) orientation [13]. To quantify the
relative crystallographic textures associated with nickel and nickel composite
coatings, the ratio of diffraction peak intensity (I (111)/I (200)) is used to characterize
the texture of composite coatings. Figure 3a and b show that the grain growth in
direction of the (200) decrease consistently as the content of NLP increase in
coatings. Moreover, the ratio of I (111):I (200) varies from 0.09 to 0.58 as the content
of NLP in composite coatings increase. It is attributed to the grains in the coating
growing in multiple directions and avoiding coarse growth in a single direction
refined the grains [26]. Therefore the diffraction peak intensity and the dominant
orientated of composite coatings change with the addition of NLP [27].

Fig. 1 Schematic diagram of co-deposition process
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3.3 Corrosion Resistance Analysis

The corrosion performance of pure Ni and Ni-Lu2O3 composite coatings are
investigated by polarization curve measurements in 1 M NaOH and 1 M HNO3,
respectively. Figure 4 shows the Tafel polarization curves for electrodeposited
layers in 1 M HNO3 and 1 M NaOH. The relationship between nano-Lu2O3 par-
ticles concentration in the composite coatings and corrosion potentials and densities
is listed in Table 4. Pure nickel coating had lesser Ecorr (−0.274 V) among the four
composite coatings and also having the highest corrosion current Icorr (1434 lA/
cm2). The composite coating (2.99wt%) presents noble Ecorr (−0.179 V) compared
with pure nickel coating, and the corrosion currents are greatly lower than pure

Fig. 2 SEM surface morphology and confocal microscopy images of Ni-Lu2O3 composite
coatings. Lu2O3 content in the composite coatings: a 0 g/L, b 0.26 g/L, c 1.67 g/L, and d 2.99 g/L

Table 3 Relationship between surface roughness and the content of NLP of composite coatings

Sample Content of Lu2O3 (%) Surface roughness (lm)

Pure Nickel 0 1.395

Ni/Lu2O3 (0.26) 0.26 1.123

Ni/Lu2O3 (1.67) 1.67 0.897

Ni/Lu2O3 (2.99) 2.99 0.445
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nickel coating, as it can be seen in Fig. 4a. This difference caused by the mor-
phology of coatings [28]. Pure nickel coating have cell-like substances on its sur-
face, leading to a higher corrosion activity, which can be seen by higher corrosion
current. Composite coating Ni/Lu2O3 (2.99) presents a compact and uniform pas-
sivation protective film on its surface, and this feature has some corrosion inhibition
effects. The Tafel polarization curves for electrodeposited layers in 1 M NaOH, in
Fig. 4b, shows a similar regulation that Ecorr (−0.755 V) of Ni/Lu2O3 (2.99) pre-
sents a higher corrosion potential than pure nickel coating Ecorr (−0.796 V).
Generally, a lower Icorr and a higher Ecorr are related to a lower corrosion rate and
so a better corrosion resistance [28]. As the content of NLP increase in the coating
the corrosion potential increase and corrosion current densities decrease. It indicates
that whether in acid or alkalinity environment, composite coating exhibits a better
corrosion resistance than pure nickel coating.

The weight loss of composite coatings with different content NLP in 1 M HNO3

is shown in Fig. 4c. The weight loss of the pure nickel, Mloss is 52.8 mg/cm2,
according to weight loss measurements, while the Mloss of composite coating is
only 19.8 mg/cm2. The weight loss measurement reveals that the corrosion rate of

Fig. 3 XRD patterns of pure Ni coating and composite coatings (a) and the intensity ratio of
(111) and (200) (b)

Fig. 4 Effect of the Nano-Lu2O3 particles concentration in the composite coatings on its
polarization curves in 1 M HNO3 (a) and 1 M NaOH (b) Correlation between weight loss of
composite coatings contain different content of NLP and soaking time (c)
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composite coatings is much lower than that of the pure nickel, further showing that
the composite coating surface with good anticorrosion performance.

The weight raise of the composite coatings with different content NLP after
oxidation is used to evaluate the antioxidant performance, and the data is listed in
Table 5. All samples are placed in muffle furnace at 800 °C for 12 h oxidation to
accelerate the oxidation process. The weight raise of the pure nickel coating is
highest (1.01 mg/cm2) compared to the composite coatings with NLP, while that of
Ni/Lu2O3 (2.99) is only 0.83 mg/cm2. This reveals that, high temperature oxidation
resistance increase as the concentration of NLP increase in composite coatings. It
attributes to a dense oxidation film is formation on the coating surface, which
prevents the composite coatings further oxidation. The NLP provide many nucle-
ation centers for the formation of oxidation film, which prompts oxidation film
growth. Moreover, the fine nano-Lu2O3 particles are dispersed at the grain
boundary of NiO during oxidation process. These particles hinder the diffusion
progress of Ni2+ and O2− ions in oxidation film, which reduces the oxidation rate
[29–31].

The surface morphology images of deposition coatings after oxidation under
high temperature are shown in Fig. 5, and the scanning results of energy spectrum
of these specimens listed in Table 6. As seen in the Fig. 5a, the pure nickel coating
shows obvious deep cracks and the matrix is not compact. Oxygen is easily enter
into the matrix through these cracks, which makes Ni element in deep layer to be

Table 4 Effect of Nano-Lu2O3 particles concentration in the composite coatings on its corrosion
potentials and corrosion current densities

Solution Concentration of NLP in the coatings (wt%) Ecorr(V) Icorr(uA/cm
2)

HNO3 0 −0.274 1434

0.26 −0.267 857

1.67 −0.239 450

2.99 −0.179 169

NaOH 0 −0.796 210.6

0.26 −0.788 146.2

1.67 −0.759 53.2

2.99 −0.755 39.1

Table 5 The weight raise of the composite coatings with different content NLP after oxidation at
800 °C

Sample Ni Ni/Lu2O3 (0.26) Ni/Lu2O3 (1.67) Ni/Lu2O3 (2.99)

0 h/(mg/cm2) 0 0 0 0

3 h/(mg/cm2) 0.64 0.57 0.55 0.48

6 h/(mg/cm2) 0.84 0.80 0.75 0.64

9 h/(mg/cm2) 0.97 0.89 0.82 0.78

12 h/(mg/cm2) 1.01 0.94 0.87 0.83
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oxidized. Compared with pure nickel coating, the composite coating surface with
few cracks perform more flat. The compact oxidation layer is formed in Ni/Lu2O3

(1.67) and Ni/Lu2O3 (2.99), as it can be seen from Fig. 5c and d, which inhibits the
continuing oxidation in deep matrix by oxygen permeating. Thus, the oxidation
extent of composite coating reduces constantly as the concentration of NLP
increase. The oxygen content of pure nickel coating is 20.82%, however, the
composite coating containing NLP (2.99 wt%) is 17.89%, which indicates the
composite coatings have better high temperature oxidation resistance than pure
nickel coating. This is attributed to the NLP prompts the formation of dense oxi-
dation film.

4 Summary

Ni-Lu2O3 nanocomposite coatings were successfully prepared by electroplating.
The content of nano-Lu2O3 in the composite coatings increased with a rise in the
loading of nano-Lu2O3 particles from 0.4 g/L to 4 g/L, and then decreased with
further increasing of nano-Lu2O3 particles in the plating bath. The maximum
weight percent of Lu2O3 in the composite coating reached 2.99 wt%. The addition
of nano-Lu2O3 particles refined the grain of nickel matrix and changed the preferred
orientation of Ni crystal. The Ni-Lu2O3 composite coating exhibited a flat surface
with lower roughness and better corrosion resistance both in acid and alkali solution
compared with pure nickel coating. Moreover, the high temperature oxidation
resistance at 800 °C of composite coatings was gradually enhanced as content of
nano-Lu2O3 particles increased in the composite coatings. The improvement of
corrosion resistance could enlarge the application of Ni electroplated coating.

Fig. 5 SEM surface morphology of Ni-Lu2O3 composite coatings containing: a 0 g/L, b 0.26 g/
L, c 1.67 g/L, and d 2.99 g/L at 800 °C for 12 h

Table 6 Energy spectrum results of the composite coatings with different concentration of NLP

Sample Ni Ni/Lu2O3 (0.26) Ni/Lu2O3 (1.67) Ni/Lu2O3 (2.99)

O (wt%) 20.82 19.47 18.17 17.89

Ni (wt%) 79.18 80.53 81.83 82.11
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Impact of Micromechanical and Carbon
Fiber Properties on the Elastic Modulus
of CFRP Woven Composites

Md. Mazedur Rahman and Saiaf Bin Rayhan

Abstract In recent times, Carbon fiber reinforced polymers (CFRP) are widely
adopted in various industries such as automobile, aerospace, marine, infrastructure,
etc. due to their excellent strength to weight ratio. On the other hand, woven textile
composites are replacing unidirectional composites since the fiber can be reinforced
in more than one direction. To improve the mechanical behavior of CFRP woven
composite materials, it is crucial to investigate their constituent properties at
micro-level considering fiber material, fiber volume fraction, yarn volume fraction,
yarn spacing, fabric thickness, etc. along with the type of weaving, such as plain,
twill or satin. In this present research, a computational homogenization technique
based on commercial finite element code Ansys is adopted to investigate the effect
of constituent properties on the elastic modulus of plain and twill woven composites
considering two different carbon fibers; namely, Carbon-290 and Carbon-395.
Numerical results reveal that both fiber volume fraction and yarn volume fraction
have a strong effect on the prediction of in-plane elastic modulus of CFRP com-
posites. However, fabric thickness does not impact the prediction at all, while yarn
spacing has a minor effect on the outcomes. Moreover, the weaving type does not
affect the predictions significantly. Finally, it is found that Carbon-290 fiber pro-
vides higher elastic modulus values for any given condition than Carbon-395 fiber.

Keywords Carbon fiber reinforced polymer (CFRP) � Woven composite �
Micromechanics � Computational homogenization � Ansys

1 Introduction

When two sets of yarn, namely, warp and weft are interlaced with each other at 90°,
then the produced fabric is known as woven. From the last four decades, researchers
have investigated the elastic properties of woven composites by developing both
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analytical means and computational homogenization methods. At an early stage,
Halpin et al. [1] first investigated the stiffness of 2D and 3D composites based on
classical laminate theory, which was further developed by Ishikawa and Chou [2–4]
establishing the mosaic model, undulation model, and bridging model. These
models were further improved and the outcomes revealed that the yarn undulation
and lamina thickness have a crucial role in the elastic moduli of plain-woven
composites [5]. Moreover, the yarn gap between two adjacent layers and the
laminate configuration for the different number of layers have a significant impact
on the elastic properties of woven composites [6].

Since the geometry of the woven composite is quite complex, it is often trou-
blesome to analyze the elastic properties based on the above-mentioned theories.
Therefore, at a later stage, the homogenization technique based on RVE has gained
popularity to determine the elastic properties. Carvelli and Poggi [7] proposed a
homogenization technique to predict the stiffness and strength of the composite
considering lamina thickness, yarn orientation, and fiber volume fraction. Angioni
and Meoa [8] carried out a comparative study, which revealed that the asymptotic
expansion homogenization method can be used to predict the mechanical properties
of 2D woven composites. Though some discrepancies are found for out plane
properties, but the in-plane properties of the composites were precisely calculated
by this method. More recently, a two-step homogenization technique was adopted
to estimate the mechanical properties of woven composites [9, 10]. It was found
that the two-step homogenization is one of the easiest ways to predict the elastic
properties accurately. Besides, a voxel-based homogenization technique was used
to estimate the thermo-mechanical properties of woven composites [11]. A good
agreement was established between the predicted and experimental results.

With the availability of modern powerful computers, the finite element method
(FEM) has become an essential part to solve a wide range of real-world problems
including the prediction of elastic properties considering micro-level parameters.
With the help of FEM, Ichihashi et al. [12] calculated the mechanical properties of
woven composites. Their study revealed that weave densities have a minor impact
on microfracture stress. Further investigation based on FEM proved that it can
predict the in-plane, out-plane young’s and shear moduli of woven composites [13].
A recent study suggests that FEM can be used to predict interlaminar shear prop-
erties, cumulative damage failure, and crack deviation, although an obstacle is
found to model the ceramic matrix composite [14]. FEM is also useful to analyze
other micro-scale defects like voids [15], tow misalignments [16], etc. Moreover,
FEM is regularly utilized to solve multiscale analysis where a direct impact of a
micromechanical property can be investigated on a large structure [17, 18]. Finally,
FEM can be time-efficient in the case of utilizing preloaded geometries for regular
composite material like unidirectional, woven, chopped, etc. [19, 20].

In summary, micro-level analysis of various composite materials based on
computational homogenization is an efficient technique, which can provide better
material with lower cost reducing the necessity of experimental testing. In this
current investigation, commercial FE code Ansys Material Designer is adopted to
study the impact of micromechanical parameters, namely, fiber material, fiber
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volume fraction, yarn volume fraction, yarn spacing, and fabric thickness along
with two types of weaving, namely, plain and twill on the CFRP based woven
composites.

2 Numerical Homogenization Procedure

2.1 Material Selection

To calculate the elastic modulus numerically, commercial finite element code Ansys
Material Designer is adopted. For the present study, two different carbon fibers are
selected which will be embedded in the epoxy matrix. Elastic properties of the fiber
materials are chosen from Ansys Material Library, which is given below, Table 1
and the elastic properties of epoxy is adopted from the literature [21], Table 2.

2.2 RVE Geometry and Parametric Study Plan

For woven composite homogenization, a preloaded geometry with twill and weave
type RVE is utilized, Fig. 1. For the parametric study, other micromechanical
properties, namely, fiber volume fraction (Vf), yarn volume fraction (Yf), yarn

Table 1 Elastic moduli of fibers

Name of fibers E11 (GPa) E22 (GPa) v12 v23 G12 (GPa) G23 (GPa)

Carbon-395 395 6 0.2 0.4 8 2.149

Carbon-290 290 23 0.2 0.4 9 8.2143

Table 2 Elastic moduli of matrix [21]

Name of matrix E (GPa) v

Epoxy 5.35 0.354

a. Plain RVE b. Twill RVE

Fig. 1 RVE types of woven composites for present study
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spacing, and fabric thickness are used as variables to investigate their effects on the
elastic modulus of plain and twill type woven composites made of above-mentioned
fibers and matrix. The plan of the parametric study is given in Table 3. Please note
that both the constant parameters and variable ranges are selected based on the
experimental possibilities found in the literature [22].

2.3 Mesh Generation and Boundary Conditions

To mesh the RVE geometry, conformal periodic meshing is adopted, which is
provided by the software by default, Fig. 2. The main reason for choosing the
periodic meshing is that, with periodic meshing, a periodic boundary condition can
be selected, which provides a better solution to the problem and no convergence
problem occurs. A detailed boundary condition with periodic and non-periodic
setup can be found in the Ansys Material Designer user’s manual [20]. Please note
that the manual input of the boundary condition is not required to attain the finite
element homogenization results.

Table 3 Parametric study plan for the present study

No. Case study Constant
parameters

Value Variable Range

I Effect of fiber
volume fraction

Yarn volume
fraction
Yarn spacing
Fabric
thickness

0.755
1 mm
0.188 mm

Fiber volume
fraction

0.2–0.7

II Effect of yarn
volume fraction

Fiber volume
fraction
Yarn spacing
Fabric
thickness

0.55
1 mm
0.188 mm

Yarn volume
fraction

0.2–0.8

III Effect of fabric
thickness

Fiber volume
fraction
Yarn volume
fraction
Yarn spacing

0.55
0.755
1 mm

Fabric
thickness

0.188–
0.216 mm

IV Effect of yarn
spacing

Fiber volume
fraction
Yarn volume
fraction
Fabric
thickness

0.55
0.755
0.188 mm

Yarn spacing 0.5–2 mm

298 Md. M. Rahman and S. B. Rayhan



3 Numerical Results Discussion

3.1 Impact of Fiber Volume Fraction

At first, the impact of the fiber volume fraction (Vf) on the elastic modulus of
woven composites are shown in Fig. 3. For in-plane elastic modulus, it is apparent
that as the fiber volume fraction increases, a steep increase in the prediction of

Fig. 2 Periodic mesh
generation
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Fig. 3 Predicted elastic modulus against fiber volume fraction
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elastic modulus is observed. Moreover, Carbon-290 (C-290) fiber provides a higher
elastic modulus than Carbon-395 (C-395) fiber, which becomes apparent after
Vf = 0.35. Furthermore, the weaving type (twill or plain) does not have any
influence for both carbon fibers until Vf = 0.6.

For, out of plane elastic modulus, an interesting observation is found, Fig. 3b.
For Carbon-395 fiber, Vf does not have any influence on the elastic modulus
regardless of the weaving type. However, Carbon-290 fiber provides a similar trend
as the previous finding, when increasing the Vf would increase the elastic modulus
linearly.

3.2 Impact of Yarn Fiber Volume Fraction

Unlike the previous case study, yarn fiber volume fraction (Yf) has a negative
impact on the in-plane elastic modulus of woven composites, Fig. 4a. In the
beginning, when Yf = 0.6, the plain and twill type weaving prediction of elastic
modulus has a difference of 4.73 and 2.95% for Carbon-395 and Carbon-290 fibers,
respectively. However, this difference has been diminished as the Yf value increases
linearly. Interestingly, for out of plane elastic modulus, the calculated values are
found to be constant for Carbon-395 fiber despite increasing the Yf values.
However, a declining trend is observed for Carbon-290 fiber, which linearly
decreases with increasing values of Yf.
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3.3 Impact of Fabric Thickness

Numerical predictions of in-plane and out of plane elastic modulus due to the fabric
thickness ranging from 0.188 mm to 0.216 mm can be found in Fig. 5. From the
illustration, it is observed that for both Carbon-290 and Carbon-395 GPa fibers, no
significant impact due to the increment of fabric thickness is found despite altering
the weave type from plain to twill.

3.4 Impact of Yarn Spacing

Finally, the influence of yarn spacing on the calculated elastic modulus is illustrated
in Fig. 6. For in-plane elastic modulus, in the beginning, changing the yarn spacing
from 0.5 mm to 0.75 mm has a moderate impact on the elastic modulus of the
carbon fibers and their weaving type. An increment of 7.9 and 5.5% is found for
Carbon-395 (plain) and Carbon-290 (plain) fibers, respectively. However, a further
increment of yarn spacing values does not affect the elastic modulus significantly.

For out of plane elastic modulus, yarn spacing has no impact on the predictions
for Carbon-395 fibers, Fig. 6b. A slight influence of yarn spacing is observed at the
beginning for Carbon-290 fibers, which also reduces with the increment of spacing
values.
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4 Conclusion

A series of numerical simulations were conducted to analyze the impact of
micromechanical and carbon fiber properties on the elastic modulus of CFRP
woven composite materials. From the investigation, it is found that despite
Carbon-395 fiber possesses higher longitudinal elastic modulus (E11) than
Carbon-290 fiber, however, it provides lower in-plane and out of plane elastic
modulus while embedded in the matrix to produce CFRP woven composites.
A primary reason for this phenomenon is that the transverse elastic modulus of
Carbon-295 fiber is almost 97% higher than Carbon-395 fiber, which plays a crucial
role for the differences found in the numerical study. Some other important findings
are listed below.

• Fiber volume fraction has a strong influence on the elastic modulus prediction of
woven composites. In-plane elastic modulus increases linearly with the incre-
ment of fiber volume fraction.

• Unlike the fiber volume fraction, the yarn volume fraction has an adverse effect
on the elastic modulus calculation. In-plane elastic modulus decreases linearly
with the increment of yarn volume fraction.

• Fabric thickness does not affect the outcomes of elastic modulus of CRFP
woven composites.

• Yarn spacing has a minor effect on the estimation of elastic modulus, which also
diminishes with higher spacing.

• Type of weaving (Twill or plain) has a minor impact on the prediction of elastic
modulus. However, in some cases, twill weave provides slightly higher elastic
modulus than plain weave.

Acknowledgements The authors are grateful to China Scholarship Council (CSC) to finance their
research at Northwestern Polytechnical University, China (CSC grant No. GXZ023506).
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Microstructure and Performance
Control of Copper/Stainless Steel
Wire-Feeding Laser Welding Joint

Xiaoyan Gu, Ziwei Cui, and Jiaxu Shao

Abstract Wire-feeding laser welding of copper/stainless steel was carried out by
filling nickel-based welding wire. ANSYS finite element numerical simulation
software was used to analyze the temperature field of the joint, the diffusion of
interface elements and the microstructure of the joint were studied. The influence of
welding power on joint microcracks is analyzed. The study found that as the
welding power increased, the cooling rate of the joint decreased, and the temper-
ature gradient on the copper side weld decreased. This promoted the transformation
of columnar dentrites on the copper side to equiaxed dentrites and effectively
suppressed microcracks in the weld. In order to show the fracture mechanism of the
joint, digital image correlation technology (DIC) is used to analyze the local
mechanical behavior of the joint. The weld joint had achieved the ultimate tensile
strength (UTS) of 239.5±2.11 MPa, which is 84.8% of the strength of the copper
base metal and all the joints were fractured in the Cu-HAZ, the fracture mode was
ductile fracture.

Keywords Laser technology � Copper � Stainless steel � Digital image
correlation � Mechanical properties

1 Introduction

Because of the excellent thermal conductivity and ductility, copper and copper
alloys have been widely used in the power generation industry. Austenitic stainless
steel has excellent resistance to erosion. Copper/stainless steel composite compo-
nents not only have relatively high electric, heat performance, wear resistance and
erosion resistance, but also are light weight and with high strength. The copper/
stainless steel joint has been widely used in the nuclear industry, petrochemical and
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chemical industries. Although no brittle intermetallic compounds are formed
between copper and stainless steel, the physical and chemical properties of copper
and stainless steel (especially melting point and thermal conductivity) are quite
different, and the penetration of copper along the heat-affected zone of steel may
also causes hot cracks [1].

Tradition fusion welding methods such as electron beam welding, laser welding,
and tungsten gas shielded welding have their own limitations. The vacuum con-
ditions is harsh in the electron beam welding [2, 3], the beam seam has high
requirements for the medium degree in the laser welding [4], current carrying
capacity is limited in the gas shielded welding welding and the fusion welding
process will cause serious copper burning [1]. Friction stir welding [5–9] and
explosive welding [10, 11] are solid-state weilding methods that have disadvantages
of strict tool compensation conditions and high safety regulations. Previous
researches showed that wire-feeding laser welding was conducted with high energy
density, small post-welding deformation, high welding efficiency, as well as no
vacuum requirements, furthermore, it also has the advantages of reduced assembly
accuracy, convenient metallurgical adjustment, and unlimited joint forms [12, 13].
Therefore, an effective combination between copper and stainless steel will be
technically obtained.

In this paper, the method of wire-feeding laser welding was used to obtain
copper/stainless steel dissimilar metal joints, and the interface characteristics,
microstructure and performance characteristics of the joints were studied, which
lays a theoretical foundation for the practical application of copper/stainless steel
wire-feeding laser welding.

2 Test Materials and Methods

2.1 Experiment Materials

The base metals used in this study were T2 copper alloy and 304 austenitic stainless
steel sheets. For wire-feeding laser welding, all the as-received 1 mm-thick sheets
were machined to dimensions of 100 mm � 50 mm. The welding wire used was
nickel-based stainless steel welding wire with a diameter of 1.2 mm. The chemical
composition is shown in Tables 1, 2, and 3.

Table 1 Chemical composition of 301 stainless steel

Ingredient C Mn Si Cr Ni P S

content � 0.15 � 2.00 � 1.00 16.0–18.0 6.0–8.0 � 0.035 � 0.03
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2.2 Experiment Equipments

Figure 1 shows the laser welding system used in the experiment. The welding
machine is an RC-YLS-2000 fiber laser with a rated power of 3 KW.

2.3 Test Method

Before welding, the samples were polished with sandpapers to remove the oxide
film. Welding test was carried out on the butt joint, the butt gap was set as 0.4 mm,
the laser was offset and irradiated on the stainless steel. The offset was set as
0.1 mm. Pure argon gas was adopt to maintain the side blowing protection, and

Table 2 Chemical composition of T2 red copper

Ingredient Cu Bi Pb Sb Fe As S

content 99.90 0.001 0.005 0.002 0.005 0.002 0.005

Table 3 Chemical composition of nickel-based welding wire

Ingredient Ni Mn Fe Cu Cr Nb Ti Si

content � 67 2.5–3.5 � 3 � 0.5 18–22 2–3 � 0.75 � 0.5

Fig. 1 RC-YLS-2000 fiber
laser and manipulator
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flow rate of the gas was 10 L/min. Our results of the preliminary experiments
showed that welding defects such as macroscopic deformation and abnormal
deposition of filler materials appeared in the joint under hihg welding power.
Results conducted at low welding power showed that the penetration depth at the
root of the weld was insufficient. When the welding power was set as 1400–
1600 W, there were no defects such as macroscopic deformation, undercut, and
spatter occurred in the joint. Therefore, the welding parameters used in this study
were selected as welding speed, 0.020 mm/s, wire filling rate, 0.015 mm/s and
welding power 1400–1600 W. Test results of the laser welding showed that the
specimen was corroded with an etching solution of 25 g FeCl3, 25 mL
HCL,100 mL H2O for 10–15 s. Scope Axio ZEISS type metallurgical microscope,
TESCAN type scanning electron microscope, EDAX type energy dispersive
spectrometer and X’ pert3 X-ray diffractometer were used here to observe and
analyze the interface formation, microstructure and fracture morphology of the
welded joint. The standard tensile test was performed using the MT-810 test
machine at the displacement rate of 0.8 mm/min. The joints under each process
parameter was subjected to three tensile tests, and the average value was taken as
the joint tensile force under each parameter. Furthermore, by using the standard
DIC test procedures, 2D digital image correlation (DIC) experiments were per-
formed with the shooting spatial resolution of 30 pixels/mm in the position control
mode.

3 Results and Discussion

3.1 Temperature Field Analysis

Figure 2a shows that the isotherms on the copper side and the steel side were
distributed asymmetrically, and the temperature gradient on the stainless steel side
was higher. This is mainly because copper has higher thermal conductivity. The
heat-affected zone, weld zone and base metal zone were marked in Fig. 2a. Four
characteristic locations were selected as observation points (point 1234), which
correspond to the center of the weld, the weld near stainless steel side, the weld near
copper side and the copper heat-affected zone. According to the numerical simu-
lation process, the four-point welding process thermal cycle curve was extracted
(Fig. 2b). Figure 2b shows that the slopes of the thermal cycle curves at 4 points
during the heating process were all large, indicating that the heated area heats up
quickly. The peak temperature of points 1 and 2 exceeded 1450 °C (stainless steel
melting temperature), and the peak temperature of point 3 exceeded 1083 °C
(copper melting temperature), which indicates the melting of copper and stainless
steel during heating; The peak temperature of point 4 was between 433.8 °C
(copper recrystallization temperature) and 1083 °C. The temperature in the haz on
Cu side exceeded the copper recrystallization temperature, which indicates the grain
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growth in the haz on Cu side compared to the base material. During the cooling
process, the temperature at point 3 dropped to the melting point of copper first,
which indicates that the weld near copper side solidifies first.

3.2 Joint Microstructure Analysis

The optical micrographs on the copper base metal and the haz has been shown in
Fig. 3. Our results showed that copper grains in the heat-affected zone were heated
to grow and a large number of twins were formed compared to the copper base
material (Fig. 3a). As copper has a better thermal conductivity and a large amount
of heat was dissipated from the copper side, the joint produced a wider heat-affected
zone at the copper side than that of the stainless steel. It can be seen from our results
of analysis in 3.1 that the peak temperature of the copper heat-affected zone
increased the recrystallization temperature of copper (433.8 °C). As a result, the
heat-affected zone grains recrystallized during the welding process, making

Fig. 2 Temperature field simulation (a) Temperature distribution cloud diagram of temperature
field at 3 s (b)

Fig. 3 Optical micrographs of local weld zones: a Cu-BM, b Cu-HAZ
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the grains coarser (Fig. 3b). In addition, accidental stacking faults occurred when
the interface moved in the recrystallization process of copper grains, and co-lattice
twin boundaries were formed. Indicating that coarsening of the grains in the copper
heat-affected zone may affect the mechanical properties of the joint.

The optical micrographs on the Cu-weld interface were shown in Fig. 4. Our
results showed that the partially melted copper near the fusion line did not blend
with the stainless steel base material and the welding wire melted in the molten pool
(Fig. 4a). This part of unblent liquid copper re-solidified to form the unblent zone
(a thin layer of molten copper) at the joint. Formation of the unblent zone was
mainly due to the different chemical composition and solidification sequence
between the copper base material and the weld. During the welding process, liquid
metal in the molten pool included molten copper, stainless steel and welding wire.
Since the main components of welding wire and the stainless steel base metal were
exactly the same, it can be suggested that the main constituent elements of the
liquid metal in the molten pool were Fe and Ni (stainless steel base material of the
welding wire). Cu-Ni and Cu-Fe systems have different surface tensions, and
difference in the surface tension results in liquid immiscibility. Analysis of solid-
ification sequence in 3.1 illustrated that the molten copper solidified first during the
cooling process of the molten pool, which made the cooling time of the molten pool
be shorter. In addition, near the fusion line on the copper side, the unblent area at
the root and top of the weld was narrow, while the unblent area at the middle of the
weld was wide (Fig. 4a). This may result from that the convection and compression
dominate the specific position of weld root and top, promoting the blending of
copper and stainless steel in the molten pool. Moreover, the steel swirling into the
copper-side matrix weld near the copper-side fusion line, which was caused by
the stirring effect of the flow vortex in the molten pool, and it was also one of the
reasons for the good mechanical properties of the joint (Fig. 4b–c).

Figure 5 shows the optical micrographs in the fusion zone. It is showed that
there was a confluence of solidified grains in the middle of the weld, the grain
morphology on the copper side was typical equiaxed dendrites while on the steel
side was columnar dendrites (Fig. 5b). This may result from that the solidification
rate, local temperature and composition gradient at the copper side and the steel side
of the weld were different. The ferrite-rich regions were distributed in the form of

Fig. 4 Optical micrographs of local weld zones: a Cu-weld interface, b Enlarged view of position
1, c Enlarged view of position 2

310 X. Gu et al.



cellular crystals and surrounded by the austenite-rich regions in the form of lath
dendrites (Fig. 5c). This was caused by the non-equilibrium rapid cooling of the
fusion zone that promoted by the high thermal conductivity of copper and the
composition gradient in the weld zone.

The optical micrographs on the SS-weld interface has been presented in Fig. 6.
Our results showed that there was a typical epitaxial growth of the cellular grains
near the fusion line on the steel side of the weld, and followed by the columnar
dendrites (Fig. 6a). And the grain morphology changed from the fusion line to the
middle of the molten pool showed the cell crystals, columnar crystals and columnar
dendrites (Fig. 6b). Resulting from that the temperature gradient on the stainless
steel side decreased while the crystallization rate increases as the solidification
proceeded. And increase in segregation of alloying elements further leads to an
increase in the component undercooling.

The SEM and corresponding micrographs captured along the Cu− weld inter-
faces has been illustrated in Fig. 7. Our results showed that the weld interface was
clear, and there were no defects near the interfaces on both sides (Fig. 7a); Scan
results of EDS line in this study showed that there were two areas with entirely
different composition distributions in the weld (Fig. 7b). In area 1, due to the

Fig. 5 Optical micrographs of local weld zones: a Fusion zone, b Enlarged view of position 1,
c Enlarged view of position 2

Fig. 6 Optical micrographs of local weld zones: a upper side of SS-weld interface, b under side
of interface
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dilution of the nickel-based welding wire on the base material of stainless steel 301,
content of iron in the weld was much lower than that in the base metal of 301
stainless steel, and the ingredients were evenly distributed (Fig. 7b). Element
distributions on the copper interface in area 2 was with different gradient, and the
nickel content was much higher than the iron, which confirmed that this area was a
nickel-based stainless steel wire without sufficiently blending. And in the
microstructure of the weld near the copper side fusion line, the bright characteristic
copper element was uniformly distributed, the atomic number of copper was higher
than that of the iron and the nickel, so the copper element in the weld had bright
characteristics(Fig. 7c). Heat conduction and heat convection made part of the
copper base material melt and evenly dispersed into the weld (Fig. 7c);
Additionally, there were equiaxed dendrites with primary and secondary dendrite
arms at the interface on the copper side, this is because the composition super-
cooling of the copper side weld transformed long columnar grains into the equiaxed
dendrites (Fig. 7d). These equiaxed dendrite structures have high resistance to the
thermal cracking during the solidification of the weld metal.

SEM and corresponding micrographs captured along the Cu− weld interfaces
under different powers were represented in Fig. 8. Our results showed that there
were obvious micro cracks when the welding power was 1400 W, which was

Fig. 7 The SEM and its corresponding SEM micrographs micro morphology of the joint when
the welding power is 1600 W. a Cross section of joint; b EDS line scan result; c Micro
morphology on copper side interface; d Enlarged view in the dotted frame in c
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mainly caused by the large residual stresses after welding, the fast cooling rate of
the joint and the insufficient transformation of the weld structure (Fig. 8a). Since the
thermal expansion coefficients of copper and stainless steel were totally different,
and the obvious stress was concentrated at the interface between the copper and the
weld, it is easy to form cracks in this area during the cooling process. And the EDS
analysis at a previous point of the microcrack showed that there was a large amount
of carbon in the microcrack (Fig. 8b). It can be indicated that when the welding
power was low, the cooling rate was fast, and impurity elements such as carbon and
phosphorus were segregated at the cracks, which will form a low melting point
eutectic. While when the welding power was 1500 W, in addition to the obvious
presence of microcracks, there was also copper segregation at the copper side
interface (Fig. 8c). And the content of iron, nickel, and copper dropped sharply at
the cracks, while the copper content peaked at the copper segregation (Fig. 8d).
Segregation of the copper will cause more inhomogeneities and thermal stresses,
resulting in more microcracks. When the welding power was 1600 W, there were
no micro cracks in the joint (Fig. 8e). The result of EDS analysis showed that
Cu-Ni solid solution phase was formed in the weld (Fig. 8f). It is proposed that
increasing of the welding power will increase the welding heat input, reduce the
cooling rate of the joint, and reduce the temperature gradient on the weld near
copper interface, this promotes the transformation of columnar grain to equiaxed
grain on the weld near copper interface. So the micro-cracks in the weld were
effectively suppressed. Taken together, our results indicated that reducing the strain
rate of the weld metal and the transformation of columnar grain to equiaxed grain
will effectively suppress microcracks in the weld.

