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Abstract

Laser cladding has significant advantages in the forming process of Invar alloy. Nevertheless, the coefficient of thermal
expansion, microstructure and mechanical properties still need to be further investigated. In this paper, the Invar alloy pow-
der was used to prepare cladding samples, and the performance and microstructure of the cladding layer were investigated.
The mechanical and thermal expansion performances of the cladding layer were analysed using a universal material test-
ing machine and a thermal expansion instrument, and the microscopic structure and micro zone composition of the tensile
fracture of the cladding layer were investigated using an SEM scanning electron microscope and an EDS energy spectrum
analyser. The results show that the mechanical properties of the Invar alloy transverse cladding layer are better than those of
longitudinal cladding layer; the thermal expansion performance of the cladding layer is good, and it keeps the same with the
base material in the range of 25-200 °C; the fracture analysis reveals more dimples in the transverse cladding layer fracture
with better plastic tenacity, and intergranular fracture and quasi-cleavage fracture in the longitudinal cladding layer fracture
with slightly poor plastic tenacity.
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ding improves the surface properties of materials by melting
metal powder onto the surface of the substrate to manufac-
ture a variety of alloy coatings with excellent properties [1,
2]. At present, laser cladding technology has broad develop-
ment prospects in aerospace, navigation, medical, military
and other fields [3, 4]. Laser cladding technology can not
only repair the surface failure of components, but also pro-
duce coatings that can improve the mechanical and chemical
properties of the workpiece, increasing its adaptability to
harsh working environments and service life [5—7]. Because
of their special thermal expansion performance, Invar alloys
are widely used. However, defects in mechanical and physic-
ochemical properties limit their scope of use. Laser cladding
technology plays a prominent role in enhancing and reinforc-
ing Invar alloy as well as broadening its applications [8].
The mechanical performance index of the cladding layer
can reflect the quality of the cladding layer macroscopically.
Currently, the research on laser cladding focuses on the control
of process parameters, while few studies on the properties of
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Invar alloy cladding layer have been reported. As a result, by
studying the mechanical properties of the cladding layer, many
significant mechanical performance indexes can be obtained,
allowing the cladding layer’s quality to be evaluated to some
extent. Li et al. [9] adopted the rectangular tensile test method
on the multi-pass and multi-layer laser cladding layer of 45 and
9Cr2Mo steels, which considerably enhanced experimental
efficiency and completed the test for cladding layer mechani-
cal properties. Wu [10] studied the mechanical properties of
titanium alloy prepared by SLM technology through tensile
test. The research shows that the density, elastic modulus and
yield strength of Ti64 lattice structure are closely related to
the aspect ratio and angle of the rod. Sun et al. [11] studied
the mechanical properties of aluminium alloy induced by laser
shock peening through tensile test. The experimental results
show that the tensile strength, yield strength and elongation
of the aluminum alloy strengthened by laser shot peening are
improved by comparing with the matrix.

The cladding layer often has defects such as cracks and
pores, which have significant impact on the thermal expan-
sion coefficient. To avoid such defects, it is vital to select the
cladding material with properties equivalent to the base metal
when selecting and proportioning the cladding powder. In
the meantime, for some metals with special thermal expan-
sion performance, the thermal expansion performance of the
cladding layer needs to be closer to the base metal, so it is
more essential to research these properties. Harrison et al. [12]
studied the thermal expansion behaviour of Invar alloy treated
by SLM process, and they found that the thermal expansion
coefficient of SLM processed Invar alloy is lower than that of
traditional methods, which is ascribed to the effects of residual
stress. Qiu et al. [13] studied the microstructure and properties
of Invar alloy treated by SLM process, and it is found that the
thermal expansion performance of Invar alloy treated by SLM
process and traditional process is equivalent below 300 °C.
Asgari et al. [14] studied the microstructure and properties of
Invar alloy cladding with different laser powers, and experi-
ments showed that the thermal expansion coefficient of the
sample made under the optimized laser power is extremely
low, and it is comparable to that of the Invar alloy made by
the traditional method.

Although there have been ample researches, the reports
on the mechanical properties and thermal expansion perfor-
mance of the Invar alloy laser cladding layer are relatively rare.
Therefore, the mechanical performance, thermal expansion
performance, and fracture microstructure of the Invar alloy
laser cladding layer were investigated in this paper. Scanning
electron microscopy (SEM) was used to observe the fracture

morphology of the tensile samples in order to analyse the
fracture properties, and X-ray energy-dispersive spectrom-
eter (EDS) was employed to analyse the fracture composition
[15-18]. By comparing the fracture characteristic of the clad-
ding layer and the substrate sample, it is possible to determine
whether the properties of the cladding layer meet the require-
ments of the base metal [19-21]. Additionally, it helps to fur-
ther improve the process parameters [22, 23] to obtain the best
laser cladding process parameters.

2 Experimental
2.1 Material

The Invar alloy substrate in this experiment was produced
by the French Pulang Alloy Co., Ltd. (Paris, France) and
was supplied by Shanghai Aircraft Manufacturing Co., Ltd.
(Shanghai, China). Next, upon the experimental require-
ments, the substrate was processed with the dimension of
100 mm X 50 mm X 20 mm. Besides, the powder particles
were fabricated through the plasma rotating electrode. The
chemical compositions of substrate and particles are illus-
trated in Table 1. The thermophysical properties of the Invar
alloy were presented by Leica scanning electron microscope
(Bruker, Germany) shown in Table 2. The elemental com-
position of the particles was detected via SciAps energy-
dispersive X-ray spectroscopy (Boston, American), as pre-
sented in Fig. 1a. The morphological (size and shape) of
the powder was detected with SEM, and the radius of the
particles was performed to be in the size range of 60—140 pm
using a Leica scanning electron microscope (Bruker, Ger-
many), as presented in Fig. 1b.

2.2 Experimental equipment and methods
As shown in Fig. 2, the laser cladding equipment employs a
6 kW continuous Nd:YAG laser system (Trumpf, Germany),

a gas protection system, a powder particle feeding system,
and a control system. The technological parameters of the

Table 2 Behaviours of Invar alloy

Elonga- Density Hardness Tensile = Modu- Thermal
tion &(%) g(cm_3 ) HV strength  lus of conductivity
0,(MPa) elasticity We(mK)™!
(MPa)
30 8.12 140 500 134,000 0.109~0.134

Table 1 Elemental composition S C Mn
of Invar alloy

Fe Ni Cr Co Si P

0.001 0.025 0.27

63.0 35.92 0.20 0.47 0.07 0.0087
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Fig. 1 Elemental composition
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sample are as follows: the laser power is 1500 W, the scan-
ning speed is 3 mm/s, and the powder feeding rate is 5 g/s.
The cross sections of the cladding layers were sliced with
the wire-electrode cutting and then were ground and pol-
ished though the carborundum papers with different particle
sizes after the laser cladding experiments. Data on the geo-
metrical feature of the cladding layer were obtained using a
non-contact optical profiler (Sensofar, Spain) that uses the
white light interferometry to extract the width, height, and
cross-sectional profile of the cladding layer. The microstruc-
ture of the cladding layer was analysed by a Leica DMILM
metallographic microscope (Leica, Germany).

The fracture of the Invar alloy laser cladding layer and
substrate tensile samples was analysed using a German
ZEISS SEM to observe the micro organizational character-
istics of the fracture, supplemented by qualitative and quan-
titative analysis of the micro-region composition with X-ray
EDS to further analyse the fracture mechanism and nature
of the sample, which can be used to judge the mechanical
performance of the cladding layer, and to be as a basis for
improving the parameters of the laser cladding process.

The coefficient of thermal expansion of laser cladding
layers of the Invar alloy was determined using a NETZSCH
DIL 402 Inductive Thermal Expansion Meter from Ger-
many. Before the test started, one end of the thermal expan-
sion sample was fixed on the sample baffle, and the core
of the inductance displacement meter was connected to the
other end of the test rod, which was connected to the core
of the inductive displacement meter. The measurement tem-
perature range of this test was 20-205 °C, with a temperature
change rate of 5 K/min, and the flow rate of protective gas
argon was 40 mL/min. After setting the parameters, the test
started. As the temperature rose, the data in the inductive
displacement meter was recorded and the linear thermal
expansion curve was obtained.