Fig. 8 The SEM and its corresponding SEM micrographs micro morphology of the joint under
different power. a The micro morphology of the joint when the welding power is 1400 W; b The
enlarged view of the dotted box in a; c The micro morphology of the joint when the welding power
is 1500 W; d EDS line scan results; e The micro morphology of the joint when the welding power
is 1600 W; f the enlarged view of the dotted box in e
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Figure 9 showed the XRD diffraction analysis of the micro area at the interface
of the joint. The main structure of the copper side interface was mainly constituted
of copper-nickel solid solution (Cu(Ni)) (Fig. 9a), which confirmed the effective
diffusion of copper into the weld; And the interface of stainless steel was mainly
constituted of iron-nickel solid solution (Fe(Ni)) (Fig. 9b), which confirmed the
diffusion between the stainless steel base metal and the weld. Taken together, there
was no formation of intermetallic compounds on both sides of the interface, which
avoided the formation of cracks in the weld.

Figure 10 showed the EBSD map and high spatial resolution pole map (PF) map
of the local welding area. there was obvious epitaxial grains growth on the fusion
line(Fig. 10a). The grain growth direction of the columnar crystals was consistent
with the flow direction of the heat in the weld and both were perpendicular to the
fusion line. Under the combination of the non-uniform nucleation and overcooling
of the component, weld zone had elongated columnar grains (Fig. 10a). Due to the
difference in spatial resolutions between SEM and EBSD, this morphology can only
be observed in EBSD. As the high cooling rate of the laser wire filler occurred in
welding process, there was no obvious heat affected zone in the stainless steel base
metal. And our results of SS-BM showed that stainless steel base material existed
more randomly equiaxed austenite grains instead of the preferentially oriented FCC
structure(Fig. 10b).

Our results of tensile strength and elongation showed that the average tensile
strength of joint 1, 2, and 3 were 229 MPa, 226 MPa and 224 Mpa, respectively,
accounting for 84.8, 83.7 and 82.9% of the tensile strength of copper plates
(Fig. 11). The average elongation of the joint was 15.6, 19.4 and 20.6%, respec-
tively (Fig. 11). As the welding power increased, average area of the grains in the
copper heat-affected zone increased as well, while the tensile strength of the joint
decreased. This may result from that when the heat input increased, average area of

Fig. 9 Micro-area XRD diffraction analysis. a Copper side interface XRD; b Stainless steel
interface XRD
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the grains in the heat-affected zone of the copper base metal increased, which led to
an obvious decrease in the tensile strength of the joint.

Furthermore, results of the joint stress-strain curve showed that the joint frac-
tured in a ductile fracture mode (Fig. 12). Four typical moments 1, 2, 3, 4 were
selected on the stress-strain curve and digital image correlation (DIC) technology
was used to analyze the local mechanical behavior of the joints. Figure 13 showed
that at time point 1, the copper/301 stainless steel joint did not show obvious strain
localization under low tensile stress (Fig. 13a). At time point 2, plastic deformation
and strain localization appeared and the strain field of the copper/301 stainless steel

Fig. 10 EBSD-PF micrograph of partial weld sub-area. a SS-welding interface; b SS-BM

Fig. 11 The tensile strength
and elongation of the joint
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joint was still relatively uniform (Fig. 13b). The necking did not appear until time
point 3, localization of the strain was obvious, and Cu-HAZ accumulated a large
amount of strain (Fig. 13c). As shown in the red box of Fig. 13, strain localization
points of the copper/301 stainless steel joints were all located in the copper
heat-affected zone, indicating that the fracture started from the copper haz. And at
time point 4, the strain increased and the strain localization phenomenon became
more obvious as the tensile test proceed (Fig. 13d). Strain localization point of the
copper/301 stainless steel joint reached 0.852, and the joint fractured at the copper
heat-affected zone, which also corresponded to the fracture position showed in
Fig. 12. All these tensile specimens analyzed in this test fractured in the copper
heat-affected zone instead of the weld zone, implying that the copper heat-affected
zone was the weak location of the entire welded joint. Moreover, the strain of weld
metal was within 0.05 and this trend continued until the specimen get fractured.
Therefore, this event clearly demonstrated the sound mechanical behaviour of the
weld metal compared to the Cu-BM due to the fine SS grains occupied in the fusion

Fig. 12 Stress-strain curve of
the joint

Fig. 13 Sequential strain map obtained through 2D-DIC
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zone as observed in the EBSD micrographs. Figure 14 showed that fracture mode
of the joint was ductile fracture based on the plastic deformation in the form of
dimples.

4 Conclusion

1. The isotherms on the copper side and the steel side were distributed asym-
metrically, and the temperature gradient on the stainless steel side was higher.
During the cooling process, the weld near copper side solidified first.

2. There existed an obvious grain coarsening in the haz on Cu side and there was
an unmixed zone in the weld near the copper side; the composition of the weld
near the fusion line on the stainless steel side was evenly distributed, and the
structure shows the change of cellular grains, columnar grains and columnar
dendrite.

3. As the welding power increased, the cooling rate of the joint decreased, and the
temperature gradient of the copper side weld decreased. This promoted the
transformation of columnar dentrites in the weld on the copper side to equiaxed
dentrites and effectively suppressed microcracks in the weld.

4. With the increase of welding power, the tensile strength of copper/stainless steel
joints gradually decreased. All the fracture positions of copper/stainless steel
welded joints under different powers were located at the copper heat-affected
zone. The fracture mode of the joint was ductile fracture based on plastic
deformation in the form of dimples. The maximum tensile strength of the joint
was 229 MPa, which is 84.8% of the strength of the copper base metal.

Fig. 14 SEM images of tensile fracture surfaces
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Research on Ultrasonic Welding
of Ultra-Thin Copper and Stainless Steel
Dissimilar Metals with Nickel Foil
as Intermediate Layer

Xiaoyan Gu and Wei Gao

Abstract A high-power ultrasonic spot welding machine was employed to suc-
cessfully weld T2 copper and 301 stainless steel dissimilar metals with nickel foil as
intermediate layer. The influence of different welding energy on the interface
temperature, cross-sectional macroscopic morphology, interface formation and
mechanical properties of the joint was analyzed. The ABAQUS finite element
numerical simulation software is used to analyze the temperature field of the
interface under different welding energy. The study found that the peak tempera-
ture, high temperature residence time and the depth of indentation gradually
increased with the increasing welding energy and the joint interfaces were relatively
straight. There were three types of joint interfaces including copper/nickel, nickel/
stainless steel and copper/stainless steel. Each interface department occured element
inter-diffusion. There are diffusion layers. The maximum diffusion distances of
copper-nickel elements and nickel-steel elements are 6.39 and 2.22 lm respec-
tively. The maximum tensile shear force increases with the increase of welding
energy and the maximum value was 1233.33 N. Welded joints fractured along the
interface near the steel side of the base metal.

Keywords Ultrasonic welding � Copper/nickel/steel dissimilar metals � Welding
energy � Interfacial stress distribution � Numerical simulation analysis

1 Introduction

In recent years, new energy vehicles have developed rapidly and are expected to
gradually take place of traditional fuel-consuming vehicles [1, 2]. The develop-
ment of new energy vehicles is inseparable from the development of power battery
cells. Copper materials have been extensively applied in the field of new energy
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batteries due to their good electrical conductivity, thermal conductivity, corrosion
resistance, ductility [3], good mechanical properties and processing properties [4].
In addition, it is widely used in the fields of electrical, mechanical manufacturing,
national defense and communications [5, 6]. Stainless steel is an alloy steel with
high chemical stability and high mechanical properties, and thus it is often used in
the manufacture of parts or equipment with special requirements for corrosion
resistance, oxidation resistance and high temperature resistance. Since copper and
stainless steel are the bipolar materials of the battery cylinder manifold of new
energy vehicles, the research of welding of copper and stainless steel is signifi-
cantly valuable. Due to the large differences in the chemical composition and
physical and chemical properties of dissimilar metals, it remains challenging to
weld dissimilar metal materials [7]. Moreover, stainless steel is prone to inter-
granular cracks during the fusion welding process and thus the solid phase welding
method-Ultrasonic Welding is used. Ultrasonic metal welding is a special con-
nection and a solid-state welding technology [8–10]. It shows the difference from
traditional welding technology in that it does not input current, arc and other
high-temperature heat sources to the workpiece, but combines ultrasonic vibration
with normal clamping force. The ultrasonic energy is converted into the friction
energy between the metal interfaces, and then the temperature is relatively
increased. Eventually, a connection technology achieves the bonding of the atoms
between two base materials.

With T2 copper, 301 stainless steel and pure nickel foil as the research objects,
combined with the temperature distribution at the interface during the welding
process, the present study systematically analyzes the interface forming mechanism
and the influence of welding energy on the microstructure and mechanical prop-
erties of the joint. It provides necessary data references and theoretical supports for
the production and application of ultrasonic welding in the field of copper/stainless
steel dissimilar metal connection.

2 Experimental Materials and Methods

2.1 Experimental Materials

T2 copper plates and 301 stainless steel plates with a thickness of 0.5 mm were
used in the current work, and the dimension of plates was 25 mm long and 25 mm
wide. Meanwhile, pure nickel foil with a thickness of 0.02 mm was used as the
intermediate layer.
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2.2 Experimental Equipment

The ultrasonic metal spot welding system is used in the current experiment.
Figure 1a shows the size of the indenter. The welder is a Viper-20 ultrasonic metal
welder with a rated power of 3 kW, a working frequency of 20.01 kHz, and a
welding time of 0.005–9.999 s. The indenter and bottom of the welder are like
sharp teeth. The indenter’s height is 0.55 mm with its area of 4.2 mm � 14.0 mm.

2.3 Experimental Method

The welding test was carried out with the overlap method of “copper on nickel
under steel”. The main welding parameters of ultrasonic welding include welding
amplitude A, static pressure P and energy E. The welding energy exerts an
important influence on frictional heat generation and plastic deformation. Through a
large amount of test data, it can be concluded that this welding machine has the best
joint forming when the welding static pressure is 0.25 MPa and the amplitude is
95 lm. In the present study, the single factor variable method is used to change the
corresponding welding energy in the range of 1400–2400 J with an interval of
100 J to investigate the influence of different welding energy on welding formation.

Before welding, 600#, 1000#, 2000# and 3000# sandpaper can be used to polish
the sample to remove the oxide film, wipe it with acetone to remove oil stains, then
place it in an alcohol solution, and clean it using the H6005 ultrasonic cleaner.
A 17 mm � 7 mm welded joint was cut out, inlaid, polished, and corroded to
obtain a metallographic specimen. Scope Axio ZEISS type metallurgical micro-
scope, TESCAN type scanning electron microscope and EDAX type energy dis-
persive spectrometer were employed to observe and analyze the interface formation,
microstructure and fracture morphology of the welded joint. X’pert3 Powder X-ray
diffractometer was used to analyze the joint the phase composition at the interface
and both sides of the fracture are detected and analyzed.

Fig. 1 The diagram of experimental equipment a The ultrasonic metal welding machine and
detailed knurl pattern of sonotrode (top) and its dimension (bottom), b Thermocouple thermometer
and temperature measuring position, c Schematic diagram of welding assembly
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Before welding, draw the profile of the welding head pressing tooth in the center
of the copper plate, and process a test hole with a diameter of 0.8 mm at the lower
edge of the pressing tooth profile, and subsequently place the thermocouple in the
test hole for fixing. Figure 1b and c shows the schematic diagram of machining
position and thermocouple temperature measurement. The sampling frequency is 6
points/sec. The temperature data at different times is collected by the UT-325
thermometer so as to complete the welding thermal cycle test.

The tensile and shear force of the copper/steel welded joint specimen was
completed on the MTS-810 electro-hydraulic servo universal material testing
machine. Figure 2 shows the schematic diagram of the copper/steel lap joint
tensile-shear specimen. The tensile loading speed is 0.8 mm/min and the loading
load is 1 N. Meanwhile, it should ensure that the upper and lower chucks of the
testing machine are clamped in the gasket area. After the chucks are clamped, the
preload force value displayed on the electrical controller must be cleared. This
study takes the average value of the strength of three joints under each process
parameter as the tensile shear force under this parameter.

3 Results and Discussion

3.1 Analysis of Characteristics of Copper/Stainless Steel
Ultrasonic Welding Thermal Cycle

Figure 3 shows the temperature distribution cloud diagram at the center of the
copper/nickel/steel joint interface when the welding amplitude is 9.5 lm, the

Fig. 2 The schematic diagram of shear model

Fig. 3 Temperature field under different welding energy a 1400 J, b 1600 J, c 1800 J, d 2000 J,
e 2200 J, f 2400 J
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welding static pressure is 0.25 MPa, and the welding energy is 1400, 1600, 1800,
2000, 2200, 2400 J, respectively. The figure obviously shows that when the
welding energy increased, the maximum temperature of the interface below the
indentation gradually increased. From the distribution cloud diagram under different
welding energy, it can be seen that the interface temperature distribution has local
inhomogeneity. The high temperature area was mainly concentrated on the corre-
sponding interface under the indentation and gradually decreases to the surround-
ings. The highest temperature was located slightly away from the tooth tip.

Figure 4a and b show the simulated cloud diagram and temperature change
diagram of the steel plate interface temperature along the X axis when the welding
energy is 2000 J. Obviously, the temperature distribution was roughly parabolic,
which first increased and then decreased along the X axis. The highest temperature
in the center of the interface was 357.35 °C. Due to the heat generated by interfacial
friction and plastic deformation of materials, the temperature of the interface
increased. These two heat sources were difficult to measure directly by employing
experimental methods. However, they can be obtained from finite element analysis.
The isothermal distribution cloud map of the entire copper plate interface is
approximately elliptical. Figure 4c shows the interface friction heat and plastic
deformation heat distribution. It can be seen that as the welding progresses, the heat
generation of the two heat sources would increase, and the slope of the curve of the
heat generated by the interface friction remains almost unchanged, indicating that
the frictional heat generation rate remains almost constant. The plastic deformation
heat had almost no heat production rate in the first 0.2 s, and the plastic deformation
heat production rate slowly increases from 0.2 s to the end of welding. This was
mainly due to the small plastic deformation of the copper plate at the beginning of
welding. As the welding progresses, the copper plate gradually softens and the
plastic deformation heat generation rate accordingly increased. It can be seen from
the steep change trend of the temperature curve that the overall thermal cycle at the
copper/steel interface had the characteristics of fast heating and cooling as well as
short high-temperature residence time. This was mainly related to the pressing of
the indenter during the welding process, high-frequency vibration, and a large
amount of workpiece friction. The instantaneous frictional heat is related to the
higher thermal conductivity of the copper/steel alloy. Induced by Galileo:

Fig. 4 a Thermal analysis of welding interface, b Interface temperature change along the X axis,
c Interface frictional heat and plastic deformation heat distribution, d The thermal cycle curve of
the interface of thermocouple under different welding energy outside the pressure tooth
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l ¼ 4pet

r
ð1Þ

where l denotes the friction factor of the material, e is the surface roughness of the
material, t is the temperature of the material, and r represents the stiffness of the
material. It can be seen from this formula that the friction factor is associated with
the temperature of the material. The welding heat input under different energies was
different, resulting in different temperatures at the interface and different friction. At
the same time, the test results demonstrate that as the welding energy increased, the
welding time and high-temperature residence time would be prolonged, which
would have a great impact on the microstructure and mechanical properties of the
joint interface.

When the thermocouple was outside the pressure tooth, the peak temperature at
the interface of the copper/steel ultrasonic welded joint under different energy was
measured, and the thermal cycle curve measured at the interface of the ultrasonic
welded joint (Fig. 4d). The changing trend of the curve shows that the overall
thermal cycle at the copper/steel interface had the characteristics of fast heating and
cooling speeds and short high-temperature residence time. The peak temperature at
the copper/steel interface gradually increased with the increasing welding energy.
This is because as the welding energy increases, the high temperature residence
time increases, and the frictional heat generation accordingly increases.

3.2 The Influence of Welding Energy on the Macroscopic
Morphology of the Cross Section

Figure 5a shows the upper and lower surfaces of the copper/steel ultrasonic welding
joint. During the welding process, the welding head and the base leave pyramidal
and jagged dents on the surface of the copper plate and the lower surface of the steel
plate, respectively. Figure 5b shows the indentation depth of the copper/steel
ultrasonic welded joint under different welding energy. Obviously, indentations can
be observed on the surface of the copper plate, and there was no obvious change on
the surface of the steel plate. Meanwhile, it can be seen that with the increase of
welding energy, the thickness of the copper plate directly under the indentation
continues to decrease, and the depth of indentation on the base metal continues to
increase. This is because with the increase of welding energy, the temperature and
stress of the copper interface under the tooth tip of the pressing tooth gradually
increase, and thus the plastic flow ability of the material gradually increases. As a
result, the depth of the tooth mark continued to increase under the action of welding
static pressure. If you continue to increase the welding energy (more than 2400 J),
the depth of the tooth marks will continue to increase, and the bearing area at this
place will gradually decrease. In comparison with other positions, cracks are likely
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to initiate and expand in this place, which is easy to reduce the mechanical prop-
erties of the joint.

3.3 The Influence of Welding Energy on the Formation
of Joint Interface

Figure 5c shows the microscopic morphology of the joint interface under different
welding energy. When the energy was 1800 J, the nickel foil in the middle layer
was in good continuous contact with the steel, and the nickel foils on both sides
accumulate in the middle, resulting in mountain and plain morphology. With the
increasing welding energy, the nickel foil and the copper undergone the plastic
deformation near the interface. The degree became larger. Under the action of
shearing force, the nickel foil was cut and mixed with the plastic flowing copper.
When the energy rose to 2200 J, most of the nickel foil became a discontinuous
shape under the action of shearing force, and the copper flowed plastically near the
interface.

In the process of ultrasonic welding, the high-frequency friction vibration gen-
erated by the workpiece under the action of static pressure and high-frequency
ultrasonic vibration caused the contact surface of the workpiece to generate a large
amount of friction heat instantly, the temperature of the contact surface of the
workpiece rose rapidly, and the yield strength of the material was greatly reduced
due to softening. The tendency of plastic deformation was increased, facilitating the
exposure and bonding of fresh metal to form fusion between molecular layers. At
the same time, both the atomic diffusion activity and the plastic flow ability of the
metal will also be improved, which will exert an impact on the joint interface
formation, microstructure and mechanical properties. In the state of the highest
welding energy, the peak temperature at the interface was still lower than the
melting temperature of the base material copper, stainless steel and pure nickel in
the intermediate layer, suggesting that the formation mechanism of the copper/steel

Fig. 5 Macro profiles of the joint under different welding energy a Top and bottom surface
graphy, b Indentation depth at different welding energy, c Microstructure of the joints under
different welding energy
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ultrasonic welded joint interface was a solid state connection based on atomic
diffusion.

When the welding energy increased, the welding time and high-temperature
residence time would be prolonged, and the yield strength of copper, nickel, and
steel would decrease significantly. Under the interaction of welding pressure and
ultrasonic vibration, the three had uneven plastic deformation. In addition, the
internal stress was unevenly distributed near the welding interface, and the softened
base metal undergoes plastic flow under the uneven internal stress, forming a
mechanical self-locking. As the welding time increases, the interface temperature
increased, the yield strength of copper and nickel decreased, the plastic flow
increased, and the mutual embedding depth of copper and nickel accordingly
increased, contributing to the improvement of the tensile strength of nickel/copper
welded joints.

Figure 6 shows the SEM photograph and EDS line scan analysis result of the
welded joint (partial position in the middle of the two pressing teeth). According to
the results, there was a diffusion layer at the interface, and as the welding energy
increases, the thickness of the diffusion layer increased sequentially. The
nickel-copper diffusion distances were 2.31 lm, 3.57 lm, and 6.39 lm. The
nickel-steel diffusion distance were 1.73, 1.96, 2.22 lm. Obviously, the diffusion
distance of nickel-copper was greater than that of nickel-steel, indicating that the
diffusion rate of copper-nickel was greater than that of copper-iron. Figure 6d
shows that when the copper-steel interface was bonded, the diffusion distance
between the copper-side atoms and the steel-side atoms was small, and the
copper-steel was not easy to directly bond.

The increase in the thickness of the diffusion layer with the increasing welding
energy was determined by the following factors. First, as the welding energy
increased, the welding time increased, and then the atom diffusion time increased.
Second, the welding interface temperature increased significantly with the increase

(a) 1600J    (b) 2000J

(c) 2400J (d) 2100J

Fig. 6 Results of EDS line scan analysis under different welding energy

326 X. Gu and W. Gao



in welding time. According to Fick’s law of diffusion, the thickness of the diffusion
layer can be analyzed using the following classic formula:

x ¼ k0
ffiffi

t
p

exp � Q
RT

� �

ð2Þ

where k0 denotes the reaction constant, Q is the diffusion activation energy, R is the
gas constant and T is the thermodynamic temperature. It is known that the diffusion
coefficient of atoms increases exponentially with temperature. Third, as the welding
energy increased, plastic deformation occurs at the interface, resulting in a large
number of lattice defects. The diffusion of atoms along dislocations and grain
boundaries was the short-circuit diffusion. The diffusion activation energy was low
and the diffusion speed was faster.

3.4 The Influence of Welding Energy on the Shear
Performance of Joints

Figure 7a shows the curve of shear force change of copper/stainless steel ultrasonic
welding joint under different energy. It can be seen from the figure that as the
welding energy increases, the shear force of the joint increases first and then
decreased. When the welding energy reached 2000 J, the joint shear force reached
the maximum, which was 1233.33 N. Figure 7b shows the macroscopic mor-
phology of the cross-section of copper/stainless steel joints with different welding
energies after the lap shear tensile test. In addition, all specimens fractured at the
interface.

Fig. 7 a The shear force of joints at different welding energy, b Macro-morphology of fracture
surface under different welding energy
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From the previous Galileo induction, it can be seen that when the welding
energy was low (1700 J), the overall stress of the welding interface was at a low
level, the friction at the interface was low, the plastic flow ability of the metal was
weak, and the diffusion of atoms at the welding interface was limited.
Consequently, the bonding surface was only the small area under and around the
tooth tip with high stress forming micro-connections. Therefore, the mechanical
properties of the joint were low, and there was no large plastic deformation. With
the increase of welding energy, the interface temperature (� 400 °C) was greater
than the softening temperature of copper 150 °C, the copper base material begins to
soften, the stress increased and the welding time was prolonged. In addition, a large
amount of friction heat was generated, the temperature rose, and diffusion was
promoted. The increase in overall stress caused a greater degree of plastic defor-
mation near the interface. In the meanwhile, the expansion of the plastic zone
increased the interface area and the interface diffusion area.

At the same position of the steel side section, a 6 mm � 6 mm section was
selected as a reference to calculate the ratio of the effective bonding area to the total
area under different energy. The ratio was defined as the effective binding rate.
After the calculation, the effective binding rate was respectively 41.5, 57.8, 72.1
and 82.3% at 1700, 1800, 1900, and 2000 J energy. It could be concluded that as
the energy increased, the effective bonding rate increased and the joint strength was
improved. However, when the energy exceeded 1800, the upper plate began to be
cracked, reducing the mechanical properties. On the copper side, as the energy
increases, part of the base material was broken down by the pressure teeth, and
voids appear at 1800 J, and part of the copper side base material was completely
broken and attached to the steel side at 2100 J.

3.5 Fracture Analysis

Figure 8c and d shows the microscopic morphology of the shear fracture of the
copper/steel ultrasonic welded joint when the energy was 2000 J, and Table 1 shows
the results of the EDS point scanning analysis corresponding to Fig. 8c and d.

(a) (b) (c) (d)
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Fig. 8 X-ray diffraction analysis and fracture surface morphology of joints of fractures at 2000 J
energy. a XRD of copper fracture, b XRD of steel fracture, c The fracture of copper side, d The
fracture of steel side
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Figure 8c and d shows that the fracture surface of the copper side and the steel
side was relatively flat as a whole, consisting many steps of different heights,
presenting typical brittle fracture. From the results of energy spectrum analysis, it
can be seen that there are mainly nickel atoms at the fracture points 1 and 2 on the
copper side, and the content of copper atoms was almost zero, indicating that most
of the nickel adheres to the steel side during fracture. At the fracture points 5 and 7
on the steel side at 8, nickel atoms were attached to the steel side with different
specific gravity. However, there were only a few copper atoms while at point 6,
there was a part of copper atoms, indicating that the copper atoms plastically flow to
the steel side during the welding process. Some of the copper/steel welded joint
fracture occurred in the copper-side diffusion layer area, and some occurred in the
steel-side non-diffusion layer area.

The fracture surface of the joint was analyzed by employing X-ray diffraction.
Figure 8a and b shows the XRD analysis result of the joint under an energy of
2000 J. Copper-nickel solid solution appeared on the copper side and Fe-nickel
solution appeared on the steel side.

4 Conclusion

(1) Ultrasonic welding technology was used to achieve the effective connection of
T2 copper and 301 stainless steel alloy with pure nickel foil as the intermediate
layer. The overall interface was relatively straight, and the local interface had
small fluctuations. No defects such as cracks and infusion could be found.
Additionally, there existed no obvious reaction layer.

(2) As the welding energy increases, the thickness of the interface diffusion layer
gradually increased, and the nickel-copper diffusion distance was greater than
the nickel-steel diffusion distance. When the energy was low, the intermediate
layer of nickel foil was in good continuous contact with the steel. As the
welding energy increased, part of the nickel foil was sheared under the action of
shearing force and mixed with the plastic flowing copper. When the energy rose
to 2200 J, the most nickel foils were transformed into discontinuous shapes.

Table 1 EDS analysis of regions scanned as indicated in Fig. 8 (at.%)

Position Serial number Ni (at.%) Cu (at.%) Cr (at.%) Fe (at.%)

1 93.58 0.56 0.99 4.88

2 95.57 0.74 0.54 3.15

3 98.48 0.28 0.44 0.79

4 93.83 0.33 3.15 2.68

5 6.74 0.35 18.31 74.60

6 8.76 9.33 3.48 78.42

7 23.44 0.38 15.68 60.50

8 56.08 0.52 9.09 34.31
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(3) With the increasing welding energy, the shear performance of joints first
increased and then decreased. When the welding energy was 2000 J, the joint
shearing force was the largest, which was 1233.33 N.

(4) The welded joint fractured at the nickel-steel interface under different welding
energy, and brittle fracture was the fracture surface.
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Numerical Prediction
of the Permeability Tensor Components
for 2D Woven

M. Kiauka , I. Kolodiazhnyj , and A. Borovkov

Abstract The article presents with the method of numerical prediction of the
permeability tensor components for 2D woven by CFD. This method allows to
assess the permeability using geometric simulation tool TexGen and ANSYS
Fluent. The study defines the permeability of the 2D woven unit cell in three
significant directions—along the warp, the weft and at the angle of 45° to the
warp. According to this data the permeability tensor components in principal axes
are calculated for unidirectional flow. We compare the permeability values with
experimental data mentioned in the references. The woven unit cell results can be
used as the input data for the subsequent impregnation modeling.

Keywords Liquid composite molding � Resin transfer molding � Vacuum infu-
sion � 2Dtextile � Permeability tensor � Principal in-plane permeability � TexGen �
CFD � Inter-yarn flow � Intra-yarn flow

1 Introduction

Depending on the field of application, there are many methods of transfer com-
posite molding, which consist of impregnating a dry reinforcing material with a
liquid resin, followed by its curing in a special molding tool and getting a finished
product.

On the way of liquid resin through a reinforcing material a flow resistance
appears. Depending on the way of coping with this resistance, there are two main
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penetration methods—due to extra pressure (resin transfer molding, RTM), or due
to vacuum (vacuum infusion).

In RTM method a resin goes under pressure to a hermetic cavity, which is
formed by punch and die, with prepared dry preform. In vacuum infusion a dry
reinforcing material is being set between hermetic film and a die, which is the
surface of an item. As a result we have a vacuum bag with the exhaustion inside due
to which the binder is pulled in the working area and impregnates the reinforcing
material.

The manufacturing process by transfer methods should follow the mathematical
(numerical) modeling. The impregnation modelling helps to optimize the techno-
logical process, to lower the price of production and reduce the possibility of
defects. It is especially important for large-sized composite constructions, where
defects result the financial and timeconsuming losses. One of the key characteristics
required for impregnation processes modelling in transfer molding methods is the
permeability of the reinforcement preform. In such modelling software as
PAM-RTM permeability tensor components are used as initial data and need to be
entered.

Prediction methods of permeability of reinforcing material are not standardized
nowadays and they are based on simple areas impregnation experiments. Among
these tasks are impregnation of rectangular disk by line source, 2D and 3D radial
impregnation of spherical domain.

In reference [1] Demaria et al. describe the method based on ellipse equation to
get the permeability tensor in woven plane using deformed woven unidirectional
injection experiment results. Results are being compared with experiments in radial
impregnation. In reference [2] Demaria et al. develop the previous work approach
and offer the prediction model of in-plane anisotropic permeability characterization
of deformed woven fabrics. In Vernet et al. [3] take a step towards standardizing
permeability measurements—several research groups have been encouraged to use
the same values for parameters such as fiber volume fraction, injection pressure,
liquid viscosity to minimize dispersion source in unidirectional injection of woven
plane.

Experimental determination of the permeability of engineering textiles is a
complicated and expensive procedure, that is why it is important to develop
methods of numerical prediction of this parameter.

In reference [4] Belov and Lomov et al. use the Lattice Boltzmann method
(LBM) for solving Navier-Stokes equations using own code. Intra-yarn flow is
considered by Brinkman equations.

In [5, 6] references Swery et al., using FlowTex and ANSYS CFX solvers,
compare predicted permeability values received while modeling, with experimental
results [3]. Predicted permeability values of textile model which is close to real
structure of woven, were approximately twice higher than experimental data. The
solvers’ results were a good match.

Numerical prediction of permeability is covered in some thesis works [7, 8, 9].
In reference [10] Cai and Berdichevsky use the analytical model for permeability

prediction of yarn in longitudinal and transversal directions. Unit cell contains a
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representative yarn surrounded by a liquid. Stokes flow is applied to the liquid
domain and Darcy flow is being considered in the yarn area. The authors get the
dependencies for permeability prediction using such parameters as the average fiber
volume, yarn volume ratio and its size.

In our research for numerical prediction of permeability we have also chosen the
scaled experimental textile sample published in reference [3]. For modelling we
have chosen the most common and available software: the unit cell is modelled in
TexGen; the flow modelling is processed in ANSYS Fluent. The results are being
compared and analyzed. The recommendations to improve the accuracy of mod-
elling are proposed.

The method can be useful for engineers to better assessment of the textile
permeability before impregnation modelling.

2 Basic Relations of Flow Dynamics on a Porous Medium
and Methodology of Reinforcement Textile Permeability

Permeability is a geometric characteristic, connected with the weft structural fea-
tures on various length scale. In fact liquid molding is a liquid filtration through
porous medium which is described by Darcy’s law [11]:

~u ¼ � 1
lq

K � rP ð1Þ

where ~u—fluid velocity, l—resin dynamic viscosity, q—resin density, P—pres-
sure, <>—volume average index, K—permeability tensor of porous medium.

Generally the permeability tensor can be presented as following:

K ¼
Kxx Kxy Kxz

Kyx Kyy Kyz

Kzx Kzy Kzz

2
4

3
5 ð2Þ

For a textile the permeability tensor is orthotropic, where Kxy = Kyx, Kxz = Kzx,
Kyz = Kzy and it’s in the principal axes look like:

K ¼
K1 0 0
0 K2 0
0 0 K3

2
4

3
5 ð3Þ

K1 and K2 components characterize in-plane permeability of textile, K3 component
—in through-thickness direction.

As the basic computational fluid dynamics equation, that is used for simulate the
flow through the textile we consider the Navier-Stokes equation:
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#~u
#t

¼ � ~u � rð Þ~u� 1
q
rpþ vr2~uþ~F ð4Þ

where u—flow velocity; p—pressure; t—time; q—density; m—kinematic viscosity
F—body force field; ∇—The Hamiltonian operator.

K tensor components are generally defined experimentally. The point of
experimental permeability approach is in weight measuring and flow time of resin
with the known viscosity through reinforcement preform under the pressure fall
[12].

For the steady-state mode of unidirectional flow, when fluid viscosity does not
change depending on temperature and time, cross sectional area and permeability
index are constant lengthwise, Darcy’s law is written as follows:

Q tð Þ ¼ k
A
g
P0 � P1

Dx
ð5Þ

where P0—initial pressure, Pa; P1—final pressure, Pa; Dx—distance between two
points, m.

The Eq. (9) does not consider interfacial effects between fiber and resin.
During radial impregnation for isotropic medium the impregnation front will

have a circle shape. During radial impregnation for anisotropic medium the
impregnation front will have an ellipse shape. It is necessary to set the permeability
tensor components in the principal axes for anisotropic medium. For 2D woven the
principal axes do not match with warp and weft directions. According to reference
[1] fluid front that goes through anisotropic reinforcement preform is shown on
Fig. 1.

Fig. 1 Reinforcement preform elliptic flow front [1]
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Permeability tensor components in the principal axes can be defined as
follows [3]:

K1 ¼ K0
C

a1 � a2
a1 � a2

cos 2bð Þ
; ð6Þ

K2 ¼ K90
C

a1 þ a2
a1 þ a2

cos 2bð Þ
; ð7Þ

a1 ¼ K0
C þK90

C

2
; ð8Þ

a2 ¼ K0
C � K90

C

2
; ð9Þ

b ¼ 1
2
tan�1 a1

a2
� a21 � a22
a2 � K45

C

� �
; ð10Þ

That is why the flow modeling through unit cell along the warp, the weft and at
the angle of 45° to the warp\weft.

3 Problem Statement and Modeling Example

The textile perform permeability coefficients method using TexGen automated unit
cell construction includes the following basic issues: creating a geometric unit cell
model in TexGen; exporting a geometric model to one of the mesh generators to
prepare for CFD analysis; setting boundary conditions, medium properties, carrying
hydrodynamic calculations, analyzing modelling results; calculating of permeability
coefficients.

For analytical validation the experimental data of the research have been chosen
[3].

3.1 Fabric Pattern

Geometric weaving and fiber parameters were set according to the full-scale
measurements showed in reference [3]. In the fabric (400 texG0986 D1200 Carbon
2 � 2 Hexcel twill weave fabric), set in the technological test equipment the fibre
volume fraction was Vf = 0.45 (Table 1).

The periodic nature of the reinforcement material geometric allows to signifi-
cantly simplify the calculation models. As a geometric generator we used free
special software TexGen, which was developed for reinforcement textiles
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modeling. The main parameters of geometric unit cell are: fabric thickness, yarn
center-to-center distance, number of yarns in different directions, yarn width.
According to the research of [13] it is supposed that having Vf under 55% TexGen
is able to realistically model the fiber geometry under compression.