2.3 Experimental procedures

(1) Preparation of tensile samples

In this paper, multi-pass and multi-layer was used to
obtain cladding layers in two different directions, transverse

Fig. 3 The size of the tensile
specimen

4. 75

£y

1X45°

and longitudinal. In order to ensure the rigor of the test and
comprehensively analyse the mechanical properties of the
cladding layer, three tensile samples were taken from the
cladding layers in two different cladding directions, and two
tensile samples were taken on the substrate to compare the
mechanical properties of the cladding layer between layers
and along the cladding direction with that of the substrate.

After the preparation of the cladding layer was com-
pleted, the two cladding layers in different directions were
separated from the substrate by wire cutting, and then, the
cladding layer and the substrate were sanded and polished
using a grinder to remove the oxide film and impurities on
the surface. After the grinding and polishing treatment,
three $8 mm X 45 mm cylinders were wire-cut on each of
the two different directions of the cladding layers, and two
$8 mm X 45 mm cylinders were wire-cut on the substrate.
The wire-cut samples were put into a CNC machine for
machining to obtain a total of 8 tensile samples. Then, the
sandpaper was used to smooth both ends of the processed
tensile sample and wash the oil and impurities, the size of
the tensile sample is shown in Fig. 3a, and the tensile sample
is shown in Fig. 3b.

The test was carried out at room temperature, and both
ends of the tensile sample were fixed on the universal mate-
rial testing machine using threaded clamps to ensure that
the direction of tension was perpendicular to the horizontal
plane. After the fixation of the tensile sample, the electronic
extensometer was clamped on the sample, and the origi-
nal scale distance of the extensometer was 12.50 mm. The
equipment was fine-tuned to ensure that the displacement of
the sample before the test was 0. After all the preparations
were completed, the testing machine was started, and the
loading speed was set at 2 mm/min. The test was conducted
by paying attention to the change of the load—displacement
curve in the computer as well as the deformation of the sam-
ple. When the sample load reached the upper yield strength,
the extensometer was removed and the deformation of the
sample was carefully observed to determine whether the
phenomenon of necking. Then, the load was applied until
the sample pulled off, as shown in Fig. 4.

The tensile samples tested were non-standard circular
tensile samples, numbered from 1 to 8, where numbers 1-3
were taken from the transverse cladding, numbers 4—-6 were

(a) (b)
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Fig.4 Tensile specimen

Table 3 The actual size of the tensile specimen

Sample no  Diameter (mm) Average Initial cross-
————— diameterd;, sectional area A
1 2 3 (mm) (mm?)

1 4776 476 477 476 17.81

2 477 476 475 476 17.79

3 4776 477 477 477 17.84

4 476 475 475 475 17.74

5 475 476 477 4.76 17.79

6 476 475 476 4.76 17.76

7 476 476 476 4.76 17.79

8 477 476 476 4.76 17.81

Table 4 The actual size of the thermal expansion samples

Sample number  Original length of samples Mean length L, (mm)

(mm)
1 2 3
1 2505 25.06 2505 25.05

taken from the longitudinal cladding, and numbers 7—-8 were
taken from the substrate. Before testing, the dimensions of
the samples were measured, and the actual dimensions of
the samples are shown in Table 3.

(2) Preparation of thermal expansion sample

After the sample was polished, cut out a $6 mm X 25 mm
cylinder on the Invar alloy cladding layer. Then, the sandpa-
per was used to polish the two ends of the wire-cut sample
to ensure them smooth and flat, and clean the surface oil
with acetone.

The thermal expansion coefficient of the Invar alloy laser
cladding layer was measured by the thermal expansion per-
formance test, and compared with the thermal expansion
coefficient of the substrate to determine the effect of the laser
cladding, and as a basis for improving the laser cladding
process parameters. The thermal expansion sample used in
the test is a standard cylindrical sample with a size of $6

[ arn-avor oo

27 o
GPTJ-2021-04-016-006 |

i &a
GPTJ-2021-04-016-007

mm X 25 mm. The actual size of the thermal expansion sam-
ples is shown in Table 4.

3 Results and discussion
3.1 Thermal expansion performance

The linear thermal expansion AL/L, and temperature 7 data
of the thermal expansion sample of the Invar alloy cladding
layer were obtained from the thermal expansion test, and
the linear thermal expansion curve was drawn, as shown
in Figs. 4, 5, 6, 7 and 8, and the calculation formula of the
linear thermal expansion AL/L, is:

Li_L() 1
I (1)

AL/Ly =

where L, is the original length of the sample at 25 °C room
temperature (mm) and L; is the length of the sample at tem-
perature T; (mm).

The linear thermal expansion AL/L, obtained from the
thermal expansion test can be converted into the average
linear expansion coefficient a,,:

_AL/Ly  AL/L,

« T T -7, (@)

" AT

where 7T}, is 25 °C room temperature and a,, is the average
linear expansion coefficient of the sample (the unit is gener-
ally 1070 K1),

The average linear expansion coefficient a,, of the thermal
expansion sample is calculated by Eq. (2), and the average
linear expansion coefficient curve is shown in Fig. 5.

As can be seen from Fig. 5, the linear expansion coefficient
of the cladding layer sample decreases significantly from 20
to 40 °C, showing anomalous thermal expansion characteris-
tics similar to that of Invar alloy, and increases slowly in the
temperature range of 40~200 °C. In the range of 20~200 °C,
the linear expansion coefficient of the cladding layer sam-
ple is maintained at a low level (about 1.5 X 107%/K ~2.6 x
107%/K). The average linear expansion coefficient of the Invar
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alloy and the thermal expansion sample of the cladding layer
at 25-200 °C are shown in Table 5.

The linear expansion coefficient of sample 1 is basically
consistent with that of the Invar alloy in the temperature range
of 25-150 °C, within 5% difference, and the coefficient of
linear expansion in the range of 150-200 °C is slightly larger
than that of the Invar alloy, with a difference of about 10%.
Therefore, a 10% difference between the thermal expansion
coefficient of the cladding layer and the base metal is consid-
ered a good cladding performance, and the cladding effect of
the cladding layer sample is excellent, which meets the require-
ments of the base metal. Thus, it concludes that the Invar alloy
laser cladding layer prepared by the laser process parameters
has a good thermal expansion performance that is compatible
with the base metal.

3.2 Mechanical property
3.2.1 Experimental data of cladding layer and substrate

The load F and displacement AL data of the transverse clad-
ding layer, longitudinal cladding layer and substrate for the 8
samples were obtained by tensile tests. The load—displacement
curves of samples 1 to 8 are shown in Fig. 6a—c.

3.2.2 Analysis of mechanical properties of transverse
cladding layer

The displacement variation AL and applied load F of the
tensile sample for the Invar alloy in transverse cladding layer
obtained by tensile tests can be transformed into stress o and
strain .

F

c=—
Ao

3
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AL

e = 2=
Ly

“

where F is the load applied on the sample (N); A, is the ini-
tial cross-sectional area of the sample (mm?); L, is the initial
gauge length of the sample (mm); AL is the displacement
variation of the sample (mm);o is the stress on the sample
(MPa); and € is the strain produced by the sample (mm/mm).

The initial gauge length L, and final gauge length after
fracture L, obtained from the extensometer can be used to
calculate the percentage elongation after fracture 6 of the
transverse cladding layer tensile sample.

L,— Ly
6= 7 % 100% )

0

where L, is the final gauge length after fracture of the sample
(mm) and § is the percentage elongation after fracture (%).
The stress and strain of the transverse cladding
layer sample are derived from Eqs. (3) and (4), and the
stress—strain curve of the transverse cladding layer sample
based on the tensile test is shown in Fig. 7. The percentage
elongation after fracture of the transverse cladding layer
sample ¢ is calculated by Eq. (5), as shown in Table 6.
Figure 7 shows that the stress—strain curves of the
transverse cladding layer samples are basically consist-
ent, which indicates the good uniformity of the transverse
laser cladding layer for the Invar alloy, and its stress—strain
curves have continuous transitions, which suggests its
preferable plasticity. Taking sample 1 as an illustration,
the strain—stress curve of the sample is roughly straight
during the elastic deformation stage. The material has no
obvious yield stage after the elastic deformation stage.
Since the time point at which the material starts to change
from the elastic deformation to plastic deformation is dif-
ficult to obtain, the stress op;, when the plastic strain of
the sample is 0.2% is taken as the yield strength o, of the
sample, which is about 267 MPa. During the hardening
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Fig.6 a Load—displacement curve of the transverse cladding layer, »
b load—displacement curve of the longitudinal cladding layer, and ¢
load—displacement curve of tensile specimen of substrate