To model the unit cell geometry in TexGen the following parameters were set
(Table 2).

According to results of the unit cell modeling in TexGen the fibre volume
fraction is Vf = 0.49 (not considering 10% increase to the cell domain Vf = 0.54).
With the similar geometric weaving parameters with the real fiber this can be
explained by yarn porous structure. «GapSize» parameter, which defines the gap
between weaving yarns, which lay on each other at intersections, is equal to
0.03 mm, was set as minimum in order to provide the possibility of generating the
fluid domain computational grid model of high quality. The picture of real fiber and
the geometric weaving model is shown on Fig. 2.

We used an internal grid generator Ansys Mesher for discretization of calculated
volume. This software allows to computerize modeling of various knots of volume.
This grid model is designed by a huge amount of tetrahedral unstructured elements,
which help to fasten discrete time modeling in condition of various directions of
flow, which reduces the advantage of structured hexagrids. The maximum size of
the element is 0.05 mm. The curvature element is 18°. While modeling we got two
variants of the grid model. A variant for 0° and 90° of flow application to normal
and for 45° of flow application to normal. The variant for 0° and 90° has about
4 million computational cells and the variant for 45°—about 18 million elements.

Table 1 Geometric weaving
parameters 2 � 2 Twill [3]

Characteristic

Nominal construction (warp) tows/cm 3.5

Nominal construction (weft) tows/cm 3.5

Warp width mm 2.31

Weft width mm 2.27

Yarn linear density kg/m 0.000419

Fibre density kg/m3 1.78�103
Fibre diameter m 7�10−6
Areal density kg/m2 0.284

Table 2 Geometric weaving
parameters 2 � 2Twill in
TexGen

Warp yarns 4

Weft yarns 4

Yarn spacing 2.95 mm

Yarn width 2.29 mm

Fabric thickness 0.35 mm

Gap size 0.03 mm
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3.2 The Boundary Conditions

ANSYS Fluent numerical prediction of the permeability is calculated according to
formula (11), derivative of the formula (5)

K ¼ GlL
AqrP

;m2 ð11Þ

where G—mass flow rate, kg/s; l—dynamic viscosity of resin, Pa�s; L—unit cell
length along which the pressure fall appears, m; A—unit cell cross-section area
perpendicular to resin flow direction, m2; q—resin density, kg/m3; ∇P—pressure
gradient, Pa.

On the right side of formula (11) the result of numerical prediction is the mass
flow rate G, the other values are the initial data, which is known or assigned. During
substitution of all data we define the permeability index in particular direction if the
material is anisotropic.

Fig. 2 Geometric unit cell model: real fabric, fabric pattern, and TexGen geometric model
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The resin flow mode was assigned laminar according to the Reynolds number
calculation (Re < 1). As a resin we set a Newtonian fluid with resin properties
RTM-6, dynamic viscosity l = 0.1 Pa�s and density q = 1110 kg/m3. The thermal
effect were ignored, the dependence of resin viscosity and density on a temperature
were not assigned.

The boundary conditions correspond to the experiment conditions described in
reference [3] and showed on the Fig. 3. One fiber is supposed to be impregnated, so
the «translational periodic» boundary conditions were assigned for the end surface,
and in the in-plane permeability of fabric—a «wall no-slip» was set. While mod-
eling we supposed that the fibers are impenetrable for the resin.

To consider the liquid flow inside the weaving fibers, it is necessary to calculate
the tensor of the local permeability of the tow Ktow. The fibers could be locally
approximated as a regular massive cylinder. For the fiber longitudinal permeability
and in transversal direction in [4] the following formulas are offered:

Kl ¼ d2

32
ln

1
V2
f

� 3� Vf
� �

1� Vf
� � !

ð12Þ

Kt ¼ 4d2

9p
ffiffiffi
2

p
ffiffiffiffiffiffiffi
p
4Vf

r
� 1

� �5
2

ð13Þ

where Vf—the fiber volume fraction in the tow; d—fiber diameter; Kl—tow lon-
gitudinal permeability; Kt—tow permeability in transversal direction. The perme-
ability for the tow is defined in the local coordinate axes and should be recalculated
in the global coordinate axes. In general the tow permeability lie in the range 10−10–
10−13 m2 [14].

Fig. 3 The boundary conditions for unit cell
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4 The Modeling Results

In each case the unit cell impregnation is carried out along the warp (0°), weft (90°), at
the angle of 45° to thewarp. Theflowmodeling results of the resin through the unit cell
for three specific directions for impregnated yarns are shown on Figs. 4, 5, 6.

The comparison of experiment results [3] and ANSYS Fluent modeling results
for the three directions is shown in the Table 3. The comparison used an average
calculated during experiments that were carried out by different groups, but fol-
lowing the identical methodology and the approved recommendations.

The modeling results for the FlowTex and Ansys CFX solvers for the same
experiment group are presented in reference [6]. The comparative results are shown
in a bar chart on Fig. 7. As you can see, in our research, we have managed to
achieve a greater permeability convergence with the experiment in the warp
direction (0°). On the other hand, the weft permeability (90°), is higher than the
warp one (0°) both in experiment [3] and modeling [6].

According to the warp, weft and 45° angle permeability calculation results we
have defined the permeability tensor components using formulas (6)–(10). The
comparative results with the experimental data are shown in Table 4 [3].

5 Tow Local Permeability Analysis

Local tow permeability Ktow in ANSYS Fluent or ANSYS CFX can be considered
using “porous medium” model. We can get the porous medium permeability
parameters for the tow as a result of the modeling of the resin flow through separate
yarns. Besides, we consider a longitudinal and transversal yarn flow. This modeling
method is similar to that described for the unit cell on the meso-level. However, in
reference [15] they point out the necessity to correct viscous strains on the border of

Fig. 4 Pressure and velocity field (section) for the flow in warp direction (0°)
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porous and fluid regions while modeling in ANSYS Fluent/ANSYS CFX, because
there are no physical grounds to set the velocity continuous gradient on the border
of the region.

In this research we have assessed the Ktow value using formulas (12), (13). We
estimate the fiber volume fraction according to theoretical analysis and experi-
mental data.

Fig. 5 Pressure and velocity field (section) for the flow at the angle of 45° to the warp/weft

Fig. 6 Pressure and velocity field (section) for the flow in weft direction (90°)

Table 3 Unidirectional flow
permeability. Full-scale
experiment comparison

Direction Kc

(10−10 м2)
KSFF

(10−10 м2)
Difference
(%)

0° 0.499 0.807 61.59

45° 0.567 0.861 51.76

90° 0.490 1.311 167.56
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In order to get some idea as to the range of constituent volume fractions that may
be expected in fiber composites, it is useful to consider representative area elements
for idealized fiber-packing geometries such as the square and triangular arrays [16].
For the square array the maximum theoretical value of the fiber volume is
Vfmax = 0.785. For the triangle array Vfmax = 0.907. In a point of fact, it is not
possible to get the tight fiber pack, which is needed for this theoretical limitation. In
a majority of a continuous fiber composite, the fibers are not ideally spherical and
they are being packed randomly, that is why the fiber volume is usually from 0.5 to
0.8 [16].

In this study we have taken the fiber volume of 0.75. For the fiber d = 7�10−6 m
(Table 1) and volume Vf = 0.75 we have received the following values:
Kl = 2.6264�10−14 m2; Kt = 3.9633�10−16 m2. The values Kl and Kt can be estab-
lished in porous medium parameters in ANSYS Fluent or ANSYS CFX in local
coordinate system of tow.

Fig. 7 Permeability comparative results

Table 4 2D permeability tensor components in the principal axes. The comparative results with
the experimental data

Parameter Modeling results Experimental results [3]

a1 0.49469E-10 1.0590E-10

a2 4.7170E-13 −0.25200E-10

b 42.8719° 16.9844°

K1 0.48698E-10, m2 1.3994E-10, m2

K2 0.50257E-10, m2 0.77678E-10, m2

K1/K2 0.9690 1.8016
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As a result, the fiber volume fraction for the unit cell considering the fiber
porosity will be Vf = 0.41. Taking into consideration the geometry built in TexGen
according to real fabric measures the fiber volume is lower than 0.45 measured in
the reference [3]. This issue needs a supportive analysis.

6 Conclusions

This article presents the numerical prediction of the permeability tensor components
for 2D woven by CFD. The permeability tensor components in the principal axes
are determined.

We have assessed the fiber volume fraction of model fabric considering the fiber
porosity. The local tow permeability in longitudinal and transversal directions
according to analytical dependencies was determined.

In general the modeling results are reliable and similar to the experiment.
For the resin flow in weft direction (90°) the results of numerical prediction and

full-scale experiment have the highest difference (more than 1.5 time). Permeability
tensor components in the principal axes also have a difference—K1/K2 relation for
the real fabric is more than 1, despite the fact that the fabric structure in terms of
hydrodynamic resistance is identical in the warp and weft. However, it is important
to point out that in reference [3] several research groups have received the K1/K2
correlation, which was also close to 1, as in the results of our modeling. So, both the
efficiency of the experiment (fiber volume control, deformation of fabric, etc.) and a
precision of modeling the ideal geometric weaving structure need a further research.

For ANSYS Fluent/ANSYS CFX software, we have to upgrade the methods of
geometric models and computational grid by TexGen and universal mesh genera-
tors accordingly. While modeling closely to the real fabric geometry, the quality
problems of the computational grid appear. On the other hand, we fail to get the
assigned fiber volume of the unit cell.

In future research the fibers will be presented by porous medium and the unit cell
permeability value will be clarified. The influence of the size of the computational
domain (several unit cells in different directions) on the accuracy of the solution
will be investigated. Also the warp and weft geometric parameters variability will
be introduced in textile geometry in order to control the geometry deviation impact
on permeability value.
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Wire Rope Mathematical Model
Development

D. A. Lobachev, V. L. Leontiev, Yu. A. Gorskiy,
Ya. A. Belolipeckaya, P. A. Gavrilov, and O. I. Klyavin

Abstract This article is about wire rope simplified model method development.
This method allows to carry out calculations of different constructions, the elements
of which are cables, without detailed strands modeling, which significantly saves
computing resources and time. This work focuses on the usage of experimental data
description to validate the material model of the rope, on getting deformation curves
under axial tension and bending characteristics, on developing a simplified finite
element model of the rope, and, finally, on the implementation of the method in the
calculations of real constructions. The result of the research is the developed
algorithm of transition from 3D elements to 1D and the creation of mathematical
material model, which shows the physical and mechanical properties of steel cables.

Keywords Wire rope � Cable � Validation � Material model � Deformation curve

1 Introduction

Steel cable is one of the wire stranded and braided items which is often the main
load-carrying elements of lifting constructions. The key advantages of the wire rope
are higher tension capacity, sufficient torsional and small bending stiffness as well as
a huge range of standard sizes. These characteristics show the wide range of cable
applications: construction engineering, ship, air and ground transportation and many
other industries, including oil industry, coal and mining industries. Cable computer
modeling is the important task. However, detailed cable modeling is complex and
time consuming in terms of computing resources. The fact is that a cable consists of
many wires, and it is required not only separately to describe the geometry of each of
them, but also to set contact interactions. This problem can be solved by creating a
simplified mathematical model that fits well the behavior of the cable.
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The behavior of wire ropes under loading is described in different sources [1, 2,
3], but there is no unified method of mathematical modeling. And the problem of
constructing a proper simplified cable model is of the highest priority in the strength
calculation of construction, since the models used today, the behavior of which is
close to real, still require more accurate verified data. [4].

There are developments that propose discrete models of high accuracy of rope
wires and the rope as a whole using 3D finite elements to rope wires modeling. For
example, in [1, 2], a 1 + 6 wire rope with a complex geometry due to the inclusion
of double-helical wires is modeled and analyzed using 3D finite elements. In this
case, the results of numerical analysis are compared with analytical analysis and
experimental results and show a satisfactory correspondence. The article [5] con-
siders a cable containing carbon fibers. The results of 1 � 7 cable tensile tests are
compared with numerical analysis, calculated using a simplified analytical model
and a 3D finite element model with tetrahedral finite elements. In the article [6]
elastic properties of the rope 1 + 6 are studied. The results are compared with the
analytical solution and with the 3D finite element solution. The study [7] is devoted
to the analytical models of a 1 + 6 rope consisting of six spiral wires wrapped
around a straight core. The solution is compared with solutions calculated using 3D
finite elements. In [8], the stress state of a rope with two multi-directional layers of
spiral wires wound on an elastic core is analyzed. A simple method is proposed for
determining the characteristics of the torque, as well as the distribution of contact
stresses between the rope wires. The article [9] proposes a finite element model of
the 1 + 6 + 12 rope with 3D finite elements. The results of finite element analysis
showed a good correlation with experimental data. In the article [10], a mathe-
matical model of a spiral strand of a 1 � 7 rope was developed, taking into account
the influence of transverse compression of wires and their local contact deforma-
tions during flattening. The contact interaction of rope wires is considered as a
problem of plane deformation without taking into account friction. In [11], the
behavior of the rope during bending is analyzed, and internal force factors are
considered. Indentation techniques, which are still being developed, are used to
study the properties of deformable solids. In [12], a finite element study is carried
out in order to improve the methodology for studying the elastic-plastic properties
of a material by means of nanoindenter experiments. It is assumed that the material
is isotropic elastic-plastic solid with power-law hardening. The purpose of the
article [13] is to create a model of a 1 + 6 wire rope. The proposed model takes into
account the effects of friction and sliding. In this case, numerical solutions to the
problems of axial loading and rope bending are calculated.

The purpose of this work is to develop a method for simplified cable model
construction, which includes not only the transition from three-dimensional finite
elements to beam elements, but also the validation of the material model based on
reliable experimental data. The approach described in this article will allow to
calculate wire ropes of any configuration under various loads, avoiding detailed
modeling and significantly saving time and computing resources. In the first stage,
the steady-state rope analysis is completed. In this stage movements of the rope
with its significant bending and longitudinal deformations with a simplified finite
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element model of the rope, local areas of the rope are determined in which sig-
nificant stress concentrations occur, creating prerequisites for the occurrence and
development of cracks, for breaking the rope. At the next stage, it is possible to
conduct a detailed study of the stress-strain state of these local areas of the rope
using the results of previous calculations and 3D finite elements. Thus, the sug-
gested approach proposes solutions to complex problems of rope dynamics, with
the limited resources of computers.

To achieve this goal we had to solve the following tasks:

• 3D cable under tension deformation curve development and validation in nor-
mal mode operation (without destruction).

• Mathematical material model validation based on experimental data.
• Getting the bending characteristics of the wire rope also based on experimental

data.
• A simplified one-dimensional finite element mathematical cable model

development.
• Application of the developed simplified wire rope model to simulate its behavior

in real life conditions and compare with the available experimental data.

2 Axial Tension Deformation Curve Estimation

The construction of a simplified wire rope model and the transition to beam ele-
ments involves the selection of a new material for these elements. The article [1]
describes such a choice and its validation: with the originally used
*MAT_CABLE_DISCRETE BEAM b and elements of the beam 6 type,
high-amplitude dynamic vibrations appeared in the model, and the compression
load was reflected incorrectly, which significantly limited the area of its application.
As a result of considering the other types of elements available in the LS-Dyna
program, where the wire rope calculations were carried out, it was confirmed that
the best result was shown by the beam 2 elements with the material *MAT_166 (or
*MAT_MOMENT_CURVUATURE_BEAM) [14]. This material model requires
the user to define the axial force-strain, curvature moment and torque-moment
curves. In this case, only the force-strain and moment-curvature curves included in
the material map *MAT_166. Thus, the rope did not work for torsion, and the
corresponding data excluded from consideration.

The choice of the rope material parameters is one of the primary tasks set at the
beginning of the method development for creating a simplified finite element model
of the wire rope. The physical and mechanical properties of the material were
described in detail in the article [15], which also contained experimental data that
allowed to compare the simulation results with the results of field tests at the initial
stage of the study. The finite element model of a wire rope section with a length of
28.75 mm is shown in Fig. 1. Much attention was paid to the choice of the cable
length for modeling and analysis [15]. So, for a simple numerical model of a

Wire Rope Mathematical Model Development 347



straight wire strand, the length that provides optimal contact between the central
and external wires is 115 mm. Accordingly, at the first stage of the study, it was
decided to choose a quarter of this length for consideration.

The finite element model of a cable was calculated with one central and six wires
wound around it with a certain angle, consisting of 20-node hexahedral
solid-elements (construction 1 + 6). The diameter of external wires is 3 mm, the
diameter of the central one is 3.2 mm.

The contacts were set individually for all wires of the strand, the friction coef-
ficient in the contacts was l = 0.115. This setting is used taking into account the
possibility of interaction of each wire with the next one in the cable. Selected [15]
physical and mechanical properties of the material are shown in the Table 1.

To get a deformation curve of a small rope, the nodes of the model were rigidly
fixed on one side, an axis slide along the rope was set on the other side, rotation is
prohibited. The model of loading is shown in Fig. 2.

The calculation was carried out in ABAQUS. Comparison of the axial force
arising in the cable attachment from tensile deformation with the experimental data
[3] is shown in Fig. 3.

The difference between the finite element modeling results and experimental data
by less than 1% allows us to speak about the adequacy of the modeling method
used. Consequently, we consider it possible to use this method of getting a
deformation curve to determine the characteristics of a full-size rope.

The characteristics of a full-size rope, including the dimensions and number of
wires in the cross section, were taken from the technical specifications [16]. Key
parameters are shown in the Table 2. The cross-section scheme is in Fig. 4.

The finite element rope model shown in Fig. 5 consists of solid elements. The
complete wire rope model deformation curve was defined for solid elements with
the length of 150 mm.

Fig. 1 The wire rope finite element model
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Each wire of the rope 8 � 36 + 6 � 19 has 9 or 16 elements in cross section
(tetrahedrons and hexahedrons) depending on the diameter, 1.58 mm long. The
total number of elements in the model is 537560. The loading conditions remained
the same: rigid fixing on one side and movement along the axis on the other side.

Table 1 Physical and mechanical properties of cable material

Yield limit
rT , MPa

Strength
limit rB,
MPa

Tangent
modulus Et,
MPa

Elastic
modulus E,
MPa

Density
q, t/mm3

Poisson’s
ratio l

1540 1800 24600 188000 7,85�10-9 0,3

Fig. 2 The fixing and loading the wire rope model

Fig. 3 Model problem and experimental data results comparison
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The resulting dependence is shown in Fig. 6. The deformation values are in the
range from 0 to 5% on the diagram, since with further cable tension the total
reactive force decreases and this part of the diagram is not considered in this work.
The nonlinear section in the diagram shows the moment of the initial rope reduction
when a load is applied. This is followed by a linear section, when the deformations
increase in proportion to the applied load and the diagram comes to the classic
view.

Table 2 Geometric parameters and number of wires in the cross section of a full-size rope

Diameter, mm

Wires in the strands of the inner
layer

Wires in the strands of the outer layer

Wire
rope

Central First
layer

Second layer Central First
layer

Second layer Third
layer

36,5 1.30 1.20 1.30 1.00 1.80 1.30 1.30 0.95 1.60

Number of wires, unit

– 6 36 36 36 8 56 56 56 112

Fig. 4 The cross-section
scheme of the wire rope
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3 Material Validation for Transition to Beam Elements

While validating material model we have carried out a series of experiments to get
some dependencies, the results of which can be found below. In particular, we run
tension tests of wires out of outer strands of wire rope. The deformation curves used

Fig. 5 The finite element wire rope

Fig. 6 Full size wire rope deformation curve

Wire Rope Mathematical Model Development 351



to define Young’s modulus, and then the true stresses and strains were calculated
and their dependencies were built for different standard sizes of wires. The calcu-
lation method is presented here [17]. The true deformation curves and new elastic
coefficient were again set for the full-size rope material model in the axial tension
task. The comparison of the dependence of force on load for validated and standard
materials (for E = 210 GPa) is presented in Fig. 7. Here we consider the full
deformation curve with the reaction force decrease section, since the breaking
tension is compared.

To take into account the plastic flow of the rope, it was required to have a curve
representing the stress versus deformation dependence in the plastic deformation
area. Usually, such dependences are get experimentally, however, for a wire rope,
the test gives inaccurate results, since it is rather difficult to take into account
surface hardening, and the deformations are overestimated due to the curvature of
the wires. In this work we use the method based on combination of sample surface
indentation with the further finite element modeling method. [18]. Based on actual
tests we got the indentation curve that is shown in Fig. 8.

Modelling tests were carried out in ABAQUS, Indentation finite element model,
which is shown as an indentation process in the diamond pyramid sample is shown
in Figs. 9 and 10.

According to the backward simulation method the plastic flow curve was set,
and then the indentation curve was chosen iteratively, comparing it experimentally
estimated total deviation square of calculated and experimental value. Plastic flow
curve is defined be dependence [12]:

Fig. 7 Force versus load graph
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Fig. 8 Experimental indentation curve

Fig. 9 Finite element model of wire sample indentation

Fig. 10 Finite element model of wire sample indentation with dimensions
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r ¼ r0 � 1þ E
r
e

� �n

;

r—flow stress, MPa, r0—yield stress, MPa, E—elastic coefficient, MPa, ɛ—true
strain, n—work-hardening index.

Indentation finite element model has been developed, the contact between
sample surface and the pyramid has been changed, the grid was reconfigured. The
results of different stages are shown in Fig. 11. It is obvious that the mathematical
curve appeared to be rather sensible at the load stage to the work hardening value
changes, and then it resulted the yield stress increase.

The plasticity curve calculated with the values of the yield stress and the work
hardening value was subsequently substituted into the 1D material model for cal-
culating the rope in tension and getting the dependence of the force on the load.

To adequately identify the properties of the material, it was necessary to cal-
culate the bending stiffness, which is the dependence of the curvature on the
bending moment. We carried out tests: a sample of a wire rope was rigidly fixed at
one end and loaded at the other. The loose end length was 1 m. Weights of 505, 982
and 1500 g were suspended from one of three points alternatively. We have
measured the length from the edge side and the height of the table. The bending
stiffness defining scheme is shown in Fig. 12. In this case, the deflections of the
ropes h1, h2, h3 were measured at these three points of its axis with coordinates l1,
l2, l3.

We have calculated the wire rope model corresponding to the tests: the value of
the bending stiffness in the material varied until the minimum error between the
calculation and experiment data was obtained. The same way as in experiment the
force was applied to the three points of the wire rope alternatively, and after that we
measured these points’ coordinates. We have also calculated the wire rope free sag
data, that means we measured points’ coordinates under gravity force only.

Fig. 11 Indentation curve versus experimental curve
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Fig. 12 The wire rope bending stiffness defining scheme

Fig. 13 Tension loader

Wire Rope Mathematical Model Development 355



A comparison of the results of experiments and calculations is shown in Table 3.
Taking into account some differences in the coordinates of the forces application
points in experiments and calculations, to the conclusion that they are in satisfactory
agreement.

4 Validated Wire Rope Model

The method of creating a simplified 1D model of a wire rope with a validated
material was used to simulate the runner skid rubbing against a wire rope. To carry
out field tests we used a loader which was rotated during the test. A fleet wheel and
a blocks system were set on the loader, through which the cable was stored. The
force was created by hydraulic cylinder block. Test stand runner skid was a scaled
aircraft tail hook, connected with the loader holder by the strain gauge. The runner
skid holder was adjustable in order to be able to change cable wrapping angle.
During the test the friction force of the runner skid against the wire rope was

Fig. 14 Tension loader
model (the front cover of
frame is hidden)

356 D. A. Lobachev et al.



evaluated at different values of tension force and the wrapping angle. The mounting
of the slide and strain gauge on the frame is shown in Fig. 15. The general view and
the model are shown on Figs. 13 and 14 accordingly.

The runner skid mount was fixed with bolts to has the required girth angle. The
constant pressure in the loader system and the necessary level of rope tension was
achieved using a hydraulic cylinder. In this case, we define the rope tension force
approximately. In means, we take into account the total force of the hydraulic
cylinder and the positions of the blocks, drum, and runner skid with a certain
pressure in the hydraulic system. Then this force was used in the next stages. In the
experiment, the friction force of the runner skid to the rope was determined at
different values of the tension force and the angle of the girth of the runner skid.

Fig. 15 The runner skid and strain gauge mounting

Table 3 Experiment and calculation data

h1, mm L1, mm H2, mm L2, mm H3, mm L3, mm

Free sag

Experimental data 255.25 920 198.25 660 80.25 380

Calculation data 228.6 945.4 126.6 663.3 38.3 376.7

505 g weight at point №1

Experimental data 358.25 870 238.25 640 98.25 375

Calculation data 448.9 849.2 267.3 611.8 104.9 361

982 g weight at point №1

Experimental data 413.25 850 273.25 630 113.25 370

Calculation data 491.6 818.8 292.2 596.8 4414.61 357

1500 g weight at point №1

Experimental data 498.25 795 328.25 595 143.25 360

Calculation data 520.95 794.6 309.3 585 121.4 353.9
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The calculation of the friction force of the runner skid against the wire rope was
carried out in the finite element model analysis software LS-DYNA. The finite
element model has been developed to evaluate the loads to the gear at different
operation modes of tension loader. The general view of the finite element model is
presented on Fig. 16.

To model the wire rope we used the beam elements and validated *MAT_166
material model. To record the element thickness at contact points of wire rope with
the fleet wheel and block the settings were set in contact cards. The internal part of
the loader finite element model is shown in Fig. 17. In this model the stress gauge
and hydraulic cylinder are modeled with beam elements. The blocks bearings that
direct the rope in the loader are modeled as joints. The blocks the runner skid and
the drum are modeled with rigid type solid elements. The distribution of equivalent
(by Mises) stresses in the body parts of the loader, and the distribution of the rope
tension force, is shown in Figs. 18 and 19. The calculated distribution of the cable
tension force highlights local areas of stress concentration and permits to simulate
these areas of the rope using 3D finite element model. This method allows to has a
finite element solution of the occurrence problems and to explore development of
cracks in individual wires of the rope.

In the calculations, the values of the axial forces in the finite elements of the
stress gauge and tensioner were recorded. In the steady-state mode of cable
stretching in the loader, time-averaged forces were calculated. Using these forces,

Fig. 16 Finite element model
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Fig. 17 The internal part of the finite element model of the loader

Fig. 18 The distribution of equivalent stresses in the body parts of the loader
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we calculate the empirical coefficient k. The last one characterizes the friction of the
rope on the surface of the slide. On the other hand, coefficient relates the forces Ft
and Fn (forces on the stress gauge and tensioner) and is determined by the formula:

k ¼ Ft � cos a=2ð Þ
Fn � cos u=2ð Þ ;

where a—angle, formed by the branches of the rope from the tension roller,
u—wrap angle of runner skid.

On the other hand, lambda coefficient was calculated in the field tests using the
data from a stress gauge and a hydraulic cylinder manometer. In this case, the
relationship between the coefficient of friction k and the empirical coefficient k was
determined. The k coefficient is directly defined in the contact settings between the
beam elements and the slide surface.

k ¼ 0:93 � k

The suggested formula can be used for simplified rope modeling. The extension
and correction of this generally non-linear relationship can be performed in further
development. The results of calculations were close to the results of experiments. It
means the presented approach is adequate and can be used in the future in various
technical problems.

Fig. 19 The distribution of the rope tension force, N
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5 Conclusion

As a result, a method for constructing simplified finite element models of wire ropes
has been developed. The proposed algorithm for the transition from 3D finite
element to 1D model adequately reflects the physical and mechanical properties of
steel cables. It means this method allows to calculate wire ropes of any configu-
ration when applying different loads. Herewith suggested approach doesn’t require
detailed modeling and permits to save the computational resources. The proposed
method highlights the local areas of the rope with significant stress concentrations
occur. The last ones creating prerequisites for the occurrence and development of
cracks. Then it is possible to calculate a detailed study of the stress-strain state of
these local areas of the rope using the results of previous calculations and 3D finite
elements.
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Development of Approaches to Modeling
the Processes of Joining Sections
and Operation of Drilling Equipment

T. V. Sergeeva , G. V. Monahovskiy , N. A. Kharaldin,
O. I. Klyavin, A. A. Kraev, and O. V. Knyazeva

Abstract The goal of this paper is to develop and test approaches to modeling the
processes of joining sections and operating modes of drilling equipment based on
using digital modeling. Using this technique made it possible not only to assess the
quality of joining the structure of drilling equipment sections, but also to implement
the stress-strain state of the structure after joining as the initial conditions for
evaluating the design performance under operating conditions. The main method
used in this work is all over numerical simulations based on finite-element method.
The electricity resistance was measured after a series of simulations to help to
understand and estimate the connection tightness between parts. The measured
values of electricity resistance calculated by analytical formulas using as back-
ground data contact forces values. Achieved values showed their correspondence to
real experiment. That results give us better understanding of tightness-dependent
values, like electricity resistance and moreover—proved a 3D-modeling approach
in sealed-types of connectors.
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Contact resistance
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1 Introduction

The research of drilling processes is widespread and covers a wide range of issues
because of the complexity of existing processes and evolving technologies in the
field of drilling [1]. In this area, the main tasks and areas of development are the
search for optimal technical parameters of drilling (weight, rotation speed, etc.)
[2, 3], the study of using various materials for drills and mechanisms of drilling
equipment [4], as well as the development of automated systems and hardware
simulators for drilling control [5]. Much less scientific research has been carried out
in the design of drilling rigs for water wells, as well as research not on the drilling
process and the stress state of the drill, and on the process of assembling drilling
equipment sections and ensuring the transfer of energy to the tool.

The structure considered in this work uses a method of transferring energy using
electric cables passing inside the drill pipes. It is necessary to provide a sufficiently
low electrical resistance at the contact points (<0.001 Ohm) for ensuring the reli-
able and efficient transmission of electricity to the drilling tool. Joining the drilling
equipment sections is carried out using rubber-metal joints. The estimation of this
type of joint is nontrivial due to the nonlinearity of the properties of rubber bonded
to metal components.

The purpose of this work is numerical modeling [6, 7] of the process of joining
the drilling equipment sections, as well as an approbation of methods for trans-
ferring the stress-strain state (SSS) of the structure between design cases. Because
of the design features of joining sections to each other, the listed tasks belong to the
class of problems of studying the behavior of sealing joints. Measured parameters:
contact pressure at the contact points, stress-strain state of structural parts.

The main feature of this study is using the stress-strain state of the structure after
joining as the initial conditions for further virtual tests of the structure under the
action of operational loads.

The implementation of the virtual tests described in the work was carried out on
the basis of the platform CML-BenchTM (digital platform for the development of
digital twins [8] and an activity management system in the field of digital design,
mathematical modeling and computer engineering, development of the engineering
center CEC SPbPU) using commercial licenses LS-DYNA and computational
resources of CNTI.

2 Smart Digital Twin of the Drilling Equipment Section

The design of the drilling equipment sections at the joining area is shown in Fig. 1.
A highly adequate digital model of the drilling equipment section contains:

• Full-scale geometric (CAD) and finite element (CAE) section models;
• Information about all connections (bolts, threads, glue), assembly methods

(gluing rubber to steel base) [9];
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• Properties of the materials: elastic-plastic characteristics of metals, taking into
account the dependence on the rate of deformation, as well as the results of field
tests of rubber samples for uniaxial tension (see Fig. 2);

• Information on operating conditions [9]:

– the value of the internal hydrostatic pressure—75 MPa;
– vibration (axial/radial)—acceleration amplitude 30 g, frequency 300 Hz;
– shock impact (axial/radial)—acceleration amplitude 15 g, pulse duration

12 ms;
– the curvature of the pipe axis of the drilling equipment section—30 mm/m.

• Targets and limitations: for joining—value of interference is not more than 3 mm
during joining, the contact resistance is not more than 0.001 Ohm; for
mechanical tests—no destruction of parts.

All calculation models were prepared for the LS-DYNA finite element analysis
system.

Fig. 1 Structure and material distribution of the indoor and outdoor modules [9]

Fig. 2 Results of uniaxial tension full-scale tests of rubber [9]
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3 Methods and Approaches

3.1 Material Modeling

The simplest two-parameter Mooney-Rivlin mathematical model (MM) of the
rubber was used in this work. Its parameters A and B are defined from the defor-
mation curves of the samples and determine the form of the deformation energy
function (see Eq. 1) [10]:

W ¼A I� 3ð ÞþB II� 3ð Þþ A
2
þB

� �
III�2 � 1
� �þ A 5t� 2ð ÞþB 11t� 5ð Þ

2 1� 2tð Þ III� 1ð Þ2

ð1Þ

where

t the Poisson’s ratio,
2 AþBð Þ the linear elastic shear modulus,
I; II; III the invariants of the right Cauchy-Green tensor.

Studies are confirming the possibility of effective use of the two-parameter
Mooney-Rivlin MM for modeling the dynamic behavior of seals [11].

The characteristics of MM of the rubber are usually selected based on the results
of full-scale tests of elastomer samples for uniaxial tension/compression, biaxial
tension/compression and shear, using internal tools of computer simulation soft-
ware systems (the ANSYS system was used in this work).

An elastic-plastic MM was applied to describe the behavior of metals used in
construction (steels and copper) in this work. The main properties of these materials
are presented in Table 1.

3.2 Coupling

As a rule, the geometry of the seals reduce the problem of determining their
stress-strain state under loading by switching to 2D analysis [12, 13, 14], which
decreases the number of required computing resources. However, such a simplifica-
tion is impossible for this construction and all problems were solved in 3D approach.

Table 1 Basic elastic-plastic properties of metals used in the construction [9]

Material Young modulus
(GPa)

Poisson
ratio

Density (kg/
m3)

r0.2

(MPa)
rB

(MPa)

Structural
steel

198 0.33 7920 196 510

Copper M1 128 0.4 8940 60 180
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The joining process is the connection of parts of adjacent sections of drilling
equipment to each other. At the initial moment, parts of the sections (indoor and
outdoor modules) are at the distance of 30 mm from each other (this distance is
determined from the condition that there are no mutual intersections of undeformed
geometries of structural parts at the initial moment). The boundary conditions for the
problem of joining sections are presented in Figs. 3, 4. Interference in the joint is
created due to additional mutual penetration of parts into each other by up to 3 mm.

Numerical modeling of the joining process was carried out using the implicit
dynamic method. Ensuring the convergence of the solution required the following
assumptions: the inertial component was not taken into account in the equations of
motion; during the numerical simulation, the rotation that occurs in reality due to
screwing the screw thread of the parts of the sections was not taken into consid-
eration (only the translational movement was taken into account).