stage, the stress and strain of the sample continue to
increase, and the maximum stress of the sample is taken
as the tensile strength o, of the material, which is about
399 MPa. In the local deformation and fracture stage, the
stress—strain curve of the material decreases rapidly after
passing through the highest point. The sample began to
show necking phenomenon until the sample was broken,
and the tensile test was completed. Based on the final
gauge length after fracture measured, it can be calculated
that the elongation after fracture § for sample 1 is 46.56%,
which has a good plastic tenacity.

3.2.3 Analysis of mechanical properties of longitudinal
cladding layer

The stress and strain of the Invar alloy longitudinal clad-
ding layer sample are derived from Egs. (3) and (4), and
the stress—strain curve of the longitudinal cladding layer
sample is shown in Fig. 8. The percentage elongation after
fracture 6 of the longitudinal cladding layer sample is cal-
culated from Eq. (5), as shown in Table 7.

Figure 8 shows that the stress—strain curve of the lon-
gitudinal cladding layer sample fluctuates greatly, which
indicates the inhomogeneity of the mechanical proper-
ties of the Invar alloy longitudinal cladding layer. Sam-
ples 4 and 5 have comparable stress—strain curves and the
corresponding similar mechanical characteristics. The
stress—strain curve of sample 4 shows a continuous transi-
tion, comparing to that of the transverse cladding layer,
indicating that its plasticity is also good. The stress—strain
curve of sample 6 fluctuates significantly, and at the peak
of the curve and the fracture of the sample, the strain is
small, which indicates the small tensile strength and poor
plasticity, and the poor comprehensive mechanical proper-
ties of sample 6. Taking samples 4 and 6 as an example,
the yield strength o, and tensile strength ¢, of sample 4
are about 255 MPa and 388 MPa respectively. The yield
strength o, and tensile strength ¢, of sample 6 are about
313 MPa and 350 MPa respectively. The tensile strength
of sample 6 is 9.8% lower than that of sample 4 and 12.3%
lower than that of the transverse cladding layer sample 1.
The calculated elongation é of sample 4 is 43.36%, and
that of sample 6 is 35.92%. No significant difference was
observed between the percentage elongation after fracture
of samples 4 and 1; however, the small percentage elonga-
tion of sample 6 indicates that the plasticity of the longi-
tudinal cladding layer is relatively poor.

251
(a)
10000
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—e— Sample No.2
8000 | —a— Sample No.3
- 6000
=
g 4000
-
.
2000 F
0 1 L L 1 L 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
Displacement(mm)
(b)
10000
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—e— Sample No.5
8000 —a— Sample No.6
- 6000
<
3
3 4000
2000 p
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(©)
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600 Table 6 The percentage elongation after fracture of the transverse
I Sample No.1 cladding layer sample
500 —e— Sample No.2 Order number Initial gauge  Final gauge Percentage
—a— Sample No.3 length L, length after frac-  elongation after
I (mm) ture L, (mm) fracture § (%)
400
Sample 1 12.50 18.32 46.56
ey [ Sample 2 12.50 17.51 40.08
_%, 300 Sample 3 12.50 18.72 49.76
< J
o]
= 200
) Table 7 The percentage elongation after fracture of longitudinal clad-
ding layer sample
100 | . -
Order number Initial gauge  Final gauge Percentage
length L, length after frac- elongation after
ok L L L L L (mm) ture L, (mm) fracture 5 (%)
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Diisol t( Sample 4 12.50 17.92 43.36
ISpaCERical llllll) Sample 5 12.50 17.84 42.72
Sample 6 12.50 16.99 35.92
Fig. 7 Stress—strain curve of the transverse cladding tensile specimen
600
600 —s—  Sample No.7
—a—  Sample No.4 500 f —e— Sample No.8
500 b —e— Sample No.5
—a— Sample No. 6 400 b
400 F Py
Z, 300
Z g
Z 300 g
'g 200 |-
3
N
200 100
100 0 . . N N
0.00 0.05 0.10 0.15 0.20 0.25
0 ) ; ) ) Displacement(mm)
0.00 0.05 0.10 0.15 0.20
Disp]acement(mn‘)) Fig.9 Stress—strain curve of the tensile specimen of substrate