Fig. 3 Boundary conditions
of the coupling simulation

Fig. 4 Time dependence of outdoor unit movement
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3.3 Transfer of SSS Structures

The transfer of the design SSS from one estimation (joining) to another (simulation
of operational mode) in the LS-DYNA software system was performed by:

• updating the coordinates of construction nodes according to their final position
in the previous estimation,

• transfer of residual stresses. In this case, for metal parts (steel, copper), the
transfer was performed by explicitly specifying the stress tensor components for
each finite element using the *INITIAL_STRESS_SOLID tool. For rubber
elements, this method is not available because of the nonlinearity of the elastic
behavior of the material, therefore, the stress transfer was carried out by spec-
ifying the initial position of the nodes of the elements
(*INITIAL_FOAM_REFERENCE_GEOMETRY), the resulting stresses were
functions only of deformation gradients [15]

Fij ¼ @xi
@Xj

ð2Þ

where xi—the deformed configuration, Xj—the undeformed configuration.

3.4 Dynamic Structural Analyses (Operational Load)

The design assessment of the drilling equipment section under the influence of
operational loads was carried out using the example of modeling axial vibration
according to the loading parameters specified in paragraph 1.

Boundary conditions were applied to the ends of the model, which are the
midpoints of the respective connected drilling equipment sections. The applied
constraints and loads for the axial vibration problem are shown in Figs. 5, 6.

The entire FE model had an initial velocity in the direction opposite to the action
of acceleration to avoid the impact of the structure at the initial moment of the
action of the vibration load.

4 Results

4.1 Material Modeling

The parameters of MM of the rubber were evaluated from the experimental data of
tensile tests of the rubber and publicly available data on deformations in com-
pression of the similar material [16] and are equal to A = 0.54 MPa,
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B = 0.75 MPa. The comparison of deformation curves of the generated MM with
input data is presented in Fig. 7.

4.2 Coupling

When joining is modeled, all metal parts of the structure are in the zone of elastic
deformation, and large compressive stresses occur locally in the rubber. Dangerous
areas from this point of view are the ones associated with the contact copper rings,
as well as the end rubber part of the External module, which is significantly

Fig. 5 Graphical interpretation of the axial vibration problem formulation

Fig. 6 Dependence of acceleration on time at vibration loadcase

Development of Approaches to Modeling the Processes … 369



deformed under interference. However, the obtained results do not give grounds for
an unambiguous conclusion about the destruction of the rubber composition, since
the criteria for the destruction of the elastomer at various stress states is unknown.

Next, the estimation of the contact electrical resistance after joining sections is
presented.

The average contact pressure in the copper rings (see Fig. 8) at the final time
(interference 2 mm) for slip rings is 3.5 MPa, 4 MPa and 4 MPa, respectively.

Based on the assessment of the areas of the contacting surfaces of the rings and
the empirical formula for estimating the electrical resistance [9]

Rn ¼ q

2
ffiffiffiffi
Sk
p

q þ knx
0:102PkSkð Þ0:6 ð3Þ

where

Rn the transition resistance, Ohm,
Sk the contact area, m2,
Pk the contact pressure between copper rings, N/m2,
q the material resistivity at 0 °C (for copper 1.62�10−8 Ohm�m),
knx The coefficient depending on the material and quality of the contacting

surfaces (for copper 0.24�10−3).

Fig. 7 Comparison of the strain curves of the rubber with the input data
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Fig. 8 Contact pressures during joining in the copper rings
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The estimated values of the contact resistances of the slip rings after joining are,
respectively R1 ¼ 6:6 � 10�6 Ohm, R2 ¼ 6:2 � 10�6 Ohm, R3 ¼ 6:3 � 10�6 Ohm,
that is, do not exceed the target value of 0.001 Ohm.

The performance of the electrical system of the drilling equipment after joining
the sections is confirmed by the results of full-scale tests.

4.3 Dynamic Structural Analyses (Operational Load)

The most important result of this stage is the reproduction of the level of contact
pressures at the first steps of the estimation, achieved during joining (Fig. 8c).
Subsequently, the contact pressures, which ensured reliable power transmission,
increased because of the internal pressure acting on the structure (Fig. 9).

5 Discussion

The mathematical model of the rubber developed and used in this study is a
reasonable compromise between the requirements for the accuracy of the results
and the incompleteness of the available initial data. The studies show that the
attempt to improve the accuracy of the rubber modeling and switch to the material
model with a larger number of parameters (among the Mooney-Rivlin models, the
results that are closest to the experimental data are given by MM with five
parameters [17]) in the presence of initial information only about uniaxial loading

Fig. 9 The contact pressure of the third ring during virtual axial vibration test
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leads to non-physical results. Thus, the need for additional full-scale tests of rubber
samples (biaxial loading, shear) was revealed for further research.

The results of numerical simulations drilling equipment sections joining show
that stress-strain state of structural parts meet the strength conditions. Besides, the
structure provides required level of the electrical conductivity in terms of the
interaction of contact rings, which is confirmed by full-scale tests of the structure
operability after assembly.

The operability of the applied method of transferring the stress-strain state of a
rubber-metal structure between virtual tests was confirmed in the course of the test
design evaluation of the structure under the action of axial vibration. In the future,
this would take into account the contribution of SSS that occurs in the rubber-metal
structure during assembly in final SSS caused by the action of operational loads.
The assessment of the quantitative characteristics of the structural stress-strain state
and the degree of compliance of the results of virtual mechanical tests with reality
only after full-scale tests.

This work did not touch upon the topics of assessing the thermally stressed state
of the structure in the absence of initial data, which is relevant for rubber-metal
products and operating conditions of drilling equipment (temperature range from
−40 to 100 °C), as well as validation of the created digital model of the structure
based on the results of full-scale tests.

6 Conclusion

The method tested in this study can be used to assess the stress-strain state of
various non-axisymmetric rubber-metal joints or sealed-type connectors during
assembly and subsequent operations. Also, this method can provide better under-
standing of tightness-dependent values like contact pressure between any contact
surfaces in connected parts during the simulation. Subsequently, this study can be
extended by thermal-stress analysis, which can be applied alongside with
mechanical operational conditions.
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Research and Application of Quality
Control Strategy for CNC Workshop

Qing Gao, Zhengming Tang, Tianfu Liu, Weiyi Wang,
and Meilan Luo

Abstract In order to improve the product quality of the manufacturing enterprise
in the multi-variety and small-batch production mode, take the K-factor S-CN
machining workshop as the carrier, analyze and summarize the quality problems
existing in the parts production process, and propose the operator from the man-
agement level. Seven-step inspection method, nine red lines of technology,
equipment inspection, and three quality control methods, and established a real-time
fault processing platform, which can respond to and analyze the quality problems in
time. Subsequent practice applied to the workshop, the results show that the product
qualification rate of the workshop has increased from 3.8 levels before application
to 4.5 levels, and the relevant quality indicators have met the specified require-
ments, which proves the advanced and practical value of the quality control
strategy.

Keywords CNC � Workshop � Quality control � Production operation � Process

1 Foreword

As development of science and technology, new products emerge in endlessly. The
market demand is increasingly personalized and diversified. The multi-variety and
small-batch production model has gradually occupied an increasingly important
position in manufacturing enterprises [1, 2]. Due to the short production cycle and
the difficulty in batch automatic production, ensuring the quality of such products is
the key to maintain the company’s market share and sustainable development [3]. If
enterprises want to occupy a favorable position in the global market economy, it is
necessary to deeply discuss and study the construction of quality management
system under the mode of multi-variety and small-batch production [4]. With
Motorola, Honeywell, Toshiba, etc. as a representative of advanced manufacturing
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technology of the world top 500 enterprises, their strategic management and pro-
duct quality has already entered into a state of calm and transparent. Most domestic
enterprises is still in the risk in the process of production with abnormalities in the
control stage. As a result, level of the gap can not be ignored, which leading to
many varieties of small batch manufacturing quality management level and the
foreign advanced enterprise management level [5].

The reason is that there is a serious lack of empirical research on quality control
in domestic enterprises. Also, they have not obtained an appropriate management
control system (MCS) to support the advantages of quality management [6]. In this
case, this paper takes the 2015 annual production situation of S nc machining under
workshop of K factory (referred to as “nc workshop”) as the research object.
Analyzing problems in quality management of this workshop, it has three quality
control strategies. It builds a real-time processing platform. After application
worked to this workshop in practice from 2015 to 2017, the rate of unqualified
products in the workshop decreased significantly, which proves that the series of
quality management and control strategies provided in this paper are effective. That
also can provide reference for enterprises with similar processing workshops.

2 Numerical Control Workshop of Internal Quality
Problems

2.1 Macro Analysis of Production Project Quality

According to the tracking the failure parts of the 2015 annual production project of
the nc workshop. The statistics of a total of 296 failed parts occurred in the pro-
duction process of project A, B, C and D in the whole year of the workshop, which
was accounting for 84.1% of the total failure parts of all projects. The annual
quality indicators such as the qualified rate of the internal loss products, the
qualified rate of the first delivery inspection, the qualified rate of the
out-of-tolerance parts, and the qualified rate of Product qualification, which are
shown in Table 1. It can be seen that all the indicators of the project did not reach
the expected value. The quality indicators of project B and project C were seriously
low. There was still a big gap between the internal quality loss rate of the product,
the out-of-tolerance parts should be less than 0.02%, the qualified rate of the first
inspection and the quality level of the product qualified rate should be greater than
99.98%.
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2.2 Micro Analysis of Production Project Quality

The macro analysis shows that there are quality problems in nc workshop, while the
micro analysis is to find out the fundamental problems. In 2015, there were 154,
113 and 19 faults caused by production operation, which were technological
technology, and machine, and tool equipment, which was accounted for 52.0%,
38.2% and 6.4% respectively, and 10 parts faults caused by other aspects, which
was accounted for 3.4%. It can be seen that the fault causes of parts are relatively
concentrated, and the specific situation is as follows:

Production operation. Due to the management did not formulate strict opera-
tion of specifications before the workers machining, the workers were negligent in
some link of preparation before the machining. The whole production process is not
under stable control, and the fault is difficult to be found and eliminated in time.
After statistical analysis of specific on-site faults in 2015, this paper selected major
fault points [7, 8]. According to the principle of “important minority and unim-
portant majority” in quality management, as shown in Table 2, seven types of key
fault causes and typical events occurred during the operation of workers.

Table 1 Statistics on quality indicators in 2015

Project
name

Index Internal quality
loss rate (%)

First time
yield (%)

Excess rate of
clearance (%)

Pass-rate of
production (%)

Require � 0.02 � 99.99 � 0.02 � 99.98

Project
A

Result 0.05 99.9 0.04 99.04

Conclusion Instability Instability Instability Instability

Project
B

Result 0.22 99.43 0.06 98.72

Conclusion Instability Instability Instability Instability

Project
C

Result 0.05 98.90 0.04 98.44

Conclusion Instability Instability Instability Instability

Project
D

Result 0.05 99.21 Irrelevant 99.36

Conclusion Instability Instability Irrelevant Instability

Table 2 Key failure points of production operation and typical events

Key failure points Typical events

Fixture Fixture installation error

Origin Error setting

Semifinished
proudct

Installation error of semifinished proudct

Knife Knife specification discrepancy/Knife setting is not in line with actual

Mirror Forget to add or unmirror

Procedure Transfer error

Making zero The pendulum angle of machine were not zero
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Technological technology. The faults are as followings; the variety of products,
the complex working procedures of some parts, the incomplete consideration of the
process personnel, the process personnel to effectively coordinate the operation.
According to the screening principle mentioned above, the key fault causes of the
process technology are summarized as shown in Table 3.

Machine equipments. Mainly inspection regulation in the machine tool is not
clear. The operator inspection consciousness is not sufficient. Resulting in the point
inspection execution is not ideal. The main failure points of machine tools are
shown in Table 4.

3 Quality Control Strategy

The foregoing is only from a single point to find the cause of the fault, but do not
systematically solve the quality problem. According to relevant studies, only 15%
of quality problems in enterprises are caused by improper operation, and 85% are
caused by system errors due to poor management [9]. Starting from the manage-
ment level, referring to the main fault causes of process technology, production
operation and machine tool equipment, this paper puts forward three strategies of

Table 3 Key failure points of process technology and typical events

Key failure points Typical events

Origin Ununified origin

Simulation Disagreement between simulation and actual design

Simulation of five-seater
machine

Installation error of semifinished proudct

Verification block Failure to simulation by using verification block

Blind hole The hole depth was not carefully examined during finishing,
resulting in knife damage.

Lovercut Overcutting of parts

Procedure optimization Procedure optimization error

Size Important size were substandard

Table 4 Key failure points of machine and typical events

Key failure points Typical events

Spindle system Foreign matter

Lubricating system Insufficient lubricating fluid

Hydraulic system Abnormal leakage

Refrigeration system System temperature beyond normal range

Automatic tool magazine Automatic tool magazine pause

Chip removal system Abnormal noise
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“nine red lines of process”, “seven-step inspection method” and “equipment spot
inspection” respectively to standardize the inspection program of staff. Therefore,
realizing the product quality control and establishing a real-time fault processing
platform for quality control strategy, the fault is in a stable and controlled state, and
eventually an evaluation system is provided for the fault processing results.

3.1 Production Expectations of Quality Control

Specification should be from the top quality intentions to corresponding plans,
standards and measures, and then extended to enterprises in various sectors to
individuals. They are committed to continuously improve, but not limited to the
workers. Lastly, focusing on the process of source and helping staff and production
workers [10]. Under varieties of small batch production conditions, the require-
ments of workers should be able to master a variety of operational skills. They
adapt to the requirements of multiple varieties and periodic production changes.
However, due to the increasing number of key links and key points affecting quality
in the whole product process, human operation errors are inevitable [11]. Therefore,
the quality control strategy formulated in this paper, which aims to further stan-
dardize the operation, minimize the manual fault of parts and thus improve the
qualified rate of products.

Seven-step inspection method of operator’s. According to the production
process, the control of quality problems caused by the operation of workers can be
divided into pre-processing control, in-processing control and post-processing
inspection. Statistical analysis found that the numerical control workshop
machining operation fault is mainly manifested in the former workers as followings;
the state of fixture, the origin, parts machining surface profiling, tool specifications,
procedure calls, mirror set equipment, equipment angular of seven aspects, such as
back to zero. As shown in Table 5, in view of the above on-site operation problems,
this paper formulated the inspection route corresponding to seven steps. According
to the processing process, providing an important inspection point for the on-site
operators’ pre-processing inspection.

Eeight-step equipment point inspection. As an advanced means of equipment
maintenance and Management, equipment point inspection is the process of Total
Productive Management (TPM) of all employees. they refers to the inspection of
important feature points of equipment in a certain frequency [12]. In order to
prevent product quality problems caused by equipment problems, statistical anal-
ysis was carried out on the problems. According to the principle of “80/20”,
characteristics of equipment parts affected by high frequency were extracted.
Corresponding codes were carried out, and inspection at different frequency and
time periods were arranged. As shown in Table 6, according to the feature points of
the machine tool, it is the point inspection standard table and corresponding point
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Table 5 Seven-step inspection method of pre-processing

Part number Quality number step machine date

Inspection step 

of 

pre-processing

1 check fixture status;

Check that fixture position and straightness is or not correct; 

yes                 no

2 check the origin

X___Y___Z__       Origin position is___

3 check the left and right parts of this process, quality of frontage and 

reverse side

Producing part is :     left        right   

Machined surface is:   left        right    

4 Check tool specifications

Total number of tool specifications categories required in this process 

is____.

Does  specifications satisfy require after re-inspecting.

5 Checking mirror status of machine pane.

Does this process require mirroring?

yes       no

Is there a mirror in the machine settings?    yes      no

6 Checking program.

Is there any other part program in the maching program directory?

yes    no

7 Check the pendulum instructions at the begining of the NC program for 

five-seat 

machine tools.

Is there zero instruction by checking procedure head swing?

yes    no

Check that the angle on the machine panel is or not zero?

yes    no

Operator

re-inspect re-inspector

special inspection specialist inspector
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inspection record table of nc workshop L machine tool. At the same time, it
enhances the operators’ awareness of spot inspection, optimizes the route of spot
inspection, implement spot inspection and ensures the execution degree of spot
inspection.

Nine red lines of the process. The “nine red lines of the process” is a valid way
to realize the controllability and accuracy of the process and reduce the artificial
faults by implementing normative self-checking and proofreading standards. In
order to realize one-to-one effective control of typical fault problems, this paper
focuses on the key points of technical fault mentioned above, and puts forward the
contents that must be checked for the nine process self-inspection and proofreading
in the process development process, which is namely “the nine red lines of the
process”, as shown in Table 7.

Table 6 Eight-step machine tool point inspection standard table

Checking
point

Point inspection Inspection
cycle

Point inspection standard

① Main spindle cone Per day Check no oil stains, content in,
aluminum chi

② Bottom of table Per day Is there any turning of the exchange
table bottom
There is no abnormal noise and alarm
on the switching platform

③ Electric air
conditioning cabinet
filter screen

Per day The filter screen shall be ventilation
effect

④ Lubricant tank,
hydraulic unit

Per week Pressure gauge and Lubricant level
shall be within the scale range

⑤ Compressed air,
coolant unit, chip
enclosure, liquid level

Per day Cotton filter shall be clean, and oil
skimmer be free from drainage. All
motor fans shall be clean, and chip
cleaner level at: 6–8, coolant tank
level at: 75–100

⑥ Cutter collection,
cutter chain,
Cutter-change arm

Per week Mechanical arm shall be clean, cutter
chain shall operate normally

⑦ Smog-inhale device,
internal filter mesh

Per week Smog-inhale device shall be in normal
condition, the internal filter mesh shall
be replaced and cleaned

⑧ Machine, working
area, oil-gas separator

Any time The machine shall be clean in
appearance, no abnormal noise and
alarm, no crack and leakage
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3.2 Fault Treatment System

In order to facilitate the timely treatment of the fault problems found in the pro-
duction process, it is necessary to establish a fault treatment system to timely handle
and track the problems to zero. As a result, it prevents the occurrence of repetitive
quality problems. The fault handling system is divided into real-time problem
handling system and quality improvement proposal management system. Carry out
real-time problem responses management. Displaying important indicators such as
timely return to zero rate through information tools such as dashboards, and
real-time monitor PDCA of process problems. “Real-time demand information” and
“real-time customer satisfaction feedback” can be visualized. According to the
on-site demand, staff in each position will try their best to support the on-site
production in the first time to ensure the quality and progress of the on-site pro-
duction. Through DNC monitoring and analysis, the empirical judgment is trans-
formed to data analysis, and the process stability is transformed from focusing on
the real substance quantity of products. After the problem is solved, the problem
handler returns to zero. Finally, the initiator evaluates the systems.

Table 7 Nine red lines of the process

Number Check content Check the result

1 Origin unity review Technologist/
proofreader

2 Whether the simulation adds
Fixture and press plate as required by the manual.

Technologist/
proofreader

3 Checking the simulation of Five-Code Machines Technologist/
proofreader

4 Milling damage check of verify block Technologist/
proofreader

5 Check the depth of drilling chambering reaming and boring
for blind hole

Technologist/
proofreader

6 Overcut inspection of damaged type Technologist/
proofreader

7 Comparison and simulation between new and old and new in
program optimization

Technologist/
proofreader

8 Inspection of asymmetrical tolerance dimensions Technologist/
proofreader

9 Inspection of important dimensions Technologist/
proofreader
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4 Application of Quality Control Strategy

After the trial application exploration period from 2016 to 2017, this paper con-
ducted A survey on the application effect of quality control strategy in S CNC
workshop of K factory in 2018. By sampling different quantities of products in
project A, B, C and D of the workshop every week, the sample results of fault parts
in 2017 were obtained. The MINITAB sample Statistical Process Control
(SPC) chart was used to monitor the product [13], and the P Control chart of the
number of unqualified products as shown in Fig. 1 was obtained. It can be seen that
the failure rate of the whole process has been controlled, and the product quality of
the CNC workshop is in a statistically controllable state. In addition, the workshop
produces about 7400 pieces of products in items A, B, C and D every year.
According to the six sigma management statistics method, the qualified rate of
products in the workshop has increased from 3.25 a in 2015 to 4.5 a in 2018. It has
effectively reducing the failure parts.

5 Conclusion

In conclusion, in the face of the lack of empirical research on quality control
methods in China, this paper takes S nc machining workshop of K factory as the
research object. It analyzes and summarizes the quality problems existing in the
process of parts production. Finally, It points out the key failure points of process
preparation, production operation and machine tool equipment. In view of this,
looking forward the operator’s seven-step inspection method, nine red lines of the
process, equipment point inspection three quality control, which set up the real time
fault processing platform, to the quality of the emergence of timely response and

Fig. 1 The P control chart of the number of unqualified products
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analysis to solve the problem. After practical application in the workshop, the
number of failures was effectively reduced. The qualified rate of products was
increased by 1.15. The research shows that the quality control strategy provided in
this paper is helpful for the enterprises of multi-variety and small-batch NC
machining. It reduces product failures and improves comprehensive
competitiveness.
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Research on Teaching Design
of Machining Technology in Higher
Vocational Education

Danqing Liu

Abstract Higher vocational education is a type and level of higher education in the
national education system. According to the needs of social posts, it trains practical
talents at the front line. The mechanical industry shoulders the responsibility of
providing various technical equipment for the material life and production of
human beings. The improvement of mechanical design and manufacturing level can
ensure the sustained and high-speed development of national economic construc-
tion. Machining is the basic technology, which plays an important role in the
mechanical industry [1]. The design of mechanical processing technology in higher
vocational education aims at training practical talents and serving the machinery
industry better. The traditional teaching mode of machining technology is no longer
suitable for the concept of education. Mechanical technology can not be lost, it
needs to be developed and designed. How to teach, how to learn, we combine
boring theory and practice. The team of teachers designed and developed the
“teaching carrier” and adopted project-based teaching. Mechanical technology
points are infiltrated into each subtask. We should increase the process assessment,
pay attention to the cultivation of professional quality, improve the teaching
environment, and integrate “teaching, learning and doing”. After three rounds of
teaching implementation, the teaching effect is remarkable, students quickly adapt
to the needs of the mechanical technology industry, social recognition is very high.
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1 The Significance of Vocational Education

Higher vocational education is a type and level of higher education in the national
education system. Higher vocational education is higher education of different types
and levels with higher undergraduate education. Different from the emphasis on
discipline in undergraduate education, it is classified according to occupation.
According to the requirements of the actual scope of business activities of a certain
professional post (Group), higher vocational education cultivates the first-line
practical (technical application or professional) talents. This kind of education
emphasizes the vocational pertinence and the cultivation of vocational skills and
abilities, which is the employment education oriented by the demand of social talent
market. In the past 40 years of reform and opening-up, China has established the
largest education system in the world, formed the basic framework of modern
vocational education system with Chinese characteristics, improved the overall
level of school running, and coordinated development of industry and education.
There are more than 1400 vocational education groups in China, covering more
than 90% of Vocational Colleges and more than 100 industry departments. Higher
vocational education has local characteristics, which has trained a number of
first-line practical talents for all walks of life [2].

2 Analysis on the Position of Machining Industry
in the Industrial Chain

Machinery industry has made positive contributions to the development and con-
struction of national economy in China, and has played a better role as a pillar
industry. With the implementation of some policies and measures, the operating
environment of machinery industry economy will be improved and the vitality of
enterprise development will be further released. Specific policy measures include:
pushing to tap the potential of the domestic market, expanding and expanding final
consumption, stabilizing investment in the manufacturing sector, upgrading the
capacity of the industrial base and the level of the industrial chain, and imple-
menting the policy of reducing taxes and fees. From another angle can also reflect
the importance of the state to the machinery industry.

China is in the process of accelerating industrialization. Manufacturing is an
important pillar and foundation of the national economy. We should follow the
trend of “Internet+” and take the integration of informatization and industrialization
as the main line. It will focus on developing the following ten major areas:
new-generation information technology, high-end CNC machine tools and robots,
aerospace equipment, marine engineering equipment and high-tech ships, advanced
rail transport equipment, energy-saving and new energy vehicles, electric power
equipment, new materials, biomedicine and high-performance medical equipment,
agricultural machinery and equipment. We will strengthen the basic industrial
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capacity, improve the level of technology and product quality, and promote intel-
ligent manufacturing and green manufacturing. These ten fields basically belong to
the integration of high-tech industry and modern manufacturing industry. Through
the definition of the ten fields, it points out the way for the modernization and
scientization of modern industry in China, and also points out the direction for
optimizing the upgrading of industrial structure. All these are inseparable from the
basic industry of machinery manufacturing. Therefore, we should pay attention to
it. We should not forget the basic technology and ignore the importance of basic
technology when we have new technology. Only by laying a solid foundation can
we bid farewell to the national economic structure characterized by heavy chemical
industry, and move forward to the direction of high-end, energy-saving, environ-
mental protection and high-tech.

3 The Importance of Machining Technology

3.1 Machining Technology Is the Foundation of Machinery
Industry

Mechanical processing technology is to support and promote the skills, knowledge
and professional quality of skilled personnel in the production line, such as the
operation of mechanical processing equipment, maintenance of mechanical
equipment, production process design and product quality inspection and so on.

The machinery industry shoulders an important responsibility to provide various
technical equipment for the material life and production of human beings. The
production level of the machinery industry is an important symbol of the mod-
ernization construction of a country. The improvement of the mechanical design
and manufacturing level can ensure the sustained and rapid development of China’s
economic construction. Therefore, machining technology is an indispensable and
important technical work, which occupies a very important position in mechanical
engineering.

3.2 Application Scope of Machining Technology

In machining, different machining methods can be selected according to the
material and requirements of the machined workpiece. We can choose different
machining methods according to the requirements. Common machining methods
include turning, milling, planing, grinding, drilling, boring, tooth surface machin-
ing, complex surface machining, EDM, ECM, laser machining, ultrasonic
machining, etc.
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It is widely used in national infrastructure construction, some national defense
design institutes and military enterprises [3]. The application scope of machining
includes:

1. Processing of various metal parts.
2. Sheet metal, box and metal structure.
3. Mechanical processing of titanium alloy, high temperature alloy and non-metal.
4. Design and manufacture of wind tunnel combustion chamber.
5. Design and manufacture of non-standard equipment.
6. Design and manufacture of mold.

3.3 The Necessity of Machining Technology

In the process of traditional professional transformation, basic technology is easy to
ignore. Although it is a new era and digital technology covers many industries, the
basic industry cannot be lost, and the spine industry cannot be absent. For the
development of our country, we should dedicate our strength from different angles.
Contribute to the development of the country from different angles. This is the age
of intelligent manufacturing, robotics, but it’s all based on the idea of machinery
that allows for high-end design and application, so mechanical processing tech-
nology is indispensable, We also hope that the society, especially the educators in
the education industry, especially in higher vocational colleges, attach importance
to the inheritance and application of machining technology. We can’t ignore the
fundamental. Just like the State advocates paying attention to basic education, the
foundation is the foundation. As long as the foundation is firmly laid, high-rise
buildings can be built.

4 How to Design the Course of Machining Technology
to Better Serve the Society, Taking the Course Design
of “Machining and Assembly” as an Example
Is Analyzed

The learning and application of a technology is inseparable from the “teaching” and
“learning” in the school. It is the teacher’s responsibility and responsibility to
design a course well. How to integrate technology into the curriculum, and how to
transform the boring single technology into a vivid and interesting learning process.
These requires good design. To conform to the learning psychology and charac-
teristics of contemporary students, designing suitable learning methods and
teaching strategies, and effectively improving the teaching quality, these are the
fundamental objectives of teaching. Taking the course design of “machining and
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assembly” as an example, this paper analyzes how to effectively run through the
course of mechanical processing technology and better serve the society.

4.1 Analysis of the Nature of Curriculum

This course is the professional core course of mechanical specialty. Through the
study of this course, students can master the relevant knowledge and ability of
mechanical processing technology, such as the preparation of machining process
specification documents of mechanical parts, the basic operation of ordinary turning
and milling machine, the processing and assembly of simple parts and the detection
of parts, and cultivate the relevant professional quality of students. This course is at
the forefront of the curriculum system chain of mechanical specialty, and is the key
course for the formation of core professional ability. Its previous courses include:
mechanical drawing, mechanical manufacturing foundation, etc. And its follow-up
courses include: NC machining and assembly, CAM and NC machining, mecha-
nism design and processing, etc. The technical knowledge is paved and spiral
upward, laying the foundation for improving the NC machining ability.

4.2 Analysis of Design Ideas

This course emphasizes “working process” as the main learning method of students.
The project of “Manual eccentric wheel transmission mechanism” is adopted as the
carrier. Integrating “teaching, learning and doing”, students can “do in learning and
learn by doing”. By completing the actual machining tasks independently, students
can master the preparation method of mechanical parts processing technology,
machining operation skills, parts assembly and disassembly skills. At the same
time, in the process of typical products processing, students’ professional quality
and professional skills are cultivated, which can better meet the requirements of
manufacturing industry for high skilled talents.

Through the learning and production process of teaching carrier “Manual eccentric
wheel transmission mechanism”, students can master the following skills: basic
operation of general turning and milling, preparation of mechanical processing tech-
nology of simple parts, processing and assembly of mechanical parts and detection of
parts. This typical task is broken down into five teaching projects, as follows.

1. The basis of processing technology of mechanical parts.
2. Preparation and processing of turning parts processing technology documents.
3. Preparation and processing of milling parts processing technology documents.
4. Preparation and processing of sheet metal parts processing process documents.
5. Assembly and debugging of “Manual eccentric wheel transmission

mechanism”.
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4.3 Advantages of Introducing “Teaching Carrier”

According to the research, the first-line enterprises need the ability of corresponding
posts. The teaching content is set up with the workpiece as the carrier and the
situation as the guide. In situational teaching, it embodies the integrity of the
working process (obtaining information, planning, implementation, evaluation, etc.)
and the comprehensiveness of elements (tasks, working objects, tools, working
methods, labor organization, staff and work results).

From the German IHK exchange, the idea comes from the project teaching and
establishes the ultimate goal. In the process of realizing the task, the new tech-
nology is introduced. In the process of learning, training and practical operation, the
theory and practice will be organically combined. “Do every step well, learn every
technical point well”, this idea runs through all the time. From the teaching links of
mechanism design, processing, quality inspection, assembly and debugging, stu-
dents achieve the ultimate goal. Just like a philosophy of German Enterprises: it is
not necessary to highlight personal achievements, as long as we do a good job in
each job, and then link through. It is the best production line, which is to achieve a
good working state. This concept is worth thinking about and using. In fact, we can
use this concept to teach students how to learn technology.

4.4 How to Design “Teaching Carrier”

Based on the needs of machining technology points, a “Project” or “Teaching
carrier” is designed in teaching. The technical points are reflected in different design
and processing angles, and further learning is carried out. For example, the design
of “Manual eccentric wheel transmission mechanism”. Relying on such a teaching
carrier, project-based teaching is carried out, which decomposes the large organi-
zation into a sub task, and then decomposes the sub tasks into knowledge points
and technology points, breaking them into parts and breaking them down. From
complex tasks to simple and easy tasks, from simple to difficult, progressive.

For example, the “Movable Ejector” part in the design of “Manual eccentric
wheel transmission mechanism”. From the mechanical design and drawing, we
should consider the dimension length, size, shape and position tolerance, surface
roughness, etc. How to realize the key assembly size design and processing tech-
nology, and finally how to check whether the dimensions meet the standard.
According to this idea, the sub tasks are designed with reasonable time arrangement
and processing sequence. It is necessary to show that technology is a “spiral up”
state. In the learning process, students can constantly receive new theories and new
technologies, and then infiltrate new theories and new technologies in the review
and consolidation, so as to achieve the progressive effect. After the completion of
sub task design and processing, assembly design is carried out, and the quality of
each component is checked again. When the mechanical structure components are
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installed, the mechanism can work normally, which is to achieve the design
function. At the same time, we also check whether our technical indicators are up to
standard [4].

4.5 Teaching Organization

Project teaching method is adopted to integrate “teaching, learning and doing”.
There are 4–5 students in a project team. In order to carry out the study, the division
of labor is reasonable and the work is coordinated. For example, there are 32
students in a class, and the students are divided into 8 groups. Two teachers are
teaching, and two practical instructors are added for guidance and processing. Eight
class hours of teaching content are arranged every week, “2 + 6” mode, 2 K theory
teaching and 6 K practice teaching. The teaching environment is alternately carried
out in the machine tongs processing training room and classroom. The required
teaching facilities and environment are as follows:

1. Ordinary turning, common milling machine and drilling machine are used as
machining machines.

2. Fitter workbench facilities are assembled
3. A large number of factory actual parts samples are analyzed for machining

process.
4. Multi function computer with network for information inquiry and processing

demonstration cases.
5. Use projection equipment to help explain [5].

4.6 Evaluation of Teaching Process

Process evaluation and final evaluation are used in the teaching process. At the
same time, various evaluation methods such as individual evaluation, group mutual
evaluation and teacher evaluation are adopted. Let students grow up in the process
of self cognition and improvement. In the process of teaching, teachers should
encourage and affirm students in time, so that students can find problems in time,
correct problems and improve their skills [6]. At the same time, it also increases the
evaluation of “professional quality”, such as safety production, flexible thinking,
logical expression, autonomous learning, team cooperation, etc. In the teaching, we
have carried on the training and evaluation of students’ occupation related aspects,
such as professional ethics, professional skills, professional behavior, professional
style and professional consciousness. All these assessments are designed to enable
students to have solid skills and good professional quality, so as to lay a foundation
for future work in advance.
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4.7 Analysis of Teaching Effect

After three rounds of teaching implementation, the development and design course
takes “Manual eccentric wheel transmission mechanism” as the teaching carrier.
The cultivation of mechanical processing technology is more effective than before.
Students’ interest in learning is stronger and the learning goal is more clear. The
quality of learning has been significantly improved. The professional quality of
students has been recognized by the needs of social enterprises, and good feedback
from enterprises has been obtained in the work after graduation. The changes before
and after the teaching design reform are compared as shown in the Table 1.