Fig. 8 Stress—strain curve of the longitudinal clad tensile specimen

Table5 The average linear expansion coefficient of the Invar alloy
and the thermal expansion sample of the cladding layer (10~%/K)

Temperature (°C) 25-50 50-100 100-150 150-200
Sample 1 1.44 1.75 2.05 2.59
Invar alloy 1.5 1.7 2.0 2.35
Error% 4 29 2.5 10.2

@ Springer

Table8 The percentage elongation after fracture of the substrate
sample

Order number Initial gauge  Final gauge Percentage
length L, length after frac- elongation after
(mm) ture L, (mm) fracture 6 (%)

Sample 7 12.50 18.22 45.76

Sample 8 12.50 18.16 45.28

3.2.4 Mechanical properties of substrate

The stress and strain of the Invar alloy substrate sample are
derived from Egs. (3) and (4), and the stress—strain curve of
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the substrate sample is shown in Fig. 9. The percentage elon-
gation after fracture 6 of the substrate sample was calculated
by Eq. (5), as shown in Table 8.

As shown in Fig. 9, the stress—strain curves of the two
samples basically coincide, showing the Invar alloy substrate
material’s uniformity, and its stress—strain curve transitions
continuously, indicating its good plasticity. Taking sample
7 as an example, the yield strength ¢, and tensile strength o,
are about 288 MPa and 447 MPa respectively, and the tensile
strength is higher than that of the transverse cladding and
longitudinal cladding layers. The percentage elongation after
fracture 6 is 45.76%, which is similar to that of the transverse
cladding layer and higher than that of the longitudinal clad-
ding layer. This indicates that the plasticity of the transverse
cladding layer is similar to that of the base metal, and the
plasticity of the longitudinal cladding layer is poor.

3.2.5 Comparison of mechanical properties of cladding
layer and substrate

The mechanical property parameters of the tensile samples
obtained by the tensile test are shown in Table 9. According
to the data from the table, the following conclusions can
be drawn: the comprehensive mechanical properties of the
transverse cladding layer, i.e., the cladding layer along the
cladding direction, are similar to those of the base metal, and
the average tensile strength is about 10.2% lower than that
of the base metal. The percentage elongation of samples 1
and 3 increased by 1.7% and 8.7% respectively by comparing
with the base metal, that of sample 2 decreasing by 12.6% in
comparison with the base metal, and the plastic tenacity is
not much different from that of the base metal. The longitu-
dinal cladding layer, i.e., the mechanical properties between
the cladding layers, is unevenly distributed, and the tensile
strength is greatly different. The tensile strength of sam-
ples 4 and 5 was reduced by about 12.5%, and the percent-
age elongation after fracture was reduced by about 6.5% by
comparing with the parent material, and the comprehensive

Table 9 Mechanical properties parameters of tensile samples

Sample Yield strength  Tensile strength Percentage elonga-

number o, (MPa) o), (MPa) tion after fracture
6 (%)

1 267.4 398.8 46.6

2 268.5 397.6 40.0

3 261.7 404.1 49.8

4 255.3 387.9 434

5 260.6 391.5 42.7

6 3129 349.9 359

7 287.6 446.9 45.8

8 285.6 444.6 453

mechanical properties are slightly lower than that of the
base metal. The tensile strength and the percentage elonga-
tion after fracture of sample 6 was respectively 21.4% and
21.6% lower than those of the base metal, showing its poor
comprehensive mechanical properties. The results show that
the comprehensive mechanical properties of the Invar alloy
cladding layer along the cladding direction are better, and
the comprehensive mechanical properties between layers are
poor.