Table 1 Comparison of changes before and after teaching design reform

Observation angle Teaching design reform

Before After

Teaching model Traditional
teaching

Adopt “Teaching carrier” project design

Leading position
in teaching

Teacher Student

Students’ learning
initiative

Passive Active

Teaching carrier Nothing Manual eccentric wheel transmission mechanism

Teaching
objectives

Clear, not easy to
reflect

Clear, there are places to check

Technical
knowledge

Scattered Task clues run through and knowledge points are clear

Teaching time The arrangement
is scattered

Time concentration, can complete a sub project

Teaching carrier
materials

Aluminium Steel, closer to actual production demand

Use of teaching
materials

General teaching
materials

Self developed teaching materials and corresponding
guidance books

Task completion
form

Personal Team, exercise the ability of coordination and
cooperation, help each other

Process
assessment

Nothing Various evaluation methods are adopted: self
evaluation, mutual evaluation and teacher evaluation

Information
teaching means

Not used Adopt, vivid and vivid

Students’ interest
in learning

Commonly Proactive and interested

Professional
quality evaluation

Nothing With professional quality evaluation, students are
more active in training

Enterprise
feedback

Commonly Excellent
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5 Conclusion

The traditional machining technology has a certain role in ensuring the develop-
ment of the people. It is an important pillar and foundation of the national economy,
which can not be ignored with the development of science and technology, but
should still be taken seriously. The country needs the front-line manufacturing
talents to serve the society and cultivate the practical talents. It needs the deep
thinking design of higher vocational colleges.

In the environment of continuous change of social form and rapid development
of information, it is necessary to reform and innovate the teaching mode for tra-
ditional machining technology. For example, teaching mode reform and innovation
ideas, curriculum design should reflect the expression and expansion of knowledge
and technology, knowledge and interest, system and applicability. We should guide
and attract students to study in fun, pay attention to the cultivation of professional
quality while training technology, so that students can better adapt to the devel-
opment of society, so as to promote the social and economic development of the
country.
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Microstructure and Mechanical
Properties of CuCrZr Alloy at High
Temperature

Wenjing Zhang, Zongwu Li, Haofeng Xie, Zhen Yang, Guojie Huang,
Xue Feng, Xujun Mi, Limin Wang, Lijun Peng, and Yu Hou

Abstract The tensile properties and microstructure evolution of Cu–0.2Cr–0.08Zr
alloy during high temperature tensile process were investigated. The results showed
that with the test temperature increasing, both strength and elongation decreases
slowly, the addition of Zr can improve the high temperature properties due to the
small precipitates in the matrix. The high temperature fracture mechanism of this
alloy was ductile fracture. With the test temperature increasing, the reduction of
area decreased, less shallow dimples and more large voids can be observed on the
fracture surface of sample.

Keywords Cu–0.2cr–0.08zr alloy � Microstructure evolution � High temperature
tensile property � Fracture mechanism

1 Introduction

CuCrZr alloy has good mechanical property, electrical conductivity, high temper-
ature softening resistance and other comprehensive properties, which has been
widely used in electric rail transportation, electronic industry, national defense
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industry and other fields [1–4]. Due to their excellent high temperature properties,
CuCrZr is considered as a promising material for critical applications such as
combustion chamber liner of the cryogenic rocket engine, mold lining and inte-
grated lead frame [5]. As the high temperature stressed components, CuCrZr alloys
are facing the challenge of the stability of alloy performance at high temperature.
On the one hand, it is required that the material has higher mechanical strength
while maintaining high conductivity. On the other hand, it is more and more
concerned about high temperature softening, creep and fatigue. A great deal of
researchers had systematically studied the element contents, preparation process,
phase transformation, microstructural characteristics and their effects on the
mechanical properties of CuCrZr alloys [4, 6–9]. Less work has been done to study
the high temperature performance of this alloy. Hence, taking the cue of these
viewpoints above, in this paper, a kind of CuCrZr alloy was produced, and the
microstructures and high temperature tensile properties were examined. In addition,
the relationship between high temperature property and microstructure of CuCrZr
alloy was analyzed.

2 Experimental

The composition of CuCrZr alloy used in this study contains 0.2% Cr and 0.08%
Zr. The ingot was melted by vacuum induction furnace under argon atmosphere.
Firstly, the as-cast ingot was milled with a lathe to remove the oxide layer and
impurities on the surface, the ingot diameter for subsequent processing was 82 mm.
Then, the ingot was extruded on UBE 2500 mn horizontal extruder at 900 °C for
2 h with 78% reduction in dimension. The extruded bar was solution treated at
950 °C for 1 h and aged at 450 °C for 3 h.

The tensile specimens with a gage length of 50 mm were tensiled at 300, 400,
500, 600 °C on an AG-IS250kN/SHIMADZU testing machine. Three specimens
were tested to get an average. Microstructures were observed by an Axiovert 200
MAT type Zeiss metallographic microscope (OM), JSM-7001F scanning electron
microscope (SEM), JEM2100 transmission electron microscopy (TEM). The
samples for microstructural observation were cut near the fracture of the tensile
specimens. Thin foils for TEM observations were prepared from discs sectioned
normal to the stress axis of the tensile samples. These foils were prepared by
twin-jet thinning technique using a 25% nitric acid in methanol solution at about
−40 °C.
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3 Results and Discussion

3.1 High Temperature Tensile Results

Figure 1 shows the tensile properties of the investigated alloy at high temperature
(from 300 to 600 °C). It is obvious that the variation of tensile temperature has
great influence on tensile properties. With the test temperature increasing, both
strength and elongation decreases slowly. When the deformation temperature
increases from 300 to 600 °C, the value of ultimate tensile strength (UTL) and yield
strength (YS) decrease from 176 MPa, 123 MPa to 168 MPa, 114 MPa respec-
tively. The decrease of tensile strength can be attributed to that the atomic diffusion
ability and movement of boundaries become easier with the deformation temper-
ature increasing, which will reduce the strengthening effects of solution atom and
boundaries [10–15]. This alloy has excellent high temperature plasticity, and the
elongation (EL) of this alloy is over 20% when the tensile temperature exceeds
300 °C.

3.2 Microstructures Evolution

Figure 2 shows the microstructure of CuCrZr alloy aged and after tensile test at
600 °C. From Fig. 2a, it can be seen that the aging microstructure of this alloys is
inhomogeneous, which is mainly manifested in disordered grain boundaries,

Fig. 1 High temperature tensile strength of CuCrZr alloy
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irregular grain shape and large size difference. At the same time, the existence of
annealing twins can be observed in the microstructure, which exist at the inter-
section of grain boundaries, run through the whole grain and terminate in the grain
at one end. The formation of twinning is closely related to stacking fault. The lower
the stacking fault energy is, the easier to form twins.

Compared with the microstructure of CuCrZr alloy before tensile test, the grain
size increases, which is caused by the short heat preservation process during the
tensile test. The high temperature environment provides conditions for the growth
of the grains, but the grains do not coarsen obviously due to the short heat
preservation time. Meanwhile, the grains are elongated along the tensile direction.

Figure 1 shows that with the tensile temperature rising, the strength decreases
slowly, indicating that the addition of Zr is beneficial to improve the high tem-
perature strength. In order to further research the effect of Zr in maintaining the high
temperature strength of the materials, TEM analysis is carried out to observe the
tensile sample of CuCrZr at 500 °C, as shown in Fig. 3. During the high temper-
ature tensile process, small precipitates are precipitated in the matrix, which is
beneficial to improve the high temperature properties of the alloy.

3.3 Fracture Behavior

The fracture morphology of CuCrZr alloy at 300 and 500 °C are shown in Fig. 4.
The fracture mechanism of this alloy can be determined as ductile fracture. The
reduction area of tensile fracture at 300 °C is significantly greater than that at 500 °
C. Meanwhile, larger voids can be observed on the fracture surface of the 500 °C
sample. There are more shallow dimples on the fracture surface at 300 °C, and the
number of dimples is more than that of 500 °C. In the 500 °C sample, there are
more voids with the size of 5–20 lm, and the dimples are not obvious. The results
indirectly indicate that the plasticity of the alloy decreases with the increase of
temperature.

Fig. 2 Microstructures of CuCrZr alloy a before and b after tensile tests at 600 °C
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4 Conclusion

The Cu–0.2Cr–0.08Zr alloy was tensile tested at 300, 400, 500, 600 °C to study the
tensile properties, microstructure evolution and fracture behavior. The following
conclusions are made:

Fig. 3 TEM image of CuCrZr alloy after 500 °C tensile test

Fig. 4 Tensile fracture morphology of CuCrZr alloy at 300 and 500 °C: a, b 300 °C, c, d 500 °C
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1. With the test temperature increasing, both yield strength and ultimate tensile
strength decrease slowly. When the deformation temperature increases from 300
to 600 °C, the value of ultimate tensile strength (UTL) and yield strength
(YS) decrease from 176 MPa, 123 MPa to 168 MPa, 114 MPa, respectively.
The addition of Zr can promote the precipitation of fine precipitates during high
temperature tensile process, which improves the high temperature properties.

2. Tensile temperature influences the plasticity and fracture behavior of CuCrZr
alloy. The elongation decreases with the tensile temperature increasing.
Compared with the sample at 300 °C, more large voids and less shallow dimples
on the fracture surface of the 500 °C sample.
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Size Effect Study of Tensile Strength
and Elongation of Copper Foil

Yu Hou, Haofeng Xie, Xujun Mi, Wenjing Zhang, Zhen Yang,
Guojie Huang, Xue Feng, Lijun Peng, Shuihui Huang,
and Dongmei Liu

Abstract In order to study the effect of dimensional parameters on the tensile
strength and elongation of metallic foil, unidirectional tensile tests are carried out at
room temperature with copper foil of different thickness and grain size. The results
show that the tensile strength and elongation of copper foil are affected by both the
thickness and grain size. The tensile strength varies with grain size ratio with
different thickness. The elongation decreases with the decrease of the grain size
ratio at the same thickness. Scanning electron microscope analysis of tensile frac-
ture shows that the sudden drop of the elongation of foil with the decrease of
thickness is related to the change of fracture mechanism.

Keywords Size effect � Pure copper foils � Mechanical properties � Deformation
behavior � Free surface grain

1 Introduction

Foil is a thin metal sheet with a thickness of 0.01 * 0.5 mm. With the develop-
ment of science and technology, the demand of copper foil for electronic materials,
micro-electro-mechanical products, construction and decoration materials is
increasing day by day. According to the different production process, copper foil is
divided into calendared copper foil and electrolytic copper foil two categories.
Compared with electrolytic copper foil, calendared copper foil is mainly used in
microelectronic products, transformers, lithium batteries and high frequency
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high-speed transmission, fine lines of printed circuit boards due to its high strength,
toughness, elongation and high-density advantages [1, 2], and the crystalline forms
range from monocrystalline to polycrystalline. Due to the size, the molded quality
and basic properties of the micro-formed part change. This variation differs from a
class of materials that includes crystalline and amorphous metals [3]. It is men-
tioned in the literature that mechanical properties change when the material has a
clear critical size point, i.e., a grain size less than 500 nm, a specimen size less than
100 lm [4], The reason of “smaller and weaker” in uniaxial tensile of nickel foil
and other materials is often attributed to the fact that the specimen surface is free
and has no hindrance to dislocation slip. The “smaller is stronger” in micro-bending
is caused by strain gradient hardening effect [5], The experimental results in recent
years show that when the thickness of thin plate is kept constant, the yield stress and
the reciprocal of the square root of grain size no longer change linearly, but change
slope.

A number of experimental studies on the dimensional effects of flow stress in
microscopic rough deformation were conducted by Geiger et al. [6] and a surface
model was proposed to explain this phenomenon. Kals, Li, and Engel [7, 8],
through a series of tensile and flanging experiments on geometrically similar parts,
performed experiments on two kinds of brass, They propose a “surface model”
where, when the microstructure of the specimen remains unchanged, as the spec-
imen size decreases, the ratio of surface layer grains to inner layer grains increases,
dislocations cannot accumulate on the specimen surface, and the work-hardening
ability of the material decreases, resulting in a decrease in the flow stress of the
material. Lee and Yu et al. [9, 10] conducted tensile tests on 0.1 * 8 lm thick
aluminum and copper films, the test results show that as the thickness decreases, the
yield strength gradually increases, as “the smaller the stronger”, but the elongation
is rapidly decreasing, and in the thickness unchanged, the smaller the grain size, the
smaller the elongation. In general, if a material’s dimensional change is brought
about by plastic deformation, its internal grain size will change as well. This is
where the effect of grain refinement on strength is intertwined with the specimen
size. Simple experimental comparisons cannot reveal the effect of size.

In this work, copper foils with different thicknesses and grain sizes are inves-
tigated experimentally by tensile tests to study the effects of thickness and grain size
on mechanical properties such as tensile strength and elongation, respectively. The
effect of the size effect on the flow stress curve is clearly demonstrated, and the
theory of the size effect is improved through the analysis of its fracture behavior.

2 Experimental

Copper foils were deformed from commercial cathode copper (Jiangxi Copper
Groups), the thickness of the original copper foils was 500 lm, Preparation of
copper foils with thicknesses ranging from 125 to 500 lm by calendaring. The use
of wire-cutting processed dimensions as shown in Fig. 1, the specimen tensile
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direction and the same direction as the rolling direction. The tensile tests were
performed on an Instron testing machine at a low strain rate of five mm/min, using
ASTM E8/E8M-13a as standards. Samples of copper foil of 99.93 wt% purity were
annealed in vacuum for one hour at temperatures of 500, 600, 700, and 850 °C to
obtain different grain sizes. Microstructural observations were made with an optical
microscope. Fracture is the material basis for the diagnosis of fracture failure
mechanism, as well as an important basis for judging the fracture failure mechanism
and plasticity index of materials. The fracture morphology of tensile specimens was
observed by 6500 °F scanning electron microscope, and the experimental results
were analyzed by the fracture morphology.

3 Results and Discussion

3.1 The Tensile Tests of Copper Foils

The tensile strengths of the specimens at different temperatures and specimen sizes
are shown in Fig. 2. The decrease in thickness brings about a significant decrease
in the tensile strength of the specimens, and this decrease is more pronounced for
higher annealing temperatures and larger grain sizes. According to the traditional
theory of fine grain reinforcement, an increase in grain size results in a decrease in
the tensile strength of the specimen. The barrier hardening of fine grains is more
significant than that of coarse grains, because the finer the grains are, the smaller
the dislocation slip distance will be, and the fewer the number of dislocation plug
will be when hardening occurs. Due to the resistance of grain boundary to
deformation, the hardness in the vicinity of grain boundary must be higher than
that in grain, so the strength of course-grain sample is lower than that of fine-grain
sample.

Figure 3 shows that for a given foil thickness, the smaller the grain size, the
greater the elongation at break; Similar to tensile strength, it is the combined effect
of grain size and thickness size that makes the elongation of copper foil signifi-
cantly different from that of ordinary metal sheet. For a given annealing tempera-
ture, i.e., a given grain size, the elongation is positively correlated with the

Fig. 1 Geometry of the tensile specimen

Size Effect Study of Tensile Strength and Elongation … 405



thickness. This is because the larger the number of grains involved in the
cross-sectional deformation, the greater the coordinated deformation between the
grains, which delays the onset of fracture [11–13].

3.2 Analysis of Fracture Behavior

In order to further investigate the size effect of elongation, the tensile fracture
analysis is used to explain the size effect of elongation. Figure 4 shows the tensile
fracture morphology of the larger grain size (850 °C treatment) specimens with
different thicknesses, respectively.

The tensile fractures were all plastic fractures, but their fracture mechanisms
were obviously different from each other. Figure 4a, b is the thickness of 500 and
400 lm sample fracture, the fracture on both sides is irregularly undulating slip
fragmentation pattern, the center is the ligament fossa band, ligament fossa size
with the thickness decreases and becomes smaller, in addition, Fig. 4a in some of
the larger ligament fossa also exists in some holes, fracture belongs to the slip
separation and ligament fossa cracking the mixed fracture. Figure 4d–f is the
thickness of 200, 175 and 125 lm sample fracture, the fracture in the middle of a
sharp cleavage, the two sides of the serpentine slip pattern clearly visible, is a
typical slip separation fracture [14, 15].

From the fracture, we can infer the fracture process of different thicknesses of
copper foil, the thicker copper foil is first deformed by sliding to produce a neck
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Fig. 2 Tensile strength of specimens with different specimen and grain sizes
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contraction, when the neck contraction is reduced to a certain extent, a hole appears
in the neck contraction site, the hole gradually grows up with the increase of
deformation, when the holes are connected to each other, fracture occurs; while the
thinner copper foil has been deformed by sliding to produce a neck contraction, and
finally separated to form a sharp cleavage [16, 17]. From this we can see that the
copper foil fracture mechanism with the changes in the thickness of the plate is also
changing, and the size and number of tenuous fossae with the thickness of the
decreasing gradually become smaller and reduced until the disappearance.

4 Conclusion

The effects of thickness and grain size on tensile strength and elongation of copper
foil and copper sheet with different thickness and grain size were studied by tensile
tests at room temperature. The experimental results show that the tensile strength
and elongation of copper foil have obvious size effect.

Fig. 3 Tensile elongation of specimens with different thickness
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1. The tensile strength increases with the decrease of grain size at constant
thickness. The smaller the thickness is, the greater the influence of grain size on
the tensile strength. This phenomenon is caused by the joint action of grain
deformation hardening and surface layer grains.

2. The effect of thickness on the elongation was significant. At the same grain size,
the elongation decreased with the decrease of thickness, the relationship varies
linearly over the 500–125 lm thickness range. The smaller the grain size is, the
larger the elongation is.

Fig. 4 Fracture morphology of tensile specimens of different thicknesses. a 500 lm. b 400 lm.
c 300 lm. d 200 lm. e 175 lm. f 125 lm
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3. Tensile fracture scanning electron microscopy (SEM) analysis showed that: The
linear relationship of elongation with thickness is related to the variation of the
fracture mechanism, when the thickness is large, the fracture is a mixed fracture
of slip separation and tough nest cracking, while the thickness of 175 and
125 lm sample fracture is a single slip separation fracture, low hardening index.
The low hardening exponent and surface grain together inhibit the growth of the
voidage, making the elongation much lower than the sample with larger
thickness.
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Analysis of the Influence of Different
Mechanical Delaminating Process
on the Electrochemical Performance
of MXene Films

Xingmin Liu and Yi Qu

Abstract MXene is a new type of two-dimensional nanomaterials with good
electrochemical properties, which can be used as electrode materials for superca-
pacitors. And the electrochemical performance of the few-layered MXene is better
than that of the multilayered MXene. The differences in the microstructure and
electrochemical properties of the thin films obtained by three different mechanical
layering methods, namely, hand-shaking treatment, ultrasonic treatment and
step-by-step ultrasonic treatment, were studied. The results show that the ultrasonic
treatment of MXene is not only simple and efficient, but also the self-supporting
film of MXene prepared by vacuum assist has the advantages of low density and
high conductivity. Compared with the other two methods, the electrochemical
performance of the thin film prepared by ultrasonic treating is also the best. The
oxidation peak is obvious in cyclic voltammetry test, the voltage drop is small when
the constant current is charged and discharged, the energy conversion is high, the
impedance spectrum shows the internal impedance is the smallest, and the ion
diffusion rate is the largest. The comparison results show that the ultrasonic treat-
ment can be used as a stable process for delaminating MXene, which provides a
reference for the subsequent MXene composite experiments.

Keywords MXene � Electrochemical performance � Delaminate � Self-supporting
film

1 Introduction

With the rapid economic development and social progress, people have higher and
higher requirements for energy storage in electronic products. As a new type of
energy storage device, supercapacitor combines the advantages of traditional
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capacitors and chemical batteries [1]. It has the advantages of fast charge and
discharge rate, high power density long cycle-life and fast recharge ability, and has
become a kind of energy storage equipment that has attracted much attention [2–4].
Due to its unique layer structure and surface hydrophilicity, the two-dimensional
MXene material increases the contact area between the electrode and the elec-
trolyte, and has good electrochemical properties [5], and can be used as an electrode
material for supercapacitors. In addition, MXene can also be applied to many fields
such as photocatalysis [6], adsorption, energy storage [7] and polymer composite
preparation [8]. The MAX phase of the two-dimensional MXene material is a
ternary carbon-nitrogen compound and a precursor of MXene. Its general chemical
formula can be expressed as Mn+1AXn (n = 1, 2, 3), where “M” is a transition-metal
element, “A” is an element of group III or group IV in the periodic table, and “X”
represents C or N or CN [9, 10].

When using the safest and most environmentally friendly mixture of LiF and
HCl as the etching solution, the “A” layer in the MAX phase will be removed by
chemical extraction. But at this time, there is van der Waals force between the
MXene flakes, so that the flakes are not completely separated, but present an
accordion-like structure. Therefore, it is necessary to divide multilayered flakes into
few-layered flakes in order to obtain a better composite effect. The MXene was
layered without intercalating agent, and the colloidal solution was vacuum-assisted
suction filtration to obtain self-supporting films. The advantages and disadvantages
of the three layering methods are compared and analyzed.

2 Experimental Section

2.1 Synthesis of Ti3AlC2

The MXene nanosheets were obtained by etching the Al in MAX materials based
on minimally intensive layer delamination (MILD) method. The 3.2 g LiF
(Sinopharm Chemical Reagent Co., Ltd, China) was added to 9 M 40 mL HCl
(Sinopharm Chemical Reagent Co., Ltd, China). After mixing the two completely,
the 2 g high purity Ti3AlC2 powder (Jinlei, Ningbo) was added slowly and the
solution was stirred and etched at room temperature (RT) for 24 h, sealed. After the
reaction, the liquid in the beaker was centrifuged and repeated washing with
deionized (DI) water. After centrifugation, the transparent supernatant in the test
tube was poured out, and then deionized water was added for centrifugal washing
until the upper liquid appeared dark green. The pH value of supernatant reached
about 6.
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2.2 Three Ways to Delaminate MXene Materials

Delaminate MXene by hand-shaking treating. Continue to add deionized water
to the centrifuge tube to wash the remaining sediment in the tube. Mixtures of
deionized water with MXene was hand-shaken for 5 min and sonicated for 10 min.
Then, the solutions were centrifuged at 3500 rpm for 5 min, and collected the upper
dispersion liquid of the centrifuged liquid. Then repeated the above operation while
depositing the sediment in the tube until the colour of the upper liquid after cen-
trifugation become lighter. In order to facilitate comparison with the other two
delamination methods, control the total volume of the upper layer solution to
approximately 500 mL. Then, the solutions were centrifuged at 3500 rpm for 1 h,
and the black supernatants were decanted and used for further investigation.

Delaminate MXene by ultrasonic treating. The precipitate was added to 500 mL
of deionized water, treated by ultrasonic in an ice bath, the protective gas is argon,
centrifugation parameters 80 W 4 h. After the ultrasonic treatment, the upper layer
solution was centrifuged at 3500 rpm for 1 h.

Delaminate MXene by step-by-step ultrasonic treating. 125 mL of deionized
water was added to pre-cleaned mixtures, and ultrasonic treatment under the pro-
tection of an ice bath and rare gas. After 1 h, the upper layer solution was cen-
trifuged with a parameter of 3500 rpm for 30 min. The supernatant after
centrifugation was collected for subsequent experimental steps usage, and 125 mL
of deionized water was added to the precipitate to disperse with the same param-
eters. Repeat the above-mentioned ultrasonic and centrifugal steps.

After cleaning, the few-layered Ti3C2Tx MXene colloidal solutions obtained by
the above three delamination methods were vacuum-assisting suction filtered into
thin films and dried; the remaining precipitate after delaminating was dispersed in
an evaporating dish and freeze-dried for 24 h to obtain dry MXene powders.

3 Characterization

3.1 The Difference of MXene Liquid

The few-layered Ti3C2Tx MXene colloidal solution obtained by the above three
delamination methods is vacuum-assisting suction filtered into thin films with a
thickness of 6 lm and the dispersion concentration was calculated. The concen-
tration of the dispersion obtained by hand shaking is only about 0.22 mg/mL, while
the concentration of the colloidal solution by the other two methods can reach about
0.6 mg/mL (Table 1). If a high-concentration Ti3C2Tx dispersion is required in
subsequent experiments, in addition to adding deionized water to the Ti3C2Tx

powder for ultrasonic treatment or step-by-step ultrasonic treatment can be used to
obtain a high-concentration dispersion. But the other two delamination methods
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also have drawbacks. The multi-layer MXene precipitate obtained by centrifugation
was freeze-dried, and the obtained powder contained a small amount of gray
impurities, which was presumed to be MAX that was not completely etched.

3.2 Characterization of Thin Films

Take different volumes of the dispersion liquid into a thin film with a thickness of
9 lm. After weighing it, the density can be calculated and its conductivity can be
measured. The density and conductivity of the films prepared by the hand-shaking
treatment and the ultrasonic treatment are not much different, while the film density
obtained by the step-by-step ultrasonic treatment is higher than the other twomethods,
and the conductivity is lower. This is because the process of layeringMXene by hand
shaking is relatively gentle, and the resulting single-layer MXene sheet has a larger
surface area. Therefore, MXene sheets may be curled and folded during the suction
process. This phenomenon causes the distance between the sheets to increase and the
density of thefilm to decrease.However, due to the long time of the ultrasonic treating,
some of the MXene sheets were broken into MXene sheets with a small surface area.
In the suction filtration process, the small flakes and the large flakes formed a certain
angle of stacking. And the large surface area of the sheet has also been folded, which
makes the spacing between the sheets larger, which leads to a decrease in density. The
difference is that after the step-by-step ultrasonic treating, only the small surface area
MXene flakes of the upper layer of the solution are collected, and the multi-layer or
large surface area MXene flakes of the lower layer are re-probe ultrasonically pro-
cessed. As a result, the surface area of the resulting MXene sheets is relatively small,
and they will be denser when stacked together.

In the same treatment method, as the density of the film increases, the internal
resistance generated by the internal structure increases, so the conductivity is also
lower. But when the density is not much different, the conductivity of the film
obtained by the ultrasonic treatment is higher than the other two groups (Table 2).

As shown in Fig. 1, the diameter of MXene sheets and the interlayer spacing of
MXene films treated by hand shaking and ultrasonic treatment are larger, and the
film stacked by step-by-step ultrasonic treatment is denser, leaving only a small
amount of pores.

Table 1 Comparison of colloidal solutions

Delamination method Volume of colloidal
solution (mL)

Film quality
(mg)

Concentration of colloid
(mg/mL)

Hand-shaking treatment 80 17.2 0.215

Ultrasonic treatment 30 17.5 0.583

Step-by-step ultrasonic
treatment

30 18.4 0.613

414 X. Liu and Y. Qu



The bottom broken line in Fig. 2 is the XRD pattern of Ti3AlC2 powder before
etching. There are two obvious and sharp peaks at 9.5° and 39°, which are
(002) peak and (008) peak, respectively. The remaining three broken lines represent
the XRD patterns of the films obtained by the three delaminating methods. It can be
clearly observed that the peaks relative to Ti3AlC2 did not appear. Instead, peaks
appeared at 7° and 16°. The reason that the peak angle becomes smaller is that the
functional groups with negative ions exist on the surface of the etched MXene
sheet, and they repel each other, which causes the layer spacing to increase.
The XRD pattern of the film obtained by analyzing the three groups of different
delaminating methods through Debye Scherer’s formula shows that the step-by-step
ultrasonic treatment has the smallest film layer spacing.

4 Electrochemical Performance Testing

Figure 3 is a graph of the cyclic voltammogram of the film obtained by three
delamination methods at a scan rate of 5 * 100 mV/s, and the voltage window is
−0.2 * 0.4 V. The curve has a certain degree of symmetry and is accompanied by
obvious peaks, indicating that the hydrogen ions in the electrolyte circulate between
the MXene flakes during the detection, and lose of electrons will produce a
reversible redox reaction. Most of the capacitance comes from the pseudocapaci-
tance generated by this reaction. At low (less than 50 mV/s) scanning rate, the
hydrogen ions in the electrolyte diffuse sufficiently, so it shows the maximum

Table 2 Comparison of films conductivity

Delamination method Density of film (g/cm3) Electrical conductivity
of the film (S/cm)

Hand-shaking treatment 2.31 884.314

Ultrasonic treatment 2.36 889.114

Step-by-step ultrasonic treatment 2.50 678.557

Fig. 1 SEM images of few-layered Ti3C2Tx MXene films. a Hand-shaking treatment, b ultrasonic
treatment, and c step-by-step ultrasonic treatment
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capacitance. As the scanning rate increases (more than 50 mV/s), the oxidation
peak is no longer obvious, and there is a deviation between the shape of the entire
cyclic voltammetry curve and the original. This is because when the scan rate is
increased, the hydrogen ions in the electrolyte diffuse to a lower degree, do not fully
enter the internal structure of the film, and the redox reaction is incomplete, so the
capacitive performance is far inferior to that of the scan at low rates.

Figure 4a is the cyclic voltammogram of the three mechanical layering methods
at a scan rate of 5 mV/s. The closed loop areas of the three curves in the figure are
not much different, However, it can be observed that the oxidation peak of the
hand-shaking treatment and the step-by-step ultrasonic treatment appears at about
−0.05 V, and the oxidation peak of the ultrasonic treatment is near −0.1 V.
Moreover, the oxidation potential range of the former is larger than the latter, and
the intensity of the oxidation peak is also stronger. Figure 5b is the cyclic

Fig. 2 XRD patterns of Ti3C2Tx films and Ti3AlC2 powder

Fig. 3 CV curves of 9 lm Ti3C2Tx films. a Hand-shaking treatment, b ultrasonic treatment, and
c step-by-step ultrasonic treatment
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voltammogram of the film at a scanning rate of 50 mV/s. The oxidation peaks of the
redox reaction curves of the three methods are no longer obvious. Among them,
The gain and loss of the electronic process range of the ultrasonic treatment is wider
than the other two, but the current density is not as high as the other two groups.

As the scan rate increases, the specific capacitance also decreases. When the rate
is increased from 5 to 50 mV/s, the specific capacitance of hand-shaking treating
drops from 133.5 to 42.9 F/g, and the coulombic efficiency is 32.1%; the specific
capacitance of ultrasonic treating drops from 134.5 to 40 F/g, and the coulombic
efficiency is 29.7%; the specific capacitance of step-by-step ultrasonic treating
drops from 119.7 to 34.6 F/g, and the coulombic efficiency is 28.9%. By com-
parison, it is found that the film obtained by the hand shake delaminating method
has higher stability under high-speed scanning (Table 3).

Figure 5 shows the constant current charge and discharge curves of the thin film
prepared by the three mechanical layering methods as the working electrode when
the current density is 0.25, 0.5 and 1 A/g. The initial discharge voltage of the three
sets of curves will be lower than the charge termination voltage. This part of the
voltage drop comes from the internal impedance of the film. At a current density of
0.25 A/g, the voltage drop of the hand shaking treatment, the ultrasonic treatment
and the step-by-step ultrasonic treatment are 0.03 V, 0.015 V and 0.02 V,

Fig. 4 CV curves of Ti3C2Tx films at different scan rates. a 5 mV/s, b 50 mV/s

Table 3 Cyclic voltammetry measures the specific capacitance of films

Scan rate
(mV/s)

Specific capacitance (F/g)

Hand-shaking
treatment

Ultrasonic
treatment

Step-by-step ultrasonic
treatment

5 133.5 134.5 119.7

10 114.8 117.2 119.0

20 90.6 94.0 92.3

50 42.9 40.0 34.6

100 17.2 17.4 12.5
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respectively. Ultrasonic treating is the group with the smallest voltage drop among
the three groups. Under the same conditions, the conductivity of this group is also
the highest, its own loss is also smaller, and the energy conversion rate is higher.

Figure 6 is the electrochemical impedance spectra, also known as Nyquist chart,
which of MXene films was prepared by different mechanical layering methods. The
larger the radius of the semicircle of the spectrum, the greater the impedance of the
film itself. The slope of the straight line represents the degree of diffusion of
electrolyte ions, the greater the slope, the better the degree of diffusion. The fre-
quency range of this test is 0.01 Hz–100 kHz. The three curves in the figure show
similar changing trends, which is that there is a semicircle located in the
high-frequency region and a straight line located in the low-frequency region. It is
found by comparison that among the three curves, the radius of the ultrasonic
treating is the smallest, which means that the internal impedance is smaller, the
conductivity is larger, and the constant current charging and discharging voltage
drop is smaller, which is consistent with the results obtained from other tests above.

Fig. 6 EIS spectra of all
electrodes
(100 kHz * 0.01 Hz)

Fig. 5 GCD curves of 9 lm Ti3C2Tx films. a Hand-shaking treatment, b ultrasonic treatment, and
c step-by-step ultrasonic treatment
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5 Conclusions

In this study, three delaminating methods were successfully used to obtain MXene
dispersion, and the dispersion was suction filtered into a film for characterization
and electrochemical detection. The density, conductivity and electrochemical per-
formance of the film after delaminating were compared and analyzed. The com-
prehensive analysis obtained the following conclusions: When the thickness of the
film obtained by dispersive suction filtration is consistent, the density of the film
obtained by the hand shaking treatment is the smallest, and the film density
obtained by the step-by-step ultrasonic treatment is the largest. The conductivity
and electrochemical performance of the film obtained by the ultrasonic treatment
are the best among the three methods, and the operation is simple and convenient,
and a higher concentration dispersion can be prepared. The method of controlling
the experimental parameters in the ultrasonic treating process can be used as a
stable process for preparing a few layers of MXene.
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Effect of Solution Heat Treatment
on Microstructures and Stress Rupture
Properties of DZ406 Alloy

Weijie Xing, Changkui Liu, Xiaotong Guo, Gang Zhu, Wenxia Zhao,
Xinlang Zuo, and Zhen Zheng

Abstract The heat treatment process is one of the keys factors for the
microstructure and mechanical properties of superalloys, while there are few reports
on the heat treatment of DZ406 alloy. In this paper, three different solution heat
treatment processes were used to study the microstructure and stress rupture
properties. DZ406 alloy contains c’ phase, c/c’ eutectic and carbides in the as-cast
state. After the heat treatment at 1265, 1275 and 1285 °C, the c’ phase changed to
be cubic shape, and the eutectic structure is reduced to 12.46, 6.27 and 5.8%. The
stress rupture test indicates that the crack originates from the interfaces of carbide/
matrix and c/c’ eutectic/matrix. With the increase of temperature of solution heat
treatment, the content of c/c’ eutectic decreased, and resulting the gradually
increased stress rupture properties.

Keywords Superalloy: DZ406 alloy � Solution heat treatment � Microstructure �
Creep � Stress rupture property

1 Introduction

Nickel-base superalloy has always been the preferred material for aero-engine,
which benefits from its excellent corrosion resistance and mechanical properties.
DZ406 alloy is a Ni-based precipitation hardening directionally solidified super-
alloy with Re 3 wt% in composition. The design service temperature of DZ406
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alloy is 30 °C higher than the first-generation directionally solidified superalloys
and is equivalent to that of the first generation of single crystal superalloys.