3.3 Fracture analysis

In this part, the fracture characteristics and microstructure
of 8 tensile samples were observed and analysed by SEM.
The working voltage of SEM was 20 kV, and the probe was
SE1 probe (secondary electron imaging directly excited by
incident electrons), to take localized magnified images of
macroscopic fracture at low magnification (25 ~ 35 %), 200,
500, 1000, 1500 and other magnifications of the fracture.

3.3.1 SEM analysis of substrate sample fracture

The macroscopic fracture morphology and local microstruc-
ture magnification characteristics of the substrate sample 7
are shown in Fig. 10. As can be seen in Fig. 10a, the macro-
scopic fracture morphology of sample 7 shows a relatively
regular circular shape with obvious necking process, the
boundary between the radiation zone and the shear lip is
obvious, and the inclination angle between the outer edge of
the fracture and the axis is about 45°, which is a typical cup-
cone fracture morphology. Figure 10b shows the fibre area
of the fracture, which is relatively smooth and flat, showing
more microvoid coalescence. The phenomenon of micro-
void coalescence is the dimple pattern in the fracture. The
stress concentration is caused by the brittle phases such as
the second phase particles or inclusion particles in the mate-
rial, which is a unique phenomenon in the fracture of plastic
materials. The more the number of dimples, the deeper the
depth and the larger the size, the better the plastic tenacity
of the material. It can be seen that the fracture property of
sample 7 is a dimple-type ductile fracture nucleated in the
fibre zone, with good plasticity, which is also consistent with
the percentage elongation after fracture parameter obtained
by the tensile test. The partial enlarged views of the fracture
fibre zone in Fig. 10c, d show that there are some long strip
cracks on the fracture surface, which is due to the aggrega-
tion and growth of the micropores inside the material during
tension, and finally, the crack propagation is formed.

The macroscopic fracture morphology and local micro-
structure magnification characteristics of substrate sample
8 are shown in Fig. 11. As can be seen in Fig. 11a, the mac-
roscopic fracture morphology of sample 8 shows a regular
circular shape, the boundary between the radiation zone and
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Fig. 10 SEM fracture character-
istics of sample 7
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the shear lip is obvious, the shear lip is smooth and uniform,
and the angle with the axis is 45°. The fracture fibre zones in
Fig. 11b, ¢ show more dimple patterns, indicating the good
plastic tenacity of the material, and the fracture property
is dimple-type ductile fracture nucleated in the fibre zone.
Figure 11d—f are the fracture radiation areas, showing a large
number of pores, pits and cracks. Figure 11e shows the crack
caused by the second phase particles, and the crack propa-
gates along the oblique 45° direction.

As shown in Figs. 10 and 11, the fracture of the Invar
alloy substrate sample is a regular cup-cone fracture, whose
surface is smooth and uniform. The boundary between the
radiation zone and the shear lip zone is obvious, and the
fracture fibre zone has more dimple patterns. The fracture
property is a dimple-type ductile fracture nucleated in the
fibre zone, with a good plastic tenacity. The percentage elon-
gation after fracture of the base metal obtained by the tensile
test is about 45%. The fracture morphology of the substrate
sample is consistent with the tensile test results.

3.3.2 SEM analysis of fracture of transverse cladding layer

The macroscopic fracture morphology and local microstruc-
ture magnification characteristics of the transverse cladding
layer sample 1 are shown in Fig. 12. From Fig. 12a, it can be
observed that the macroscopic fracture of sample 1 shows an
irregular shape without obvious radial zones, the shear lip is
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duller and rougher compared with that of the substrate sam-
ple, the angle with the axis is not a regular 45°, and there are
many hole-like structures on the fracture surface. It can be
observed from Fig. 12b—d for the fracture of the fibre zone
that more equiaxial ligamentous fossa and tearing ligamen-
tous fossa are found, which indicates the good plasticity of
the material, the nature of the fracture for the ligamentous
fossa-type tenacity of the fibre zone-shaped nuclei of the
fracture. From the tensile test, it can be obtained that the
percentage elongation after fracture of sample 1 is 45.56%,
which is the same as the parent material, and the electron
microscopy analysis and tensile test results are in line with
the results. Meanwhile, some larger and deeper craters were
observed in Fig. 12b, ¢, which may be due to the pore defects
caused by the internal inclusions or the second brittle phase
of the material, resulting in a reduction of its tensile strength
compared with the substrate.