The excellent properties are attributed to the addition of refractory elements such
as Ta and Re, but the addition of refractory elements is very unfavorable to the
solidification segregation behavior of the alloy, which is reflected in the formation
of more eutectic structure in the interdendritic region [1]. The existence of the
eutectic structure and the inhomogeneity of the composition will greatly reduce the
creep properties of the alloy, so proper solution heat treatment is the key to achieve
the best performance of the alloy [2]. Heat treatment is an essential process after
alloy production. It can reduce the element segregation and eutectic structure
content in the casting process. Lamei Cao et al. [3] have shown that increasing the
solution temperature can avoid the undesirable microstructure and greatly enhance
the structural stability. In addition, for CMSX series alloys, researchers have given
a solution heat treatment temperature of 1365 °C for more than 45 h to obtain good
solution effect [4–6].

Therefore, the solution temperature is much important for the mechanical
properties of directionally solidified superalloy, but the research on this topic of
DZ406 superalloy is rarely reported. Therefore, this study takes it as the research
object, carries out different heat treatment temperatures, and studies the
microstructure and mechanical properties of the alloy, aiming to provide a reference
for the engineering application of the alloy.

2 Experimental

The blank is solidified in a vacuum directionally and cast into a solid bar with a
total length of 200 mm. All samples are sliced in the same batch to ensure the
accuracy of the conclusion. The composition of the material is measured by a
chemical method, and the results are shown in Table 1.

To reveal the impact of solution heat treatment temperature on DZ406 alloy. The
solution heat treatment temperature was adjusted based on the standard solution
heat treatment. The solution temperatures were set as 1265, 1275 and 1285 °C.
Table 2 lists the detailed information of heat treatment.

The stress rupture tests were conducted at 980 °C and 275 MPa in air according
to Chinses standard GB/T 15974-2008. Figure 1 depicts the size of the specimen.
The temperature variation in the gauge zone was within 3 °C during stress rupture
tests, and the furnace door was opened quickly to cool the specimens. At least five
specimens were tested for each condition to get one statistical result.

Table 1 Chemical composition of DZ406 alloy measuring using chemical method (wt%)

Co Cr Ta Al W Re Mo Hf C B Ni

11.98 6.77 6.28 6.02 4.84 2.92 1.53 1.48 0.12 0.014 Bal.
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Samples were sectioned, ground and polished for microstructural characteriza-
tion. The c matrix was removed to observe c’ precipitates by electrochemical
etching in a chemical solution of 6 ml phosphoric, 20 ml nitric and 24 ml sulfuric
acid at 3 V for 5 s [7]. A chemical etchant consisting of 20 g copper sulfate, 5 ml
sulfuric acid, 100 ml hydrochloric acid, 80 ml water was employed to observe the
carbide and grain boundary. A FEI Nova Nano 450 microscope was adopted to
observe the microstructures. The interdendritic c′ precipitates showed similar
morphologies to that in the dendrite core regions in DZ406 alloy, and the c′ in
dendrite core regions is more sensitive to heat exposure. Therefore, we measured
the area fraction in the dendrite core regions to evaluate the microstructure
degradation c′ precipitates. The standard point counting method is adopted. Five
representative sites were adopted to quantify the area fraction of c’ precipitates. The
average particle size is defined as the equivalent diameter of c’ particles according
to the following formula:

D ¼
ffiffiffiffiffi
4S
p

r
ð1Þ

where D means the equivalent diameter, S means the area.
The area fraction of the c’ precipitates and c/c’ eutectic were measured using

Image Pro software as Eq. (1). Five representative locations and three consecutive
images were used to get one result.

The segregation degree of alloying elements was investigated, and the compo-
sitions of interdendritic region and dendrite core region were determined at least 10
positions randomly selected from each sample by JXA-8100 electron probe

Table 2 Solution heat treatment of the DZ406 alloy

Number Detail information

1 1265 °C/1 h + 1120 °C/4 h + 1080 °C/4 h + 870 °C/16 h (air cooling)

2 1275 °C/1 h + 1120 °C/4 h + 1080 °C/4 h + 870 °C/16 h (air cooling)

3 1285 °C/1 h + 1120 °C/4 h + 1080 °C/4 h + 870 °C/16 h (air cooling)

Fig. 1 Size of the stress
rupture specimen
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microanalyzer (EPMA). The test point does not include c/c’ eutectic pool or car-
bide. The solidification segregation coefficient Ki can be defined as follows [8]:

Ki ¼ Ci
dendrite

Ci
interdendrite

ð2Þ

where, Cinterdendrite and Cdendendrite is the mass fraction of element i in the dendrite
stem and the mass fraction between dendrites, respectively. Ki > 1 indicates that
alloy element i segregates in dendrite core, while Ki < 1 indicates that alloy element
I segregates between interdendritic region [8].

3 Results

3.1 The as-Cast Microstructure of DZ406 Superalloy

The as-cast structure of DZ406 alloy is shown in Fig. 2. Figure 2a, b are OM
images showing the dendrite morphology, which presents cross shape as previously
reported, and primary dendrite spacing is about 289 lm. c/c’ eutectic (Fig. 2b) in
sunflower shape formed in the interdendritic regions during the casting process, The
c/c’ eutectic content is about 14.06%. Figure 2c shows the microstructure of c’
precipitates in the dendrite cores, and exhibited approximately cubic. The area
fraction and average size was 59.3% and 0.54 lm, respectively (Table 3). It is
worth noting that the morphologies of c’ precipitates were similar in both the
interdendritic and dendrite core regions [9]. Script-like MC1 and granular MC2

carbides distributed in the interdendritic regions (Fig. 2d). MC1 and MC2 carbides
distributed in the interdendritic regions, and the main difference is that MC1 was
rich in Ta, while MC2 carbides was rich in Hf. The composition characteristics of
MC carbides accord well with the typical characteristics of Hf rich superalloys
[10, 11].

3.2 Microstructure Characteristics After the Solution Heat
Treatment

The microstructure of c’ phase in the dendrite core area is shown in Fig. 3, and
Table 3 lists the corresponding statistical area fraction and the average size of c’
phase. Figure 3 illustrates that after the different solution heat treatment, the c’
phase are still maintain a relatively cubic shape [5, 6].

After the Num.1 heat treatment, the area fraction and the size of c’ particles
increased to 65.78% and 0.63 lm (Table 3). Increasing the solution heat treatment
temperature, the area fraction and size of c’ precipitates did not change
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significantly, which changed to 65.38%, 0.62 lm at Num.2 and 63.22%,0.64 lm at
Num.3 respectively, (Fig. 3b, c). The results clear that c’ phase is not very sensitive
to the three kinds of solution heat treatment, which is in consistent with previous
studies [5, 12].

(a)                                   (b) 

(c)                               (d) 

Fig. 2 The as-cast microstructure of DZ406 superalloy

Table 3 Measured area fraction and average size of c’ precipitates in the dendrite core regions,
area fraction the interdendritic c/c’ eutectic, MC carbides of DZ406 alloy after solution heat
treatment

Solution heat treatment
condition (°C)

As-cast 1265 1275 1285

c/c’ eutectic (%) 14.06 ± 1.17 12.46 ± 1.85 6.27 ± 0.54 5.80 ± 0.65

MC carbides (%) 1.47 ± 0.44 1.48 ± 0.64 1.24 ± 0.31 1.37 ± 0.17

c’
phase

Area fraction
(%)

59.3 ± 2.1 65.78 ± 2.6 65.38 ± 2.6 63.22 ± 1.9

Average size
(lm)

0.54 ± 0.061 0.63 ± 0.067 0.62 ± 0.055 0.64 ± 0.055
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Figure 4 is the OM image showing the c/c’ eutectic morphology after the dif-
ferent solution heat treatment systems (Table 2). At solution temperature 1265 °C,
the c/c’ eutectic ares fraction is 12.46%, and the area fraction of carbides is 1.47%.
And there are micro porosity at 1265 °C. When the solution temperature increases
to 1275 and 1285 °C, the eutectic content decreases to 6.27 and 5.8%, and the area
fraction of carbides is 1.24 and 1.31%. It is worth mentioning that the area of micro
porosity is also increasing. It is obvious that the increase of solution temperature
lead to the decrease of the area fraction of c/c’ eutectic, but the effect of solution
temperature on carbides is not obvious. In addition, the area of micro holes grad-
ually increases with increasing of heat treatment temperature, which is obviously
related to eutectic dissolution [13].

3.3 Stress Rupture Property After the Solution Heat
Treatment

The stress fracture characteristics of DZ406 alloy after heat treatment were tested at
980 °C/225 MPa, and Fig. 5 shows the curves of stress rupture lives, elongation
and reduction of area vs solution heat treatment temperatures. It is surprising that
the stress rupture lives increased with the increase of solution temperature, and were

(a)                                      (b) 

(c) 

Fig. 3 SEM-SE images of c’ precipitates in the dendrite cores after solution heat treatment:
a Num. 1, b Num. 2, c Num. 3
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between 55 and 60 h (Fig. 5a). At solution temperature 1265 °C, the rupture life is
57.6 h. With the temperature rising to 1275 and 1285 °C, the rupture life increased
to 59 and 60 h. Meanwhile, Fig. 5b depicts that the reduction of area and elon-
gation after solution heat treatment were also close. The results show that the effect
of solution temperature on the stress rupture property is not very significant, the

Fig. 4 SEM images of interdendritic c’ eutectic: a and b 1265 °C; c and d 1275 °C; e and
f 1285 °C
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impact is limited. This is inconsistent with the previous reports on single crystal
superalloys [4, 13–15].

There is no significant difference in fracture mode, macro and micro morphology
after different solution heat treatment, and Fig. 6 reveals the morphology of
microcracks in stress ruptured specimens under solution heat treatment at Num.3
(Table 2). Figure 6a is the SEM-SE image showing the macro fracture surface, and
Fig. 6b shows that during the fracture process, obvious oxidation reaction occurs on
the fracture surface, and a large amount of oxidation products are attached to the
fracture surface. Figure 6c indicates that the fracture mode is dimple morphology,
which conforms to the fracture characteristics reported by predecessors. Figure 6d,
e are SEM-BSE images depicting the longitudinal interface. It can be seen that the
small cracks originate at the interfaces of eutectic structure/c matrix, and carbide/c
matrix. The results show that the interface between carbide and matrix and eutectic
structure are the weak position of the alloy, which is easy to fracture.

4 Discussion

4.1 Solution Heat Treatment Effect on the Microstructural
Evolution

During the solidification process, c dendrites precipitated from the liquid phase and
grows up during the whole process. Refractory elements Re and W segregate to the
c dendrites [16, 17], while Al and Ta segregate to the interdendritic regions. With
the solidification of interdendritic phase, the c/c’ eutectic structure is shaped due to
the variation in the liquid component. The amount of eutectic reflects segregation
degree in the solidification process to a certain extent. The more eutectic content

Fig. 5 The curves of stress rupture lives (a), elongation and reduction of area (b) as a function of
the different temperature of DZ406 alloy under 980 °C/275 MPa
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indicates that the alloy has serious component segregation, otherwise, it indicates
that the alloy has small component segregation [17–19]. After Num 1, Num.2 and
Num.3 heat treatment, coarse c’ phase and c/c’ eutectic dissolve into the c matrix in
the as-cast alloy, promoting the full diffusion of the insoluble alloy elements,
reducing the solidification segregation, and finally reduce the segregation degree of
the interdendritic regions specially for the low melting point elements [1, 13,
18, 20].

(a)                               (b) 

(c)                             (d)

(e) 

Fig. 6 SEM-SE images of the fracture surfaces of transverse stress ruptured specimens at a low
a and high b, c magnification; SEM-BSE images of cracks at the longitudinal cross sections in the
fractured specimen, close to the surface d, the c/c’ eutectic e and the interdendritic MC carbides of
DZ406 alloy under 980 °C/275 MPa after solution heat treatment at Num. 3
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In this study, about 14.06% of c/c ‘eutectic exists after casting (Fig. 2b), and the
element segregation is also serious. However, area fraction of c/c’ eutectic reduce
significantly (Table 3) after Num.1, Num.2 and Num.3 heat treatment. The degree
of segregation of various elements is shown in Fig. 7. It can be found that the
segregation degree decreases with increasing the solution temperature.

During castings solidification process of superalloy, because of the continuous
growth of the first solidified dendrites and their contact with each other, a closed
micro liquid pool is often shaped in the interdendritic region. When the liquid metal
in the micro liquid pool condenses into a solid phase, it shrinks and fails to get
feeding, thus causing shrinkage cavity. Due to the unbalanced solidification,
eutectic reaction occurs when the liquid between dendrites reaches the eutectic
composition point in the later stage of solidification and crystallization [14–16, 21].
Therefore, the solidification shrinkage cavity is mainly distributed in the inter-
dendritic and eutectic areas in the late solidification stage. In this study, there are
irregular holes in the as-cast statue, and mainly formed around c/c’ eutectic
structure (Fig. 5). The above results show that a large number of solution micro-
pores are produced in the alloy during solution heat treatment, which can be
explained by the micropore formation caused by the Kirkendall effect in the process
of element diffusion between dendrites and dendrites. The solute redistribution
makes that Re and W are segregated in the dendrite, while Al and Ta are segregated
in the interdendritic regions during solidification [22, 23]. During the following
solid solution heat treatment process, there are two diffusion flows with different
diffusion rates: the diffusion flow of enriched elements from dendrites to dendrites
and the diffusion flow of enriched elements from dendrites to dendrites. The dif-
fusion rate of the former is smaller than that of the latter, and this unbalanced
diffusion mechanism will lead to the accumulation of vacancies and the formation
of micropores.

Fig. 7 Elements segregation
coefficient of DZ406 alloy
after Num. 1, Num. 2, Num.
3 solution heat treatment
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4.2 Effect of Solution Heat Treatment on the Fracture
Property of DZ406 Alloy

Previous studies confirmed that the creep rupture resistance of Ni-based superalloys
are attributed to the area fraction and morphology of c’ phase, the c channel width,
solution strengthening the effect, micropores and interdendritic c/c’ eutectic [4, 24].
Our results reveal that the solution heat treatment has no significant effect on the
microstructure stability of c’ phase, but influence obviously on the solution
strengthening effect and c/c’ eutectic. The main factors that affect the performance
are discussed respectively.

4.2.1 Solid Solution Strengthening Effect of Elements

Ni-based superalloy always contains Re, Cr Mo and Mo as the solid solution
strengthening elements, and Re shows the greatest impact on creep rupture resis-
tance. Re is enriched in c matrix and easy to form short-range ordered re clusters of
about 1 nm [17]. This kind of cluster has better strengthening effect than the tra-
ditional solid solution method. This is because when the dislocation moves through
the cluster, it will destroy the ordered region of Re atom and enhance the resistance
of dislocation movement. Cr, Mo and W are mainly distributed in the matrix, and
strengthened the matrix due to solution enhancement, thus the stress rupture life is
significantly increased [23, 25].

In this study, the dendrite has a good solution strengthening effect, but the
dendrite becomes the weak areas due to the poor solution strengthening effect,
which is easy to cause crack initiation and propagation. Increasing the solution heat
treatment temperature, the segregation degrees of Re, W, Mo and Cr decreased, the
interdendritic regions thus contained more strengthening elements and get better
solution strengthening effect to improve the stress rupture properties.

4.2.2 Effect of Eutectic on Stress Rupture Properties

Wilson et al. [13] found that the eutectic structure with incomplete solid solution
between dendrites can significantly reduce the creep properties of CMSX-4 alloy.
P. Caron et al. [26] considered that micropores were the most effective crack
sources in the absence of brittle eutectic and local primary melting. Fritzemeier
et al. [21] considered that micropores are the main source of failure cracks in the
single crystal superalloys. A much better high temperature rupture property was
achieved by reducing the micropore content.

The thermal expansion coefficient of c/c’ eutectic structure is different from that
of c matrix [16], and the interface of c/c’ eutectic structure and c matrix can
produce large thermal stress. The c/c’ eutectic structure is easy to separate from
matrix and become the initiation locations of crack initiation. Improving the
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solution treatment temperature and gradually decreases the content of c/c’ eutectic
structure, and increase the relative proportion of micropores. However, the c/c’
eutectic content is high and the micropore content is very small after Num.1 heat
treatment, the creep property are the worst in comparison with other solution
conditions, indicating that the effect of a small number of micropores in not nec-
essary to introduce a wore creep property. Therefore, the stress rupture property was
improved as the temperature of the solution increased.

5 Conclusions

1. The c/c eutectic structure is easily affected by solution heat treatment, while the
microstructures other precipitates including c’ precipitates and carbides basi-
cally didn’t change at the three kinds of solution temperatures.

2. The area fraction of eutectic decreases with the increase of solution temperature.
3. A higher the solution temperature can reduce the element segregation degree,

and finally enhance the stress rupture property.
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Design of Embedded Intelligent Online
Monitoring System of OLTC Based
on Vibration Analysis

Changqing Peng, Rongyan Shang, Wenquan Huang, Min Deng,
and Ruiming Fang

Abstract Most of the traditional intelligent monitoring systems of on-load
tap-changer (OLTC) are PC-based, which is expensive, high in power loss, com-
plex in deployment, and large in space. A small, low-cost and low-power-loss
embedded intelligent online monitoring system of OLTC based on vibration
analysis is designed. The system uses an equal-integral-bandwidth feature extrac-
tion method of vibration signal based on fast Fourier transform (FFT), which solves
the problems of difficulty in implementation and insufficient computing power in
embedded systems. First, the FFT-based equal-integral-bandwidth feature extrac-
tion of vibration signal is discussed in detail. Then, a method applying fault
diagnosis based on support vector machines (SVM) to the embedded system is
proposed, and the framework of the intelligent online monitoring system of OLTC
is given. Finally, the fault diagnosis experiments of OLTC are carried out. The
experimental results show that after adopting the embedded system, it takes a very
short time and the fault diagnosis is accurate, which can meet the needs of
intelligent online monitoring of OLTC.

Keywords Vibration analysis � Feature extraction � Embedded system � OLTC �
Fault diagnosis

1 Introduction

The vibration signal of mechanical equipment contains a large amount of status
information. The rapid and effective extraction of fault characteristic information
from the vibration signal and the in-depth research of equipment condition moni-
toring and fault diagnosis technology have extremely important practical signifi-
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cance for ensuring the safe operation of equipment [1–3]. An on-load tap changer
(OLTC) is one of the most error-prone parts in the transformer. When a fault
occurs, it threatens the safe and stable operation of the power transformer [4].
Statistics show that transformer accidents caused by OLTC account for more than
20%, and they are mainly mechanical faults [5, 6]. It is necessary to develop the
online monitoring and fault diagnosis of the internal mechanical state of the OLTC
without stopping or disassembling based on vibration analysis. This not only
greatly improves the work efficiency of maintenance personnel and the accuracy of
fault diagnosis, effectively reducing the power outage time of the equipment, but
also makes it possible to find faults in the early stage, and prevents problems before
they occur.

At present, the hardware implementation of the monitoring system is as follows:
(1) Using single-chip microcomputer (SCM), digital signal process (DSP) or
advanced RISC machines (ARM) as the slave computer, responsible for signal
conditioning, data acquisition and sending data to the host computer; Personal
computer (PC) as the host computer, responsible for receiving the data transmitted
from the slave computer, And analyze, diagnose, display and store the data [7].
(2) Using the data acquisition card as the data acquisition core, and the PC as the
monitoring system of the hardware platform to analyze the collected data [8, 9]. The
PC-based monitoring system is expensive, high in power loss, complicated to
deploy, large in space, and demanding on the operating environment and
maintenance.

The requirements for miniaturization, distribution, and low power loss of
equipment have increased with the wide range of application scenarios of online
monitoring and intelligent diagnosis systems. Embedded system can meet the above
needs, but it also has shortcomings [10]. On the one hand, the current various
feature extraction algorithms have complex principles, cumbersome processing, and
large amounts of calculation. If an embedded system is adopted, the threshold for
programming is very high and the processing speed cannot meet the real-time
requirements [11, 12]. On the other hand, the development of the Internet of Things
in Electricity also puts forward new requirements for monitoring and diagnosis
systems [13]. Balancing of operation of data in the local environment and in the
cloud is very important. A large amount of basic collected data can only be stored
locally, but key feature information and diagnosis results must be pushed to the
cloud.

Therefore, how to simplify the frequency domain feature extraction of vibration
signals, improve the accuracy of fault diagnosis, and then realize intelligent online
monitoring of OLTC in the embedded system are the core objectives of this study.
The rest of this study is organized as follows. In Sect. 2, the FFT-based
equal-integral-bandwidth feature extraction method is discussed. In Sect. 3, a
method applying fault diagnosis based on support vector machines (SVM) to the
embedded system is proposed, and the framework of the intelligent online moni-
toring system of OLTC is given. The fault diagnosis experiments of OLTC are
carried out in Sect. 4. Finally, conclusions are drawn, and potential areas for future
research are highlighted in Sect. 5.
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2 FFT-Based Equal-Integral-Bandwidth Feature
Extraction Method

2.1 Feature Extraction Process of Vibration Signal

The FFT-based equal-integral-bandwidth feature extraction process of vibration
signal is shown in Fig. 1.

It can be seen from Fig. 1 that the output signal of the vibration sensor is
adjusted by the sampling circuit and converted into the original discrete digital
signal. First, preprocess the collected original data of the vibration signal, such as
filtering, trimming, etc., to obtain relatively pure data information. Second, the
preprocessed signal is transformed from time domain to frequency domain to obtain
its spectrum information. Third, the frequency spectrum is segmented according to
the amplitude integral value to obtain the bandwidth information of each segment.
Finally, the bandwidth information is converted to obtain the feature value required
for fault diagnosis.

2.2 Data Preprocessing

The measured waveform of vibration signal during normal action of OLTC col-
lected by the slave computer is shown in Fig. 2.

It can be seen from Fig. 2 that the vibration signal of OLTC was divided into a
starting segment AB, an energy storage segment BC, a switching segment CD, and
a stopping segment DE according to the action process. Among them, the signal of
starting segment AB and a stopping segment DE is very random. It is difficult to
effectively extract the fault feature information, and even cause interference prob-
lems. Therefore, it needs to be trimmed during preprocessing to obtain a “pure”
effective signal segment BD.

The time of energy storage segment BC was relatively long, and the signal was
relatively stable. The frequency characteristics are concentrated in the middle and
low frequency components, and the high frequency components are very few. The
switching segment CD was a sudden change in waveform with a wide frequency
domain distribution. These two segments were suitable for vibration analysis, but if
energy storage segment and the switching segment do not extract the features
separately, fault features of the switching segment will be completely annihilated.

preprocess FFT
equal-

integral 
segment

feature 
conversion

vibration 
signal 

original 
data

segmented 
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frequency 
spectrum

bandwidth
Information

feature 
Value

Fig. 1 The FFT-based equal-integral-bandwidth feature extraction process of vibration signal
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Therefore, it is necessary to preprocess the vibration signals in segments and extract
the fault feature information of the energy storage segment and the switching
segment separately.

2.3 Transform Signal from Time Domain to Frequency
Domain

If only the time domain is used, the information that OLTC vibration signals can
extract is limited, and it is far from satisfying the need for mechanical condition
monitoring based on vibration signals. Only through the frequency domain of the
vibration signal, the key feature information can be truly extracted, and then
accurate mechanical fault diagnosis be performed.

After the vibration signal is transformed by FFT, the required “frequency
point-amplitude” spectrogram can be obtained. The frequency spectrum of the
energy storage segment BC and the switching segment CD are shown in Fig. 3a, b
respectively.

2.4 Divide Frequency Spectrum into Several Segments
According to Equal Integral

According to amplitude A(n) in Fig. 3 (where n is the frequency point, A is the
spectral amplitude), the integral sum r is obtained, as shown in Eq. (1).

r ¼
X

A nð Þ ð1Þ

The number of segments was set to m; then, the integral sum of each segment
was as shown in Eq. (2).

Fig. 2 Measured waveform of vibration signal during normal action of OLTC
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r0 ¼ r
m

ð2Þ

The frequency spectrum is divided into m segments according to the integral
sum equal to r’, and the frequency points Fj (j = 0, 1,…, m) of each segment point
are obtained. Then the bandwidth b(i) (i = 0, 1,…, m − 1) of each segment is
calculated, as shown in Eq. (3).

b ið Þ ¼ Fiþ 1 � Fi ð3Þ

2.5 Feature Conversion

According to Sect. 2.4, for a segment, the larger the spectrum amplitude of the
vibration signal, the smaller the bandwidth b(i). Due to the weight inversion, it is
very unfavorable in the fault diagnosis system. Therefore, it is necessary to perform
a normalization operation on the bandwidth first. Second, take the reciprocal of the
normalized value. Third, calculate its natural logarithm. Finally, normalize again to
obtain the feature value.

The bandwidth coefficient b*(i) after normalization is calculated as shown in
Eq. (4).

Fig. 3 The frequency spectrum of vibration signal
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b� ið Þ ¼ b ið ÞP
b ið Þ ð4Þ

The conversion coefficient b0 ið Þ of each segment is calculated, as shown in
Eq. (5).

b0 ið Þ ¼ ln
1

b� ið Þ ð5Þ

The conversion coefficient is normalized again to get the feature value b
0� ið Þ as

shown in Eq. (6).

b
0� ið Þ ¼ b0 ið ÞP

b0 ið Þ ð6Þ

3 Design of the Intelligent Online Monitoring System

3.1 Method of Applying Fault Diagnosis Based on SVM
to the Embedded System

SVM has the advantages of rigorous theory, strong adaptability, global optimiza-
tion, high training efficiency and good generalization performance. It has extremely
high application value [14]. This paper uses SVM classifier to realize the intelli-
gence diagnosis of mechanical failure of OLTC.

Before using SVM for data diagnosis, it is necessary to train the model first, and
the training model requires a large number of typical sample support. The estab-
lishment process of a complete SVM-based fault diagnosis system is shown in
Fig. 4.

However, due to the limited computing power of the embedded system and the
inconvenience of interactive operations, it is recommended that the model training
work be arranged on a computer with a Windows operating system. After the model

feature 
extraction

parameter 
optimization

model 
training

SVM 
classification

feature 
information

optimal 
parameters

SV
M

 
m

od
el

fault 
information

sample 
collection

sample

signal 
acquisition

feature 
extraction fault alarm

signal data feature 
information

Windows Computer Embedded Device

Fig. 4 The establishment process of a complete SVM-based fault diagnosis system

440 C. Peng et al.



training is completed, it is transplanted to the embedded system for use, which can
greatly improve the efficiency of model training and reduce the difficulty of model
training.

3.2 The Framework of the Intelligent Online Monitoring
System

The framework of the embedded intelligent online monitoring system of OLTC
based on vibration analysis is shown in Fig. 5.

The core feature information of the system is the frequency domain feature of the
main vibration signal. In order to improve diagnosis accuracy, some time-domain
characteristics of vibration signals are introduced as SVM input vectors, such as
energy storage duration, average vibration acceleration of energy storage segment,
and so on. In order to further improve the diagnostic accuracy, the drive motor
current signal and the drive shaft angle signal are introduced as auxiliary criteria,
and the time domain characteristics are mainly extracted as the SVM input vector,
such as driving current duration, driving current average value, and so on.

The intelligent online monitoring system of OLTC can be operated as a single
machine offline to realize functions such as signal acquisition, feature extraction,
fault diagnosis, fault alarm, and alarm linkage.

In terms of system expansion, after the intelligent online monitoring system of
OLTC is connected to the Internet of Things, it can actively push alarm information
and regular statistical reports through the gateway through mobile phone text
messages, emails, etc. The centralized control server can simultaneously connect
multiple online monitoring systems in the same Internet of Things, collect and save
the data collected on site, the extracted feature values, the diagnosis results, etc.,
and the running status and real-time diagnosis results of each monitoring device are
dynamic displayed on the large monitor screen in the duty room. Users can
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remotely view detailed information through a Web browser. With more advanced
functions, the centralized control server can perform longitudinal mining on the
historical data of a single monitoring device in the background, as well as hori-
zontal mining on the same period related data of multiple monitored objects of the
same model, conduct in-depth trend analysis and analogy discrimination, and dis-
cover potential risk of failure.

4 Experimental Study

The physical object of the intelligent online monitoring system of OLTC is shown
in Fig. 6, and it is operated as a single machine offline. In this system, the signal
acquisition unit is temporarily replaced by the Red Phase TCD-200, and the data
source is the offline experimental data stored in the device. The object of this batch
of data acquisition is an OLTC of type Huaming CMIII 600Y/126C-10193W. The
collected signal includes one current signal and one main vibration signal, and the
sampling rate is 100KSa/s. The type of the vibration acceleration sensor used is
LC0103TB-50, sampling time is about 6 s per action. The hardware of the
embedded system uses the popular RaspBerry 4 Pi model B as the implementation
platform.

After actual testing, the signal takes about 0.4 s from the start of preprocessing
after acquisition to the completion of feature extraction. After feature extraction, it
takes about 0.3 s to call libSVM for diagnosis and recognition. There is room for
further optimization, which can fully meet the needs of field applications.

In order to verify the feasibility of the FFT-based equal-integral-bandwidth
feature extraction method described in this paper, the test samples shown in Table 1

Fig. 6 The physical object of
the intelligent online
monitoring system of OLTC
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are used to perform experiments. The total number of samples is 424, and the
number of samples used for training is 270.

The verification content includes parameter optimization test and generalization
test, and libSVM is used for multi-class test. First, optimize the parameters of the
training samples, and record the optimal parameters and optimal accuracy. Second,
use the parameters and training samples to train and generate the SVM model.
Finally, use the model to classify and identify all samples (including training
samples), and record the generalization accuracy.

Taking into account the need to compare with other methods, and in order to
improve the efficiency of the verification, the verification work is completed on a
computing workstation installed with the Windows operating system. Under
Windows and Linux, the implementation of FFT-based equal-integral-bandwidth
mouthed uses exactly the same source code, and libSVM also uses the same
underlying code, only the compilation target is different, so the impact of different

Table 1 The test samples

Fault type Total
number of
samples

Number of
training
samples

Description

Normal 90 60 No fault. A total of three tests, 28 samples
twice, 34 samples once. Disassemble and
reassemble at least once during each test

Abnormal
switching

28 20 The position of the switch was adjusted so that
it was offset by a certain angle

Spring
fatigue

28 20 The main spring was shortened by four turns

44 20 The main spring was shortened by two turns

Contact
wear

28 20 The surface of a group of four moving and
static transition contacts was artificially
roughened to simulate the fault that the
contacts were burned by the ar

44 20 The surface of 16 A-phase moving contacts
was artificially roughened to simulate the fault
that the contacts were burned by the arc

Curved
plate
falling off

28 20 The entire curved plate of phase A was
removed

Curved
plate
loosening

28 20 The screws of the A-phase curved plate were
loosened

Contact
loosening

28 20 The pressure spring of the selector switch
contact was cut off for one turn

Contact
falling off

28 20 One set of three selector switch contacts was
removed

Jamming 50 30 Sawdust was added to the gearbox. A total of
two tests, the number of samples were 12 and
38, and the amount of sawdust was different
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hardware devices and operating systems on the diagnostic accuracy should be
ignored.

(1) Compared with EMD and WPD

Verification scheme: The FFT-based equal-integral-bandwidth feature extraction
method takes the number of segments as m = 8, and uses the eight feature values as
the main SVM input vector. The EMD- (Empirical mode decomposition) method
decomposes into 10 IMF (intrinsic mode function) components to obtain energy
entropy, and takes the first 8 components as the main SVM input vector. The WPD-
(wavelet packet decomposition) method uses DB3 wavelet basis to perform
four-layer decomposition, and then take the first 8 components as the main SVM
input vector.

Accuracy of parameter optimization and verification are shown in Table 2.
It can be seen from Table 2 that FFT-based equal-integral-bandwidth feature

extraction method has a higher diagnostic accuracy.

(2) Compare the accuracy before and after adding time domain features

Verification scheme: In the scheme of the pure frequency domain feature, The
FFT-based equal-integral-bandwidth feature extraction method takes the number of
segments as m = 8, and uses the eight feature values as the main SVM input vector.
The comparison scheme adds the average value of vibration acceleration as the
input vector.

The accuracy before and after adding time domain features are shown in
Table 3.

It can be seen from Table 3 that the accuracy is higher after adding the time
domain feature.

(3) Compare the accuracy before and after multi-signal fusion

Verification scheme: In the scheme of the frequency domain and time domain
feature, The FFT-based equal-integral-bandwidth feature extraction method takes

Table 2 Accuracy of parameter optimization and verification

Accuracy of WPD EMD FFT-based equal-integral-bandwidth

Parameter optimization 84.51%
(228/270)

72.54%
(196/270)

95.54%
(258/270)

Verification 90.80%
(385/424)

87.50%
(361/424)

96.70%
(410/424)

Table 3 Accuracy before and after adding time domain features

Accuracy of Before After

Parameter optimization 95.54% (258/270) 98.51% (266/270)

Verification 96.70% (410/424) 99.29% (421/424)
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the number of segments as m = 8, and uses the eight feature values and the average
value of vibration acceleration as the main SVM input vector. The comparison
scheme adds the energy consumption index of the drive motor on this basis (the
square of the drive current multiplied by the duration) as the input vector.

The accuracy before and after adding the energy consumption index of the drive
motor are shown in Table 4.

It can be seen from Table 4 that multi-signal fusion can further improve the
accuracy.

5 Conclusion

The FFT-based equal-integral-bandwidth feature extraction method is used to
extract the characteristic information of the vibration signal, which is used as the
main fault characteristic solution for fault diagnosis. It is easy to implement in the
embedded system, the performance can meet the application needs, and the
recognition accuracy is ideal. In order to improve the diagnostic accuracy, it is
recommended to focus on the frequency domain characteristics of the vibration
signal, supplemented by the time domain characteristics of the vibration signal. If
possible, it is recommended to add the current signal characteristics of the drive
motor and the angle signal characteristics of the drive shaft as the auxiliary criterion
(input vector), which can further improve the diagnostic accuracy.

The shortcomings of the current system: (1) The system currently does not have
the function of multi-fault concurrent identification; (2) It is necessary to further
study multi-vibration signal sensor fusion to eliminate transformer body vibration
and external vibration interference; (3) Due to the inherent characteristics of dif-
ferent OLTC there are differences in the characteristics of the vibration signal itself,
and it is necessary to in-depth study the subject of reuse of fault samples of the same
type of equipment.
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Table 4 Accuracy before and after adding the energy consumption index of the drive motor

Accuracy of Before After

Parameter optimization 98.51% (266/270) 99.63% (269/270)

Verification 99.29% (421/424) 99.76% (423/424)
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Management Strategy Under
the Intelligent Manufacturing Initiative
of Chinese Coal Machine Equipment
Enterprises

Peng He, Lixia Zeng, and Jie Dai

Abstract Equipment manufacturing industry is the basic industry of national
economy, and its development level determines China’s economic strength. Coal
machine equipment manufacturing industry is a strategic industry providing tech-
nology and equipment for the modernization construction of coal industry and an
important guarantee for the upgrading and technological progress of coal industry.
In recent years, the intelligent manufacturing initiative for China’s coal machine
equipment enterprises has triggered a new round of reform reflection. Based on the
analysis of the characteristics of China’s coal machine equipment manufacturing
industry, this paper points out that the key tasks of developing coal machine
intelligent manufacturing include: standardization and modularization of products
and data; Promote safe production management and build intelligent manufacturing
production chain. This paper concludes that China’s coal machinery equipment
manufacturing industry needs policy support for technological innovation incuba-
tion to realize digitalization and intelligentization.

Keywords Manufacturing industry � Coal equipment � Intelligent manufacturing �
China

1 Introduction

China is the world’s largest coal producer, consumer and net importer [1].
Especially since 2000, with the strong recovery of China’s coal industry, the scale
of the coal machine manufacturing market most closely related to China has also
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expanded rapidly, attracting a large number of funds from outside the industry, and
many new coal machine enterprises have been born. Although the development and
utilization of renewable energy has become the consensus of all countries, at pre-
sent the livelihood and industry development of the Chinese people is still mainly
supported by coal resources [2–5]. Even coal is likely to make up the bulk of
China’s energy mix for centuries to come. By the end of 2050, coal is still expected
to account for more than half of China’s total energy demand. Therefore, at present,
although the coal industry is temporarily in the stage of excess demand, the coal
machinery equipment industry market still has great potential.

China has made rapid progress in coal mining equipment since the reform and
opening up. China has established a complete modern coal equipment manufac-
turing system, making it the world’s largest producer and user of coal equipment.
Especially since the 18th National Congress of the COMMUNIST Party of China
(CPC), the level of coal equipment manufacturing has improved significantly, and
the gap between coal equipment manufacturing and foreign advanced equipment
has been gradually narrowed, with some equipment reaching the international
leading level. Some of the equipment has reached the international leading level,
realizing leapfrog development from introduction, absorption and following to
independent innovation. However, in the current trend of rapid development of
industry 4.0 and intelligence, “intelligent manufacturing” of coal machine equip-
ment has become a hot topic in recent years. Intelligent manufacturing, derived
from the research of artificial intelligence, has been pushed to the forefront since
China proposed the “Made in China 2025” strategy [6, 7]. As an innovative project
integrating new generation of information technology and manufacturing equip-
ment, intelligent manufacturing is not only a breakthrough point in the deep inte-
gration of IT application with industrialization. It is estimated that in the next
20 years, it will bring us $3 trillion in GDP growth, 20% increase in enterprise
efficiency, 20% reduction in cost, and 10% reduction in energy conservation and
emission reduction. It can be said that intelligent manufacturing foreshadows the
new industrial revolution, marking that China’s manufacturing industry is officially
marching toward high quality and high level.

In 2020, the intelligent manufacturing of coal machine equipment has been
mentioned many times on various platforms in China [7]. On October 30, 2020, the
18th China International Coal Mining Technology Exchange and Equipment
Exhibition was held in Beijing on November 2. The intelligent equipment of coal
mine became the highlight of this exhibition. Among them, there are not only
large-sized mining equipment suitable for annual production of 10 million tons, but
also intelligent mining equipment suitable for thin coal seam mining. There are not
only the demonstration of trans-boundary mining intelligent hydraulic support with
large expansion ratio, right-angle turning conveyor, tunnel repair machine, saw
cutting roadheader and heavy-duty flatbed vehicle, but also the application of shield
tunneling machine, UAV and other new technologies in the coal mining industry. It
has not only intelligent transportation, intelligent fans, robots, roof cutters, but also
digital mining construction technology and equipment such as automatic control
system, 5G centralized control and intelligent control terminal. Not only green
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remanufacturing technology display, but also pure water support, explosion-proof
lithium electric trolley, electric unmanned wide-body dump truck and other clean
energy technology equipment.

At present, the mechanization degree of coal mining in China is close to 80%,
and the mechanization degree of large-scale coal mining is as high as 95%. China’s
coal mining requires increasingly higher degree of mechanization. Even though
China’s current coal mining industry has been developed to some extent and its
technical level has been improved, there is still a long way to go to realize intel-
ligent manufacturing [8]. Through the study of this paper, we find that China’s
independent innovation ability needs to be improved, the level of intelligence is
low, the dependence on import of key core technologies and equipment is high, the
level of industrial structure is backward and other problems are more prominent.
The “Made in China 2025” manufacturing strategy proposed by China and the
2016–2020 Smart Manufacturing Development Plan put forward the “three-step”
strategy mean that China’s manufacturing industry is undergoing supply-side
structural reform, hoping to create new competitive advantages for China’s man-
ufacturing industry and achieve manufacturing power. The new thinking triggered
by the intelligent manufacturing initiative provides new possibilities for solving the
problems of China’s coal machine equipment, such as the surplus of medium and
low-end products, the shortage of high-end high-reliability products, and the lack of
core competitiveness and innovation ability. This paper hopes to provide reference
for reliability and intelligent innovation of coal machine equipment products in
China and promote the transformation from traditional coal machine manufacturing
to intelligent coal machine manufacturing.

2 Analytical Framework

2.1 PEST Model

PEST represents four major environmental factors: politics/law (P), economy (E),
society/culture (S) and technology (T). PEST is a combination of the first letters of
four English words. PEST analysis process is as follows: The first step is to analyze
the current situation of the research object in terms of politics, economy, society
and technology, etc., and to extract the part that has a great impact on it. The second
step is to further analyze the four factors and discuss their influence on the
development strategy of the research object. The third step is to evaluate the
influence degree of each factor objectively and find out the key strategy on this
basis.
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2.2 SWOT

SWOT, on behalf of Strengths, Weaknesses, Opportunities and Threats, analyzes
the internal and external environment of an enterprise from four different angles
respectively, and thus summarizes the strategic measures taken by the enterprise to
respond to the internal and external environment. SWOT analysis method is widely
used in strategic or competitive analysis, is an important strategic management
analysis tool. Opportunities and threats belong to external environmental factors,
and any company is in a certain external environment, which inevitably will be
deeply influenced by them. These influences may be good or bad, but they all exist
objectively. Most of these influences are macroscopic, such as politics, economy,
culture and so on. Advantages and disadvantages belong to internal environmental
factors. In the process of continuous development, a company will also have its
own favorable and unfavorable factors, which can be actively intervened. This part
of the impact is mostly micro, such as the company’s internal management,
organizational structure, business model and so on. Taking the above factors into
comprehensive consideration, poundage can obtain the following four strategic
countermeasures: WT strategy (defensive strategy): that is, the strategy of directly
overcoming internal weaknesses and avoiding external threats. WO strategy (tor-
sional strategy): A strategy that exploits external opportunities to improve internal
weaknesses. ST strategy (diversified business strategy): that is, make use of the
advantages of enterprises; To avoid or mitigate external threats. SO strategy
(growth strategy): the strategy that relies on internal advantages to seize external
opportunities.

3 Analysis Results

3.1 Lack of Indigenous Innovation

Continue the train of thought provided by PEST. We find that in terms of tech-
nology (T), although China’s coal mining equipment manufacturing industry has
made great progress in recent years, even some mining equipment manufacturing
level has been among the world’s advanced. For example, hydraulic support,
shearer, scraper conveyor and other products complete, machine performance and
overall parameters have reached the international advanced level. However, from
the point of view of the whole coal machine manufacturing industry in China, there
are still many problems. These problems will have a great impact on the coal
machine equipment manufacturing industry, and may even affect the sustainable
development of the entire coal industry, one of the main performance points is the
lack of innovation ability. This can be discussed from the three perspectives of P, E
and S.
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Economically, most coal machine manufacturing enterprises in China have small
capital scale, low technology investment ratio and rely on scientific research
institutes for technological innovation. Product development is mainly the intro-
duction, tracking imitation. So the lack of innovation and independent intellectual
property rights. In terms of manufacturing technology, compared with developed
countries, there is still a certain gap, and the vast majority of key technologies are
mainly imported. Only a few key technologies have their own intellectual property
rights, and only focus on structural design for technological breakthroughs. Less
money has been invested in integration technology research. However, the reasons
for these are largely political (P). China’s coal machine manufacturing enterprises
are mainly small and medium-sized enterprises, which do not have strong financial
strength and are unable to invest a large amount of funds in the development of
machinery. At present, coal machine manufacturing process mainly relies on state
support, which further limits the innovation ability of private enterprises. In addi-
tion, As the largest carbon emitter, China also has a large number of energy con-
servation and emission reduction tasks. In recent years, China has invested heavily
in new energy resources, and most local governments are ambivalent about coal
mining. This has allowed less money to flow into technological innovation in coal
mines. Even in recent years, China’s coal machine enterprises have developed
rapidly, and some of the technical products have reached the international leading
level. However, due to the incomplete technology and lack of innovative capital
investment in the industrial chain, the key technologies of mine mining are still
controlled by foreign enterprises, and the key coal machine products still need to be
imported from foreign countries. In particular, there is a big gap between the core
components in terms of service life and reliability. Finally, on the cultural level
(Society, S), we believe that a considerable part of coal machine equipment
enterprises can only produce low-technology products, and have no ability to
innovate and develop new products. They did not grasp the core technology in the
process of imitation and unable to form a benign production process. In China’s
development over the past few decades, the inertia of low-quality production has
been strong, creating a cultural atmosphere that is difficult to improve in the short
term.

3.2 Low Intelligence Level

To solve the problem of low level of intelligence is the key to develop coal mine
machinery and equipment. Computer technology has penetrated into all aspects of
people’s production and life, and coal mine machinery and equipment also have a
certain fusion with computer technology, but the current level of intelligence of coal
mine machinery and equipment in China is still relatively low. In the use of coal
mine machinery and equipment, operators are still required to carry out manual
control, which not only needs to improve the professional technical level and ability
of operators, work safety is not easy to be guaranteed [9–11]. Through thinking
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with PEST model, we think that the current problems restricting the intelligent
construction of coal mine are concentrated in a series of technical aspects, such as
high-efficiency communication, intelligent equipment and intelligent
decision-making. Due to insufficient data, staff members are often in a state of lack
of information, also known as “information island”. Restricted by the traditional
management of coal mine, the construction of each information system lacks uni-
fied planning, the data between departments and majors are independent, and the
lack of unified data interface and standard makes the data unable to realize effective
association and interaction. Not only that, generally speaking, the information
amount of data is small, low precision and single type, so it is difficult to support the
application requirements of big data mining, early warning analysis, high-precision
3D model, artificial intelligence computing and other technologies. Taking stope
face as an example, it is restricted by wired network layout and mobile commu-
nication. It can only transmit very little information such as mine pressure, gas, dust
and fully-mechanized mining equipment. Besides, each monitoring system is
independent, with fewer points and longer transmission time interval. There is still a
certain distance from the expected intelligent management. All these reflect the
inadequacy of information digitization. In addition to the lack of digital processing,
the reliability of information acquisition equipment and sensing precision problems
are also relatively obvious. Large mining equipment operation machinery, lack of
flexibility, low level of intelligence. The collection data of a large number of
sensors arranged for safe operation are relatively single, with low accuracy, poor
anti-interference ability and single use. Moreover, the sensors only have the
function of data collection without the ability of data analysis. All of these problems
pose major security risks, especially in the area of disaster occurrence or early
warning. At present, subject to the above factors, disaster monitoring lacks an
effective early warning mechanism, most judgments are only based on rules and
institutional constraints, and disaster warning is passive and post-response.
Moreover, most emergency plans are relatively simple and broad, lacking specific
operation and technical content, and the on-site adaptability is not strong. The
above three points also create obstacles to the formulation of enterprise manage-
ment decisions. Without the help of intelligent means, enterprise analysis mostly
relies on experience judgement and simple statistical analysis. Therefore, there is a
great uncertainty in decision-making, make it difficult to provide effective decision
support for mining operation and management.

4 Discussion

4.1 Innovation Suggestions

The government and relevant departments need to increase investment and policy
guidance in the development of coal mining machinery, which will help ensure that
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coal mining machinery in the future market can meet the needs of relevant
industries, and resist the competition pressure of imported products. In addition, it is
necessary to reform the education industry. Colleges and universities should
develop specialized courses related to coal mine machinery and equipment, increase
the investment of education fund, and strengthen the reserve of coal machinery
talents. Scientific research talents can provide a steady stream of power for the
innovative research, development and manufacturing of national coal mine
machinery and equipment. In recent years, relevant units have sent professional
researchers to developed countries for in-depth study to improve their professional
knowledge and skills [12–14]. However, the application of advanced technology in
the research and development of coal mine machinery and equipment in China is
relatively low. In addition, China’s coal mining machinery and equipment are
usually developed by universities or specialized machinery research institutions
[15, 16]. Therefore, the government and relevant departments should further
establish the coal mine machinery innovation department, which is dedicated to the
innovation and research and development of coal-related machinery and equipment,
and conduct in-depth exploration of key technologies, so as to promote the research
and development of coal mine machinery and equipment, and make the equipment
play a better role. At the same time, the department needs researchers as well as coal
mining professionals. This is because professional coal mining personnel will have
a detailed understanding of coal mining work, such as mining technology and
process, etc., not only that, but also know the actual mining work related to the
needs of coal mining machinery and equipment. It can be said that the cooperation
between scientific researchers and coal mining professionals provides a solid
guarantee for the innovation and research and development of coal mining
machinery and equipment to better meet the needs of China’s coal mining work.

4.2 Intelligentization Suggestions

We believe that intelligent production process should be realized by constructing
networked distributed production facilities of intelligent production system, and
then intelligent factories should be built based on CPS and industrial Internet,
including physical layer, information layer, big data layer, industrial cloud layer and
decision layer. The physical layer contains the hardware equipment of each layer in
the factory, from the minimum production unit to the assembly unit, from logistics
to storage and management, and realizes the interconnection of the whole factory,
so as to build a “measurable and controllable, production-manageable” vertical
integration environment. Through intelligent manufacturing, on the one hand, it
guarantees the safety of coal mine construction personnel; on the other hand, it also
provides the possibility for the realization of green manufacturing through intelli-
gent means. Implementing the low-carbon economic concept of energy conserva-
tion and consumption reduction in the whole process of intelligent manufacturing of
coal machine can control the consumption of environment and resources in the
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manufacturing process of coal machine and contribute to energy conservation and
emission reduction. Because green manufacturing need fully consider the use cycle
of coal machine products, from the design of coal machine to production, trans-
portation, scrap, and also have to consider raw materials and energy consumption.
With the combination of advanced intelligent manufacturing technology and green
concept, we can control the use of raw materials in the production process of coal
machine products intelligently, and also have the opportunity to provide intelligent
assistance for the recycling, regeneration and reuse of materials.

5 Conclusion

Equipment manufacturing industry is the basic industry of national economy [17],
and its development level determines China’s economic strength. The intelligent
manufacturing initiative for China’s coal machine equipment enterprises has trig-
gered a new round of re-form reflection. Based on the analysis of the characteristics
of China’s coal machine equipment manufacturing industry, this paper points out
that the key tasks of developing coal machine intelligent manufacturing include:
standardization and modularization of products and data; Promote safe production
management and build intelligent manufacturing production chain. This paper
concludes that China’s coal machinery equipment manufacturing industry needs
policy support for technological innovation incubation to realize digitalization and
intelligentization.
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Study on the Thermodynamic
Calculation Model and Solution Method
Along the Steady Operation of Long
Transport Pipeline

Yin De, Yi Zhao, Rongqiang Zhong, Lirong Yao, and Ying Xu

Abstract The thermal variation of long-distance heat transfer oil pipeline directly
determines the gathering and transportation heat consumption. Accurate calculation
of temperature variation along the route is the key to energy conservation and
consumption reduction. In this paper, a mathematical model of thermal calculation
for steady-state operation is established for different buried modes of long-distance
transport pipelines, and the calculation method of soil temperature field and total
heat transfer coefficient is given. The numerical solution is carried out by using the
finite difference method. The test loop of gathering and transport operation was set
up, and the steady-state operation test was carried out to verify the correctness of
the model and the solution method.

Keywords Long distance pipeline � Steady state operation �Numerical simulation �
Thermodynamic calculation

1 Preface

Since most of the crude oil produced in China is high grade crude oil, heating is
often used to reduce the viscosity and improve the fluidity of crude oil in the
transportation process. Therefore, the proportion of heat consumption in the oilfield
production process is increasing constantly. For the oil pipeline transported by
heating, the temperature along the pipeline keeps decreasing during the process of
crude oil transportation, so as to accurately obtain the temperature change rule
along the pipeline and control the temperature rise range, which is the key tech-
nology of oil field production and energy saving gathering and transportation.
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According to the laying method, oil pipelines can be roughly divided into three
categories: overhead pipelines, underwater pipelines and buried pipelines [1, 2].
Since the temperature of atmosphere and water is little affected by the heat dissi-
pation of pipelines, the external heat transfer of the first two types of pipelines
(namely the heat transfer of pipelines in environmental media) is relatively simple
compared with buried pipelines. For buried hot oil pipelines, the external heat
transfer is the transfer process of heat in semi-infinite soil medium [3–5]. The
external heat transfer of buried pipelines is complicated because the soil thermal
and physical property parameters vary with the types, porosity, humidity and
temperature of soil, the change of atmospheric temperature will cause the change
and delay of soil temperature field, and there are also radiation and convection heat
exchange between the surface and the atmosphere.

In the early studies on heat transfer of buried geothermal oil pipelines [6], more
analytical methods were used to solve the problem. Because the analytical solution
needs to simplify the problem, there is a significant deviation between the solution
result and the reality. To numerically solve the heat transfer in soil, the semi-infinite
soil medium needs to be transformed into a finite solution domain.

In the past, the average temperature method was used in the process calculation
of hot oil pipeline, ignoring the influence of the change of physical property with oil
temperature and friction heat, so the result error was relatively large. In literature [7,
8], the influence of these two factors on process calculation was fully considered,
and the thermodynamic and hydraulic calculation equation was established.
Simpson quadrature method was adopted to solve the equation, and the results
could meet the general engineering requirements.

In this paper, a mathematical model of thermal calculation along the steady
operation of long-haul pipeline and different pipeline laying modes will be estab-
lished, and the model solving method will be studied. At the same time, the
experimental platform was built to complete the temperature test along the running
line, which was used to verify the correctness of the model and the solution method.

2 Mathematical Model for Axial Thermal Calculation
in Steady State Operation of Pipeline

When the hot oil pipeline is running, it is assumed that the oil is Newtonian fluid
and the influence of radial temperature drop on the physical properties of the oil is
ignored. The average flow rate and average oil temperature were used, and the
frictional heat generation was considered. The oil in the pipe is simplified to a
one-dimensional stable flow process. A micro element pipe section is taken to
establish a thermal balance equation that is included in the heat of friction based on
the thermal balance relationship of the hot oil pipe:
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K Tð ÞpD T � T0ð Þdl ¼ �qmc Tð ÞdT þ qmgi Tð Þdl ð1Þ

Boundary conditions:

T jl¼0¼ TR

where: T—Oil flow temperature in the tube, °C; l—Axial distance of pipeline, m; V
—Average flow rate of oil products, m/s; K(T)—Heat transfer coefficient, W/(m2 °
C); T0—The medium temperature around the pipeline under natural conditions, °C;
c(T)—Specific heat of oil, J/(kg °C); D—Pipe outside diameter, m; g—
Acceleration due to gravity, m/s2; i(T)—Hydraulic slope of oil flow, m/m; qm—Oil
mass flow rate, kg/s; TR—Oil outlet temperature, °C.

In the Eq. (1), the left side of medium size is the heat dissipated from oil to the
outside through the pipe wall, the first item on the right side is the change of the
internal energy of the pipe, and the second item is the heat generated by friction.

Under different laying methods, T0 in Eq. (1) has three different access methods.
For buried pipelines, T0 is the natural temperature of soil buried deep in the

pipeline, which can be obtained from Eq. (2). When the pipe is overhead, T0 is
atmospheric temperature; When the pipe crosses the river, T0 is the water tem-
perature of the river.

3 Calculation Method of Relevant Parameters

3.1 Natural Temperature of Soil Buried Deep in Pipe

The natural temperature of the soil deep in the pipeline is affected by the annual
cycle of the earth temperature, so it also changes in the annual cycle, and causes
time delay, which leads to the periodic change and delay of the oil temperature of
the pipeline. According to reference [9], The specific calculation method of natural
temperature field of soil annual cycle change is as follows:

T s; yð Þ ¼ TA þ TAAmaxðÞ�
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where: TA—Atmospheric annual average temperature, °C; TAmax—Atmospheric
annual maximum temperature, °C; s—The time from the maximum temperature, s;
s0—Annual fluctuation period of atmospheric temperature, s0 ¼ 3:156� 1017 s; kt
—Soil thermal conductivity around the pipe, W/(m °C); y—Buried depth of
pipeline, m; a—Soil temperature conductivity coefficient, m2/s; a—The convective
heat transfer coefficient between surface and atmosphere, W/(m2 °C).

3.2 Calculation of the Total Heat Transfer Coefficient

The formula for calculating the total heat transfer coefficient between the oil flow
inside the tube and the external environment is shown in (5):

1
KDe

¼ 1
a1d

þ
X ln Diþ 1

di

� �
2ki

þ
ln d

dL

� �
2kL

þ 1
a2Dw

ð5Þ

where: De—Calculate the diameter, m, take the average inside and outside diameter
of the insulation layer for the insulation pipeline, and take the outside diameter of
the asphalt layer for the buried pipeline without insulation; Dw—The outermost
diameter of the pipeline, m; a1—Heat transfer coefficient of oil flow and inner wall
surface of pipe, W/(m2 °C); a2—The heat release coefficient between the outer wall
of the tube and the surrounding medium, W/(m2 °C); ki—The corresponding
thermal conductivity of layer i, W/(m °C); diDi—The inner and outer diameter of
layer i of the pipeline, m; d—Pipe diameter, m; dL—Tube diameter after waxing, m.

To calculate the total heat transfer coefficient K, the internal heat transfer
coefficient a1, the thermal conductivity resistance from the pipe wall to the outer-
most diameter of the pipe, and the heat release coefficient a2 from the pipe wall or
the maximum periphery to the surrounding environment should be calculated
respectively.

(1) Internal heat transfer coefficient a1

If the flow state of crude oil is known, according to reference [10], the heat transfer
coefficient can be calculated by the correlation formula.

In laminar flow state (Re < 2000)
When the Gr � Pr\500,

Nuy ¼ a1d
k

¼ 3:65 ð6Þ

When the Gr � Pr [ 500,
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Nuy ¼ a1d
k

¼ 0:15Re0:33y � Pr0:43y � Gr0:1y
Pry
Prg

� �0:25

ð7Þ

In the intense turbulent state (Re > 104), P < 2500,

a1 ¼ 0:021
k
d
Re0:8y � Pr0:44

y
� Pry

Prg

� �0:25

ð8Þ

In (2000 < Re < 104), the oil flow exothermal intensity has increased, there is
no formula for calculation of reliable estimate can be reference to the next type:

Nuy ¼ K0 � Pr
0:43

y
�Gr0:1y

Pry
Prg

� �0:25

ð9Þ

where, the coefficient K0 is a function of Re, which is determined by Table 1.
In the above categories, Re ¼ v�d

t is the Reynolds number; Nu ¼ a1d
k is the Nussle

number; Pr ¼ vqc
k is Prandtl number; Gr ¼ d3gb t�tgð Þ

t2 is grashchev criterion. In
Eqs. (6) to (9), “y” in the middle corner indicates that the qualitative temperature of
each parameter is the average oil temperature, while “g” indicates that the quali-
tative temperature of the physical parameter is the pipe wall temperature.

Where: v—Flow velocity of oil, m/s; k—Thermal conductivity of oil, W/(m K);
t—Kinematic viscosity of oil, m2/s; q—Oil density, kg/m3; b—The volume
expansion coefficient of oil, 1/K; t, tg—the temperature of oil flow and the inner
wall of the pipe, °C; g—The acceleration due to gravity, m/s2.

(2) Thermal resistance of each pipe wall

This part of the thermal resistance includes the thermal resistance of the steel pipe,
the anticorrosive layer and the insulation layer. The thermal conductivity of the
steel pipe kg was about 45 W/(m °C), and its thermal resistance was negligible. The
thermal conductivity of coal tar enamel anti-corrosion layer was about 1.1 W/(m °
C), and the thermal conductivity of yellow jacket insulation material kf was about
0.04 W/(m °C).

For uninsulated hot oil pipelines with dg thick and df thick coal tar enamel
anticorrosion coating, the thermal resistance calculation formula is as follows:

X di
ki

� dg
kg

þ df
kf

ð10Þ

Table 1 Relationship between coefficient K0 and Re

Re � 10−3 2.2 2.3 2.5 3.0 3.5 4.0 5.0 6.0 7.0 8.0 9.0 10

K0 1.9 3.2 4.0 6.8 9.5 11 16 19 24 27 30 33
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Generally, the influence of steel tube and anticorrosive layer on the total heat
transfer coefficient is very small.

For the insulated pipe, the thermal resistance of the insulation layer determines
the influence. Therefore, the thermal resistance calculation formula of heat
preservation oil pipeline with wall thickness dg and outsourcing heat preservation
material db is as follows:

X ln Di
di

� �
2ki

�
ln Db

db

� �
2kb

ð11Þ

(3) The heat release coefficient K from the outer wall of the pipeline or the max-
imum periphery to the surrounding environment a2

① a2 of underground pipeline

a2 of underground pipeline can be obtained from Eq. (12):

a2 ¼ 2kt

Dw � ln 2h0
Dw

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2h0
Dw

� �2
�1

r" # ð12Þ

If h0
Dw

[ 3� 4, then it can be simplified as

a2 ¼ 2kt
Dw � ln 4h0

Dw

ð13Þ

where: kt—Soil thermal conductivity, W/(m K); h0—Buried depth of pipeline
center, m; Dw—Maximum peripheral diameter of pipeline, m.

② a2 of the overhead pipeline

a2 of the overhead pipeline can be obtained from Eq. (14):
a2 ¼ a02 þ 7

ffiffiffiffiffiffi
wB

p ð14Þ

where: a02—The external heat release coefficient of the hot oil pipeline to the
atmosphere when there is no wind, W/(m2 K); For hot tubing: a02 can be approx-
imated as: a02 = 11.6 W/(m2 K); wB—wind velocity, m/s.

③ a2 of river pipeline can be obtained from Eq. (15)

a2 ¼ 0:25
k0
Dn

� �
Re0:60 Pr

0:38

0
½Pr
0
= Pr

w
�0:25 ð15Þ
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where: Re0—The Reynolds number of water, Re0 ¼ vDn
t0
;v—The velocity of water,

m/s; t0—Kinematic viscosity of water, m2/s; Pr0—The Prandtl number of waters
with water temperature as the qualitative temperature, and the water temperature is
taken as the water temperature far away from the pipe wall; Prw—The Prandtl
number of waters with the average temperature of the tube wall as the qualitative
temperature.

4 Solution Method of Axial Temperature

The finite difference method is used to solve the axial oil temperature. Take a pipe
segment of a unit length as the control volume, and its energy balance relationship
is shown in Fig. 1.

Q1—Net energy flowing into and out of the control body; Q2 —Heat is dissi-
pated from the micro-element segment to the surrounding environment; Q3 —Heat
generated by friction.

Ignoring the heat conduction of axial oil flow, the energy balance equation of oil
flow is:

@Ty
@t

¼ V
@Ty
@z

� 4ay Ty � Tw
� �
qycyd

þ f
2Cy

Vj j3 ð16Þ

It is expanded as an implicit difference scheme
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After finishing to
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Fig. 1 Energy balance
diagram of oil flow
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The implicit difference scheme has the advantages of unconditional convergence
and good stability of solutions. However, due to the need for iteration, and each
iteration of each section requires solving the radial temperature field to determine
the inner wall temperature of the tube, so the calculation amount is large.

The radial temperature field is solved as follows:

n ¼
XM
j¼1

XN
i¼1

kij ð19Þ

where: kij—Step i time, the number of solutions required to reach the convergence
conditions in step 1 space.

5 Experimental Verification and Analysis

The running test was carried out on the 304 m circular gathering and transportation
laboratory bench. The pipeline flow diagram was shown in Fig. 2. The pipe
specification was DN100 stainless steel pipe, the length was 304 m, and the outside
was 40 mm thick polyethylene foam insulation. The selected test pipeline had four
temperature transmitters on the pipeline, which were located at the inlet and outlet
of the pipeline and at the distance of 93 and 211 m respectively.

The medium used was crude oil from the second oil recovery plant of Daqing
Oilfield. After the produced oil-gas-water mixture was separated by the
oil-gas-water separator, the separated oil products were heated to the temperature
required by the test through the flow meter and enter the test pipeline for testing.

Part of the natural gas separated from the oil-gas-water separator was used for
heating oil in the heating furnace, and the other part was used for boiler heating;
The water separated from the oil-gas and water separator went directly into the
sewage pipe for retreatment.

It can be seen from the Fig. 3 that the terminal temperature of the pipeline was
48.71 °C, and the absolute error was 0.11 °C, and the relative error was 0.23%,

Fig. 2 Schematic diagram of experimental pipeline flow
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comparedwith themeasured terminal temperature value of the pipelinewas 48.60 °C.
This was because in the process of solving themodel, the changes of oil properties and
total heat transfer coefficient with temperature are considered. Themaximum absolute
error was 104 m, the absolute error value was 1.4 °C, and the relative error was
2.81%. It can be seen that the model established in this paper and its solution method
have good accuracy, which can be used to analyze the temperature variation law along
the pipeline.

6 Conclusions

The mathematical model of thermal calculation along the steady operation of the
pipeline was established, and the calculation method of relevant parameters was
given. The finite difference method was used to solve the problem discretely. The
simulation results were compared with the experimental results to verify the cor-
rectness of the model and its solution method.
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Effect of Hot Isostatic Pressing
on Microstructure of 24CrNiMo Steel
Produced by Selective Laser Melting

Jing Liang, Ziyang Lin, Xiuyuan Yin, Suiyuan Chen,
Changsheng Liu, Yang Guo, Shixing Yan, and Shiyun Dong

Abstract 24CrNiMo alloy steel samples were fabricated by Selective Laser
Melting (SLM), performed Hot Isostatic Pressing (HIP) at the temperature of a + c
coexistence region. The macrostructure of SLM-24CrNiMo steel was composed of
two zones. Heat Affected Zone (HAZ) was composed of lath bainite, granular
bainite, and tempered martensite, while As Fabricated (AS) composed of lath
martensite, acicular bainite, lath bainite, and a small amount of retained austenite.
The microstructure of HIPped SLM-24CrNiMo steel was granular pearlite with
discontinuous carbide size about 100–300 nm, massive bainite, polygonal ferrite
with less than 100 nm carbides, and a small amount of retained austenite.
Nano-sized carbides as reinforcement phase promoted the uniformity of
microstructure and ensured the stability of microstructure. The average density of
the HIPped sample was 99.50%, which increased 0.4–0.9% than that of the
SLM-24CrNiMo sample. In this paper, uniform and dense microstructure were
obtained, which provided reference for the application of high-speed train brake
disc.

Keywords Selective laser melting � Hot isostatic pressing � 24CrNiMo alloy steel

1 Introduction

Brake disc is an important part to ensure the safe operation of high-speed train, and
becomes the last safety guarantee [1]. When the train is running at high speed, the
instantaneous temperature produced by braking is between 350 and 500 °C, but the
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cast brake pads generally lose braking performance when the temperature exceeds
400 °C. The higher the vehicle speed is, the faster the temperature rises during
braking, and the more unstable the microstructure is, which will greatly affect the
properties. Therefore, in order to obtain the brake disc with a stable structure, it is
necessary to improve the material [2].

Selective Laser Melting (SLM) is a kind of Laser Additive Manufacturing
(LAM) technology, which has the advantages of one-step near-final forming, short
preparation cycle, low production cost and easy to improve material performance
[3]. Tucho et al. [4] studied and proved that increasing the laser energy density
controlled the porosity of SLM-316L stainless steels and increased the density.
Hu et al. [5] also used SLM to prepare 17-4PH stainless steel, as the laser scanning
speed increased, the density of the sample first increased and then decreased.
Different laser processes caused changes in the size and shape of the pores. In the
process of preparing steels by SLM, the defects such as tiny pores and cracks
existed between the cladding layers. Therefore, in order to obtain a densely
structured alloy steel, the process needs to be improved [6].

Hot Isostatic Pressing (HIP) is to densify the sample under the action of high
temperature and high pressure [7]. Cai et al. [8] prepared Ti6Al4V by LAM and
HIP, which showed fewer pores, higher strength and better elongation. Han et al.
[9] used LAM to prepare the nickel-based superalloy Hastelloy X, then followed
HIP. The pores of the sample were reduced after HIP, but the yield strength and
tensile strength of the sample are about 130 and 60 MPa lower than that of the
deposited sample, respectively.

24CrNiMo steel is one of the High Strength Low Alloy (HSLA) steels. With
high ultimate tensile strength, good fracture toughness and thermal stability, it was
widely used in the manufacture of brake discs [10]. In this paper, 24CrNiMo alloy
steel for high-speed train brake discs was prepared by SLM followed
HIP. Comparing the microstructure changes of SLM-24CrNiMo and HIPped
samples, this paper provided a theoretical basis for obtaining alloy steel with stable
and uniform microstructure.

2 Material and Experimental Procedure

The average particle size of 24CrNiMo alloy steel powder was 46.3 lm, the shapes
were spherical or ellipsoid. The microstructure of the powder was shown in Fig. 1
and the chemical composition was shown in Table 1.

Using EOS M290 Metal 3D printer for SLM, powder layer with thickness of 20–
100 lm was deposited on Q235 substrate. The 24CrNiMo sample was prepared by
SLM with laser power 320 W, scanning speed 950 mm/s, scanning distance
110 lm and spot diameter 75 lm, which protected by argon (oxygen content
0.05%). Take the middle part of the sample and performed HIP under the tem-
perature of a + c coexistence region, the pressure of 100–200 MPa for 1–4 h.
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The density test used the “immersion” method. The phase of the samples was
analyzed by X-ray diffraction analysis instrument (SmartLab-9000), the parameters
were: Cu target Ka line (k = 1.5406 Å), tube flow was 40 mA, tube pressure was
40 kV, scanning speed was 3°/min, and the scanning angle range was 20° to 120°.
The macrostructure of the samples was observed by the inverted optical microscope
(OLYMPUS-GX71) and the microstructure was observed by JSM-7001F field
emission Scanning Electron Microscope (SEM). The target scanning voltage of the
scanning electron microscope was 15 kV, the current was 10 A, and the vacuum
degree was 5.1 � 10−4 Pa. Samples point scanning were observed through the
JXA-8530F Electron Probe Micro-analyzer (EPMA), which scanning voltage was
30 kV, the working distance was 11 mm, and the secondary electron resolution was
3 nm. The samples were observed and analyzed by Transmission Electron
Microscope (TEM) of TECNAIG220. The Twin-jet used 7% perchloric acid
solution (7%HClO4 + 93% absolute ethanol), the parameters were dual injection
voltage 22 V and current 20 mA.

Fig. 1 The SEM micrograph of 24CrNiMo alloy steel powders

Table 1 The chemical compositions of 24CrNiMo alloy steel powders (mass fraction) %

C Cr Ni Mo Si Mn V S O Fe

0.26 0.84 0.89 0.56 0.17 0.76 0.05 0.008 0.046 Bal.
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3 Results and Analysis

3.1 Density Analysis

The relative density compared with forge samples for the SLM and SLM + HIP
samples were shown in Fig. 2.

After HIPping, the relative density of SLM samples increased 0.4–0.9%, the
average density of SLM-24CrNiMo sample was 98.97%, while the HIP one was
99.50%. In the processing of SLM-24CrNiMo steel, the powder was rapidly melted
and solidified under the scanning of high-energy laser beam. Pores were occa-
sionally formed at the overlap between the melt channels and junction area between
the layers. The existence of hollow void in the powder materials also led to the
formation of porosity. The SLM-24CrNiMo alloy steel samples in this study had
good formability and high relative density after HIP, which met the requirements of
high-speed train brake disc.

3.2 Phase Analysis

Figure 3a showed the X-ray diffraction result of SLM-24CrNiMo sample and
HIPped sample. SLM-24CrNiMo sample mainly composed of BCC a-Fe and a
small amount of FCC retained austenite. Two diffraction peaks for M(101) and M
(110) of martensite C0.08Fe1.92 were found at 2h = 44.02° and 2h = 44.84°
respectively, the diffraction peak of retained austenite c’(111) occurred at
2h = 43.7°. As low-carbon alloy steel with 0.26% carbon content, 24CrNiMo had
less carbide, so no diffraction peak of carbide was found in the XRD results.

Fig. 2 The relative density of
SLM-24CrNiMo and HIPped
SLM-24CrNiMo samples
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The HIPped SLM-24CrNiMo sample was mainly composed of BCC a-Fe and a
small amount of FCC retained austenite, as shown in Fig. 3b. The holding tem-
perature of HIP was in the a + c coexistence area, which was higher than Ac3 of the
24CrNiMo alloy steel, so the sample was austenitized during the heating and
holding process.

3.3 OM and SEM Analysis

Figure 4a, b showed the OM images of SLM-24CrNiMo, which were obviously
divided into two areas: dark gray and light gray two areas. The dark gray area
defined as Heat Affected Zone (HAZ) marked in Fig. 4a was generated due to the
thermal effects on the former layer when the scanning laser forming the present
layer upon it. The light gray area was directly formed without phase transition
caused by subsequent heat input during the laser scanning cycles, which was
defined as the As Fabricated (AS) area. As shown in Fig. 4c, 24CrNiMo powder
was melted by high-energy laser beam and then rapidly cooled. At top of the
formed sample, the molten pool produced by SLM solidified through thermal
radiation and convention in the air and along the substrate which led to high cooling

Fig. 3 The X-ray diffraction analysis of samples, a SLM-24CrNiMo, b HIPped SLM-24CrNiMo

Fig. 4 The OM images of SLM-24CrNiMo sample and schematic diagram, a, b macrostructure
of the sample, c schematic diagram of SLM
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rate. When laser scanning to form present layer, the heat induced re-austenitized the
layers formed under it and transformed the HAZ previous martensite into tempered
martensite.

HAZ in Fig. 5a consisted of Lath bainite (LB), Granular bainite (GB), and
Tempered martensite (TM). The lath width of lath bainite was about 1 lm, and that
of tempered martensite was about 200 nm. The AS in Fig. 5b consisted of lath
martensite, acicular and lath bainite. The acicular bainite size was 200 nm, and the
lath bainite in AS was smaller than that in HAZ. A small number of fine carbides
embedded in granular bainite at about 100 nm were observed in Fig. 5c. A large
number of dispersed second phases were observed in the ferrite area in Fig. 5d.

After HIP the microstructure of the sample no longer had the dark gray and light
gray as found in SLM-24CrNiMo samples. HIPped sample was composed of
granular pearlite, massive bainite and polygonal ferrite, as shown in Fig. 6a, b. Two
different morphologies of carbide precipitates were observed in Fig. 6c.

Figure 6c showed that spherical carbide precipitated with less than 100 nm size
in the interior of the polygonal ferrite. Due to the presence of unmelted carbides in
the austenite grain boundaries during the austenitization, which remained in the
austenite carbon-poor zone, such as Carbide1. The austenite C-rich zone formed
pearlite when it was cooled to a high temperature, and formed massive bainite when
it continued to cool to medium temperature, finally formed a uniform two-phase
region of granular pearlite and massive bainite. The carbides in the granular pearlite
structure were intermittent granular with 100–300 nm, such as Carbide2. A thin
film of retained austenite was observed. Two different nano carbides presented a
fine dispersion distribution, which increased the stability and uniformity of the
structure.

Fig. 5 The SEM of HIPped sample, a HAZ, b AS, c HAZ carbide, d AS second phase
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3.4 EPMA Analysis

The Electron Probe Micro-analyzer (EPMA) was performed on the circular areas at
different positions in Fig. 7 to determine the C element content in the HIPped
SLM-24CrNiMo sample, as shown in Table 2. Among them, points 2 and 4 were
polygonal ferrite, because the carbon content of ferrite was low. Points 1 and 3 were
C-rich massive bainite, point 5 was high intermittent granular carbides in granular
pearlite of C.

The proportion of each phase in the HIPped sample was counted, the contents of
granular pearlite, massive bainite, polygonal ferrite and were 65.06, 19.74 and
15.2%, respectively. The increase of granular pearlite and nano-carbide made the
microstructure uniform and dense, which provided conditions for improving the
performance of the brake disc.

3.5 TEM Analysis

Figure 8 showed the transmission morphology and electron diffraction spots of
SLM-24CrNiMo alloy steel. Figure 8a was determined as BCC martensite
C0.12Fe1.88 along the ½1 1 1� crystal belt axial. The martensite width was less than
1 lm. There was a layer of black thin layer with nanometer thickness at the
boundary of martensite strip, which was the residual austenite. Figure 8b showed
the martensite C0.08Fe1.92 along the ½1 3 1� crystal belt axial and retained austenite

Fig. 6 The SEM of HIPped SLM-24CrNiMo sample, a and b P + B+a phase region, c carbides

Fig. 7 The EPMA point of 24CrNiMo steel samples after HIP, a Field 1, b Field 2, c Field 3
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along the ½1 0 1� crystal belt axial. Figure 8c was lath martensite along the [001]
crystal belt axial with dislocation substructure in the interior. Black residual
austenite thin layers were observed on the edge of lath martensite in Fig. 8a–c,
which thickness was about 25–30 nm. The residual austenite film between lath
martensites made the adjacent two lath martensites separated, which alleviated the
deformation stress of lath martensite, so it hindered the interaction of martensite
under external stress and prevented the crack from spreading among martensite
strips. Figure 8d was the ferrite along the [001] crystal belt axial.

Figure 9 showed the TEM images and diffraction patterns of HIPped
SLM-24CrNiMo sample. Figure 9a showed BCC ferrite along the axis of ½1 1 3�

Table 2 The EPMA result of 24CrNiMo steel samples after HIP (mass fraction) %

Element Fe C Cr Ni Mo Mn Si V

Point 1 95.657 0.479 0.466 0.457 0.510 0.805 0.149 0.002

Point 2 98.424 0.065 0.522 0.590 0.525 0.744 0.123 –

Point 3 95.901 0.436 0.488 0.505 0.524 0.668 0.120 0.018

Point 4 96.914 0.134 0.681 0.367 0.573 0.726 0.158 0.005

Point 5 94.881 1.517 0.464 0.484 0.555 0.672 0.188 0.032

Fig. 8 The TEM image of SLM-24CrNiMo steel sample, a M, b M + c, c c, d a
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crystal band. Figure 9b showed BCC ferrite and FCC Cr23C6 with ½0 1 5� crystal
band axis. Cr23C6 with the nano-size was the carbide formed in the high temper-
ature region during HIP cooling, as shown in Fig. 9c. Fine carbides were dispersed
on the granular pearlite, and the morphology of carbides was mostly spherical and
ellipsoidal. There was no sharp corner to split the matrix when the sample was
under tension, which improved the properties of the material. The second phase was
strengthened by the dispersed nano carbides. The carbide particles worked on the
dislocation stress, resulting in the interaction between solute atoms and dislocations,
which hindered the movement of dislocations and improved the deformation
resistance of alloy steel samples.

4 Conclusion

The macrostructure of SLM-24CrNiMo alloy steel samples was divided into AS
and HAZ regions. The HAZ region composed of lath bainite, granular bainite and
tempered martensite, while AS region consisted of lath martensite, acicular and lath
bainite, and a small amount of retained austenite. HIPped processing for
SLM-24CrNiMo was in the a + c coexistence region. The HIPped sample com-
posed of granular pearlite with discontinuous carbide size about 100–300 nm,
massive bainite, polygonal ferrite with less than 100 nm nano carbides participated
on, and a small amount of retained austenite. The sample microstructure was
uniform and dense after HIP, and the relative density of HIPped sample increased
0.4–0.9% than that of SLM-24CrNiMo sample.
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Fig. 9 The TEM of 24CrNiMo steel samples after HIP, a a, b and c Cr23C6

Effect of Hot Isostatic Pressing on Microstructure … 475



References

1. Wei, M.W., Chen, S.Y., Xi, L.Y., et al.: Selective laser melting of 24CrNiMo steel for brake
disc: fabrication efficiency, microstructure evolution, and properties. Opt. Laser Technol. 107,
99–109 (2018)

2. Cao, L., Chen, S.Y., Wei, M.W., et al.: Effect of laser energy density on defects behavior of
direct laser depositing 24CrNiMo alloy steel. Opt. Laser Technol. 111, 541–553 (2019)

3. Tomasz, K., Konrad, G., Wojciech, S., et al.: Correlation between process parameters,
microstructure and properties of 316 L stainless steel processed by selective laser melting.
Mater. Sci. Eng., A 718, 64–73 (2018)

4. Tucho, W.M., Lysne, V.H., Austb, H., et al.: Investigation of effects of process parameters on
microstructure and hardness of SLM manufactured SS316L. J. Alloy. Compd. 40, 910–925
(2018)

5. Hu, Z.H., Zhu, H., Zhang, H., et al.: Experimental investigation on selective laser melting of
17-4PH stainless steel. Opt. Laser Technol. 87, 17–25 (2017)

6. Chlebus, E., Gruber, K., KuNicka, B., et al.: Effect of heat treatment on the microstructure and
mechanical properties of Inconel 718 processed by selective laser melting. Mater. Sci. Eng., A
639, 647–655 (2015)

7. Lavery, N.P., Cherry, J., Mehmood, S., et al.: Effects of hot isostatic pressing on the elastic
modulus and tensile properties of 316L parts made by powder bed laser fusion. Mater. Sci.
Eng., A 693, 186–213 (2017)

8. Cai, C., Gao, X.Y., Teng, Q., et al.: A novel hybrid selective laser melting/hot isostatic
pressing of near-net shaped Ti-6Al-4 V alloy using an in-situ tooling: interfacial microstruc-
ture evolution and enhanced mechanical properties. Mater. Sci. Eng., A 717, 95–104 (2018)

9. Han, Q.Q., Raya, M., Maria, L., et al.: Laser powder bed fusion of Hastelloy X: effects of hot
isostatic pressing and the hot cracking mechanism. Mater. Sci. Eng., A 732, 228–239 (2018)

10. Kang, X.L., Dong, S.Y., Men, P., et al.: Microstructure evolution and gradient performance of
24CrNiMo steel prepared via laser melting deposition. Mater. Sci. Eng., A 777, 139004
(2020)

476 J. Liang et al.



Numerical Simulation of Melting Flow
in Crude Oil Water Based on Fluent

Yi Zhao, Deyin Zhao, Rongqiang Zhong, Lirong Yao,
and Xiaoqing Li

Abstract Multiphase flow is an important problem in crude oil transportation
because crude oil transportation involves the flow of crude oil and water in pipe-
lines. Transportation of crude oil involves safety, efficiency and cost. Fluent soft-
ware was used for numerical simulation in this paper. The melting flow
characteristics of crude oil in pipelines under different flow rates and water tem-
peratures. The changes of temperature and liquid phase ratio at the center point of
crude oil with time were monitored and analyzed.

Keywords Multiphase flow � Numerical simulation � Crude oil � Water
temperature � Flow rate

1 Introduction

Safety is the most important factor in the transportation of crude oil [1], and on this
basis, efficiency and cost savings should be improved [2]. As for the transportation
of crude oil in pipelines, scholars have done a lot of researches, and numerical
simulation is an important research method [3, 4]. Many scholars use fluent soft-
ware to carry out numerical simulation [5–7]. Lu et al. [8] assumed that the
solidification region of crude oil was a dynamic porous medium region composed
of solid and liquid phases, proposed the heat transfer model of the mass, momentum
and energy equation of crude oil and the energy equation of soil and pipeline, and
carried out numerical simulation of the temperature drop during the shutdown
process of buried crude oil pipelines. The temperature field, solidification interface
and natural convection of crude oil during the shutdown period are described. Xu
et al. [9] applied the mathematical model of partition method and equivalent
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specific heat capacity method to deal with the latent heat of wax extraction, and put
forward the judgment basis for the total condensation of crude oil in the pipeline in
order to determine the final solidification position. Du et al. [10] analyzed the
influence of latent heat on temperature drop of crude oil when studying the tem-
perature rule during pipeline shutdown, used enthalpy model to simulate the tem-
perature drop rule of crude oil in underwater pipeline, and recorded the positions of
solid phase, mixed phase and liquid phase of crude oil in pipeline at different times.
Chen et al. [11] used Fluent software to simulate the temperature drop process of
submarine pipeline shutdown, analyzed the temperature drop process under dif-
ferent initial oil temperatures and different ambient temperatures, and obtained a
temperature drop curve that was in good agreement with the actual situation.

At present, the solidification process of gelled crude oil is the main research
direction, and study of the temperature and interface changes of condensate crude
oil after pipeline shutdown. In this paper, the effects of hot water temperature and
water flow velocity on the melting flow characteristics of spherical gelled crude oil
in pipelines are studied through numerical simulation research.

In recent years, scholars have studied a variety of auxiliary methods for
non-heating gathering and transportation, including natural non-heating oil col-
lecting auxiliary, warm water adding auxiliary and chemical auxiliary. However,
difficulties have also been encountered in the process of gathering and transporta-
tion without heating. When the temperature of crude oil is lower than its freezing
point temperature, it will produce structural solidification and become a gela-
tinization state, which will greatly reduce the fluidity of crude oil and cause
problems such as blocked pipelines and normal production. For this reason, Liu
et al. [12] studied the shear fluidization treatment system of water-gelled crude oil
to change the gelled crude oil into particle state and realize the water-gelled crude
oil particle transport without heating hydraulic suspension. However, when it
transports crude oil over a long distance or for a long time, the terminal recon-
centration or wellhead pressure will increase. In order to analyze this problem,
numerical simulation method is adopted in this paper to study the melting char-
acteristics of spherical colloidal crude oil, so as to provide technical help for solving
the problem of crude oil terminal accumulation and reducing energy consumption
in the future.

2 Physical Model and Physical Property Parameters

The melting of crude oil is a phase transition process. At present, the commonly
used method for the melting of phase change materials is to use fluent software for
numerical simulation. A physical model of the melting of colloidal crude particles
in hot water was established, and the VOF model and solidification and melting
model in fluent software were used for numerical simulation. The effects of water
velocity and water temperature on the melting flow characteristics of crude oil are
analyzed.
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The gelled crude oil was fluidized into a sphere and a two-dimensional physical
model was established as shown in Fig. 1. The square with side length of 100 mm
was filled with hot water, ignoring the effect of wall thickness, and spherical gel
crude oil was put into the square, and the temperature of crude oil was lower than
the temperature of hot water. Assuming that the crude oil particles are always at this
position, the upper and lower boundaries are adiabatic boundaries, the left boundary
is the inlet of constant temperature and constant flow velocity of hot water, and the
right boundary is the outlet of hot water. Heat is transferred first by convection and
then by conduction into the interior of the oil. To facilitate the analysis of the
simplified physical model, the following assumptions are made: isotropy of crude
oil; The thermal property parameters, density, specific heat capacity and thermal
conductivity of crude oil are constants that do not change with time. No heat
dissipation between the system and the outside world. The physical parameters of
crude oil are shown in Table 1.

Fig. 1 Physical model

Table 1 Physical parameters Physical property parameter Parameter

Density (kg/m3) 870.2

Specific heat (J/kg K) 2100

Thermal conductivity (W/m K) 0.2

Kinematic viscosity (kg/m s) 0.05

Molecular weight (kg/kg mol) 18

Standard enthalpy of state (J/kg mol) −2.86 � 108

Latent heat (kJ/kg) 30

Phase transition temperature range (K) 303.15–333.15
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3 Effect of Hot Water Velocity on Crude Oil Melting

Set a gel crude oil with a radius of 5 mm, latent heat of phase change of 30000 J/
kg, phase change temperature range of 30–60 °C, and initial temperature of 10 °C.
Hot water with initial temperature of 70 °C and flow rate of 0.1 m/s was set. Set the
above data as raw data. In the boundary conditions of Fluent, the flow rate was
changed to 0.15, 0.2, 0.25 and 0.3 m/s in turn, and then numerical simulation was
carried out.

As shown in Fig. 2, the faster the flow velocity at the same time, the higher the
central temperature of crude oil. The higher the slope of the curve, the faster the oil
melts. The higher the water velocity is, the stronger the heat exchange capacity is
and the shorter the melting time is. So, other things being equal, the higher the flow
rate, the faster the melting speed.

Figure 3 shows the variation curve of liquid phase ratio of crude oil with time at
different flow rates. It can be seen from the figure that when the flow rate is 0.1 m/s,
the liquid phase ratio of crude oil is 1, that is, the complete melting time of crude oil
is 12.33 s. At a flow rate of 0.15 m/s, it took 8.88 s for the crude to melt com-
pletely. At the flow rate of 0.2 m/s, the time was 6.84 s. At the flow rate of 0.25 m/
s, the time was 5.69 s. At a flow rate of 0.3 m/s, the time was 4.90 s.

Fig. 2 Central point temperature of different flow rates
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Fig. 3 Liquid phase rates of different flow rates

Fig. 4 Central point temperature of different water temperature
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4 Effect of Water Temperature on the Melting
of Crude Oil

The original data above was selected to simulate the melting of crude oil with a
radius of 5 mm and initial temperature of 10 °C in hot water with a flow velocity of
0.1 m/s. The water temperature is 70, 75, 80, 85 and 90 °C.

Figure 4 shows the change of center temperature with time under different water
temperature. The higher the temperature of the water at the same time, the higher
the temperature at the center. The higher the slope of the curve, the faster the oil
melts. The higher water temperature increases the heat exchange between the hot
water and the crude oil, reducing the time it takes for the crude oil to melt
completely.

Figure 5 shows the change curve of liquid phase ratio of crude oil at different
water temperatures. This figure can reflect the relationship between hot water
temperature and melting rate. Other things being equal, the higher the water tem-
perature, the faster the oil melts.

Fig. 5 Liquid phase rates at different water temperatures
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5 Conclusion

In this paper, a model of spherical gel crude oil melted in hot water is built in a
square container. The melting flow characteristics of crude oil were studied by
Fluent. The effects of flow rate and water temperature on the melting characteristics
of crude oil are analyzed by using the control variable method. The affirmative
conclusions are drawn as follows:

(1) When other factors remain unchanged, the greater the flow rate of hot water, the
shorter the total melting time of crude oil and the faster the melting rate of crude
oil.

(2) When other conditions remain unchanged, the larger the temperature difference
between oil and water is, the faster the crude oil melts.
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Effects of Nickel on Microstructure
and Properties of Direct Laser Deposited
00Cr25-XNiMo4 Duplex Stainless Steel

Jing Liang, Lizhao Wang, Yunfei Gao, Suiyuan Chen,
Changsheng Liu, Chuang Li, Shixing Yan, and Shiyun Dong

Abstract In this study, the 00Cr25-xNiMo4 Duplex Stainless Steel (DSS) was
fabricated by Direct Laser Deposition (DLD) using a YSL-1000 W fiber laser, and
the influence of different nickel contents (x = 7.0, 8.0, 9.0, and 10.0 wt%) on the
microstructure and properties of the DLDed 00Cr25-xNiMo4 samples were studied.
Optimized laser processing parameters were obtained with the laser power 650 W,
scanning velocity 6 mm/s. The microstructure of the samples was composed of
ferrite and austenite. The percentage of austenite phases in the DLDed
00Cr25Ni9Mo4 DSS samples reached the highest value of 41.8%, which led to the
highest tensile strength of 1084 MPa. The yield strength and microhardness of them
were 720 MPa and 294.9 HV0.2 respectively. The self-corrosion potential of the
DLDed 00Cr25Ni9Mo4 DSS samples was −0.228 V, and the self-corrosion current
density was 6.410 � 10−7 A/cm2. Excellent mechanical properties and corrosion
resistance with a balance of ferrite and austenite phases were obtained in the DLDed
00Cr25Ni9Mo4 DSS.

Keywords Direct laser deposition � 00cr25-xNiMo4 duplex stainless steel �
Microstructure � Mechanical properties � Corrosion resistance
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1 Introduction

Duplex Stainless Steel (DSS) consisting of nearly equal amount ferrite and austenite
phases was widely used in the application of propellers, ship impellers, and valve
bodies, etc. DSS had better plasticity and toughness than ferritic stainless steel did,
which strength was as twice as that of the austenitic stainless steel, meanwhile, its
corrosion resistance was excellent [1]. The casting was the main fabricating method
for DSS components. The mold design and manufacturing of complex DSS com-
ponents was difficult. Nonuniformity and defects were easy to appear in some
thin-wall parts. DLD used laser directly scanning the feeding powder mixtures to
fabricate fully dense metal samples layer by layer without shape limits. According
to the characteristics of DLD, complex parts could be fabricated by this method
more flexibly [2].

Many researchers had studied the microstructure and properties of DLDed
stainless steel recently. Juntao Zhang et al. study the tensile strength (632 MPa) and
elongation (46.9%) of the DLDed 304L stainless steel samples under the optimized
process parameters were significantly higher than that of the casting samples
(tensile strength 485 MPa, elongation 35%) [3]. Zhuqing Wang et al. studied that
the grain size (21 lm) of DLDed 304L stainless steel samples under the laser power
of 2300 W was smaller than that of the samples under the laser power of 4000 W
[4]. Michael A. Melia et al. found that chemical segregation was avoided by
increasing the cooling rate or reducing the heat input during the process of direct
laser deposition [5].

Peng Guo et al. studied the tensile strength and elongation of the DLDed 316L
stainless steel samples with an angle (η) of 0° between the tensile direction and
deposition plane were higher 130 MPa and 2.5% than that of the samples with
η = 90° [6]. Aref Yadollahi et al. found that the microstructure of DLDed 316L SS
with longer interlayer time intervals was more uniform [7].

At present, most researches on DLDed stainless steel were concentrated on 316L
and 304L SS, while only a few studies were on direct laser deposition of duplex
stainless steel. C. J. Wang et al. studied the effects of molybdenum on the properties
of DLDed 15Cr21Ni7-xMo (Mo contents were 0, 1, 2, 3, 4 wt%, respectively)
DSS. The microhardness of the DLDed 15Cr21Ni7Mo3 DSS samples was the
highest (350 HV0.2), and the self-corrosion potential of the samples was the lowest
of −142.26 mV [8]. C. Zhang et al. used laser additive manufacturing technology
and N-containing 2205 DSS powder to repair large structural parts of the ships and
marine equipment. The yield strength and tensile strength of the repaired samples
were higher 210 and 240 MPa than that of the original used EQ56 structural steels
respectively [9].

Researches showed that the ratio of ferrite to austenite in the DLDed duplex
stainless steel was difficult to balance because of the fast cooling rates during the
DLD process. In the paper, more nickel (one of the austenite forming elements) was
added in the DLD processing to adjust the ratio of ferrite to austenite phases. The
influences of nickel contents on the microstructure and properties of the DLDed
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samples were discussed in detail, and the optimized alloy composition was
obtained.

2 Experimental Details

Q 235 steel plates were used as the substrate for the DLD. The element powder
mixture with the designed composition (according to the SAF 2507 duplex stainless
steel as reference) and particle size ranged from 140 to 200 lm was used. The
powder mixture was ball milled for 10 h at a speed of 350 r/min to ensure uniform
dispersion of each element. The composition of the powder mixture used in the
DLD experiment was shown in Table 1.

A YSL-1000 fiber laser was used for the DLD with argon protection during the
processing. The laser spot diameter was 1.8 mm and the overlap rate of each path
was 50%. The optimized experimental parameters with the laser power of 650 W,
the scanning rate of 6 mm/s were used to fabricate DSS specimens. They were
etched with 5 g FeCl3 + 50 ml HCI + 100 ml H2O solution.

The OLYMPUS-GX71 inverted optical microscope (OM), the JM-6510A
scanning electron microscope (SEM), and the TECNAIG220 transmission electron
microscope (TEM) were used to analyze the microstructure. Phases identification
of the deposited layer was carried out using an X-ray diffractometer
(X’PertProMPD-PW3040/60) with Cu target Kɑ radiation (k = 1.5406 Å) at 40 kV,
200 mA, the scanning speed 3°/min, and the diffraction angle range 20°–120°. The
microhardness was measured by Wilson Wolpert 401MVD digital Vickers hardness
tester with the interval distance of 0.2 mm, the load of 200 g, and the loading time
of 10 s. The AG-X100KN electronic universal testing machine was used for the
tensile test with the tensile speed of 0.5 mm/min. The electrochemical workstation
was used for the test of corrosion resistance with the test solution of 3.5% NaCl
solution. The test parameters involved scanning range −0.2 to 0.4 V, frequency
10−2–105 Hz, and the rate 0.5 mV/s.

3 Results and Discussion

Figure 1 showed that DLDed 00Cr25-xNiMo4 DSS was composed of ferrite and
austenite. No other phase in the DLDed 00Cr25-xNiMo4 DSS samples was found
through XRD analysis because the cooling rate was very fast during the DLD

Table 1 Chemical composition of Cr-Ni duplex stainless steel alloy powder (mass fraction) %

Element C Cr Ni Mo Mn Si Fe

00Cr25-xNiMo4 0.03 25.00 7.0/8.0/9.0/10.0 4.00 1.20 0.80 Bal.
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process, which was on the left of the TTT curve of the precipitated phases
according to the research presented by Feng Shang et al. [10]. With the nickel
contents increased, the intensity of ferrite peak (2h = 82.335°) in XRD patterns
overall decreased, which indicated the amount of ferrite decreased while the
austenite increased.

Figure 2 showed that with the increase of nickel contents, the percentage of gray
phases increased while the white phases decreased. According to the results of
XRD analysis, the bright white phases and gray phases were identified as ferrite and
austenite respectively. The dendritic austenite was distributed in the ferrite phase
boundary. The austenite of Fig. 2c, d were blocky and lamellar respectively.

The amount of ferrite, austenite was roughly analyzed by the grid counting
method and the grain sizes of the sample with different amounts of nickel additions
were showed in Fig. 3. The amount austenite of the samples reached the highest
value of 41.8% when the nickel additions of 9.0 wt%. The grain size of
00Cr25Ni10Mo4 samples (Fig. 2d) was smaller than that of 00Cr25Ni9Mo4
samples (Fig. 2c).

Figure 4 showed SEM images of DLDed 00Cr25-xNiMo4 DSS with different
nickel additions. The samples were composed of ferrite (dark gray phases) and
austenite (bright white phases). The ferrite was first formed during the solidification
of the molten pool. With the temperature decreased, the liquid phase completely
transformed into the ferrite and the last austenite precipitated near the ferrite. Under
the high cooling rate of the DLD, the nickel additions expanded and stabilized the
region of austenite phases. The amounts of nickel at the phase boundary between
the ferrite and the austenite were higher than that in the ferrite according to the
research presented by V. J. Gadgil et al. [11]. Nickel element diffused from high
concentration to lower one which was the driving force for interface movement,

Fig. 1 XRD patterns of DLDed 00Cr25-xNiMo4 DSS with different nickel additions
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Fig. 2 The morphologies of DLDed 00Cr25-xNiMo4 DSS with different nickel additions:
a 00Cr25Ni7Mo4 b 00Cr25Ni8Mo4 c 00Cr25Ni9Mo4 d 00Cr25Ni10Mo4
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Fig. 3 Phase percentage and grain sizes of DLDed 00Cr25-xNiMo4 DSS with the nickel
additions of 9.0 and 10.0 wt%
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so the austenite grew into the ferrite. Increasing the nickel contents in the samples
increased the amount of the austenite phases of the DLDed 25Cr-xNi4Mo DSS
samples.

It showed in Fig. 5a, a lot of dislocations were found in the DLDed
00Cr25Ni10Mo4 DSS samples. As reported, the dislocations were caused by the
fast cooling rate in the direct laser deposition processing. Figure 5b showed the
standard electron diffraction patterns of zone axis [011] of ferrite (body-centered
cubic), so A region (black lamellar structure) was lamellar ferrite.

Fig. 4 SEM images of DLDed 00Cr25-xNiMo4 DSS with different nickel additions:
a 00Cr25Ni7Mo4 b 00Cr25Ni8Mo4 c 00Cr25Ni9Mo4 d 00Cr25Ni10Mo4

(a) (b)

Fig. 5 TEM morphology and electron diffraction pattern of DLDed 00Cr25Ni10Mo4 duplex
stainless steel

490 J. Liang et al.



Figure 6 showed the microhardness distribution of the cross-section to the laser
scanning direction of the DLDed samples. With the distance from the deposited
layer to the substrate changed, the microhardness of the samples also changed
because the DLD process produced the tempering effects on the previous layer
when the latter layer was fabricated. The uneven heat diffusion of each layer led to
uneven stress distribution. The average microhardness of the DLDed
00Cr25Ni9Mo4 samples was 294.9 HV0.2.

Stress-strain curves of the DLDed samples with different nickel contents were
showed in Fig. 7. The increase of nickel contents improved the yield strength of the
samples because more nickel dissolved in the austenite to form the solution
strengthening. Due to the different atomic radius of nickel and iron, nickel replaced
the iron in the crystal lattice and caused the lattice distortion. The lattice distortion
stress field interacted with the dislocations, hindered the movement of the dislo-
cations, and improved the strength of the samples. The austenite was hard phases,
which benefited for the high tensile strength and yield strength. The tensile strength
1084 MPa and the yield strength 720 MPa of the DLDed 00Cr25Ni9Mo4
samples (Fig. 8) with the highest austenite percentage (41.8%) were higher than
that of casting DSS.

Potential polarization curves of DLDed 00Cr25-xNiMo4 DSS with different
nickel additions were showed in Fig. 9. The samples with nickel contents of 8.0,
9.0, and 10.0 wt% had obvious passivation areas, and the dense passive films were
formed on the surface of the samples in the corrosive liquid of 3% NaCl solution.
Nickel improved the corrosion resistance of DSS because nickel formed a denser
oxide layer than that formed by iron in corrosive solution according to the research

Fig. 6 Variation in Vickers hardness values of DLDed 00Cr25-xNiMo4 DSS with nickel
additions of 7.0, 8.0, 9.0, and 10.0 wt%
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presented by X. H. Ma et al. [12]. Figure 10 showed the DLDed 00Cr25Ni9Mo4
samples had the highest self-corrosion potential (−0.228 V) and the lowest
self-corrosion current density (6.41 � 10−7 A/cm2).

Fig. 7 Tensile stress-strain curves of DLDed 00Cr25-xNiMo4 DSS with nickel additions of 8.0,
9.0, and 10.0 wt%
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Fig. 8 Tensile properties of DLDed 00Cr25-xNiMo4 DSS with nickel additions of 8.0, 9.0, and
10.0 wt%
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Fig. 9 Tafel curves of DLDed 00Cr25-xNiMo4 DSS with different nickel additions of 7.0, 8.0,
9.0, and 10.0 wt%

Fig. 10 The self-corrosion potential and the self-corrosion current density of DLDed
00Cr25-xNiMo4 DSS with different nickel additions of 7.0, 8.0, 9.0, and 10.0 wt%
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With the increasing of nickel compositions, the corrosion resistance of samples
first increased and then decreased. The additions of nickel increased the percentage
of austenite and overall refined the grain sizes of ferrite. Nickel was beneficial to the
formation of austenite, and the austenite with the face-centered cubic lattice
accommodated more alloying elements, thus nickel additions increased the elec-
trode potential of austenite. When the nickel contents of the samples were 9.0 wt%,
the balance of austenite and ferrite phases was obtained, and the corrosion resis-
tance of the samples was the highest.

4 Conclusions

The DLDed 00Cr25-xNiMo4 (x = 7.0, 8.0, 9.0, and 10.0 wt%) DSS samples were
obtained under optimization processing parameters with laser power of 600 W and
laser scanning speed of 6 mm/s.

The DLDed 00Cr25Ni9Mo4 DSS was composed of austenite (percentage of
41.8%) and ferrite (percentage of 58.2%). It had good mechanical properties
with the tensile strength of 1084 MPa, yield strength of 720 MPa, elongation of
8.48%, and microhardness of 294 HV0.2. The corrosion resistance of DLDed
00Cr25Ni9Mo4 DSS was the best among these 00Cr25-xNiMo4 (x = 7.0, 8.0, 9.0,
and 10 wt%) samples with the self-corrosion potential −0.228 V and the
self-corrosion current density 6.410 � 10−7 A/cm2.
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