The macroscopic fracture morphology and local micro-
structure magnification characteristics of the transverse clad-
ding layer sample 2 are shown in Fig. 13. From Fig. 13a, it
can be observed that the macroscopic fracture of sample 2
shows an irregular shape, the fracture surface is rough and
uneven and there are many pores, there is no obvious radial
zone, and the boundaries between the shear lip area and the
fibre area are not obvious, with the angle between the shear
lip and the axis less than 45°, and the fracture area has a
larger proportion of the shear lip, which indicates that the
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Fig. 11 SEM fracture character-
istics of sample 8
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material’s tenacity is poor. Figure 13b for the fracture of the
shear lip area and the outer edge of the radial zone, it can
be seen that the shear lip appears to be part of the step pat-
tern, which is the characteristic of quasi-dissolution fracture,
and it belongs to the brittle fracture. The quasi-dissolution
fracture is caused by the existence of voids within the grain,
inclusions and the second phase of the plasmonic point.
Figure 13c, d show the fracture of the fibre area; it can be
seen in the fibre area that there are a large number of tough
nest-like patterns, the nature of the fracture for the tough
nest tenacity fracture, but at the same time in the fibre area,
there is also a large pit, which may be the material inter-
nal inclusions or the existence of the second brittle phase
caused by the material plastic tenacity reduction. The ten-
sile test results show that the percentage elongation after

fracture of sample 2 is about 40%, and the tensile strength
is 397 MPa, both of which are slightly lower than that of the
parent material, which is consistent with the results of the
electron microscope analysis.

The macroscopic fracture morphology and local micro-
structure magnification characteristics of the transverse clad-
ding layer sample 3 are shown in Fig. 14. From Fig. 14a, it
can be observed that the macroscopic fracture of sample 3
is a regular cup-and-conical fracture, with uneven fracture
surface, less porous, and the boundary between the shear lip
area and the radiation area is not obvious. The angle between
the shear lip and the axis is about 45°, with small propor-
tion of the fracture accounted for by the shear lip, and the
proportion of the radiation area and the fibre area is larger,
indicating that the material’s plasticity is good. Figure 14b,
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Fig. 12 SEM fracture character-
istics of sample 1
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Fig. 13 SEM fracture character-
istics of sample 2
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Fig. 14 SEM fracture character-
istics of sample 3
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¢ show the fracture of the radioactive area, from which can
be seen in the radioactive area that there are more large and
deep holes and easy-to-produce microcracks, reducing the
plastic tenacity of the material. At the same time, the radial
zone also appears as part of the tough nest-like pattern, with
better plasticity. Figure 14d for the fracture of the fibre area,
from which can be seen in the fibre area that there are a large
number of equiaxial tough fossa, the nature of the fracture
for the fibre area of the shape of the nucleus of the tough
fossa tenacity of the fracture, large and deep pits and pores
less, and the material’s plastic tenacity is good. Tensile test
results show that the percentage elongation after fracture
of sample 3 is 49.8%, the plasticity is improved compared
with the parent material, and the tensile strength is higher
than that of samples 1 and 2, which are consistent with the
fracture characteristics.

As seen from Figs. 12, 13, and 14, the macroscopic frac-
ture of the Invar alloy transverse cladding layer samples
shows a more irregular shape than that of the substrate,
with a rougher surface and no obvious radial zone. The fibre
areas have more tough nest-like patterns, the fractured nature
of the fibre area nucleus tough nest tenacity fracture, with
better plastic tenacity, which are consistent with the parent
material. However, at the same time, the fibre zone and the
radiation zone have more porosity, which may be due to the
presence of impurities and the second brittle phase which

makes the tensile strength of the cladding layer reduced
compared with the substrate.

3.3.3 SEM analysis of fracture of longitudinal cladding
layer

The macroscopic fracture morphology and local microstruc-
ture magnification characteristics of the longitudinal clad-
ding layer sample 4 are shown in Fig. 15. From Fig. 15a, it
can be observed that the macroscopic fracture of sample 4
is more irregular, without an obvious necking process, the
boundaries of the fibre zone, radial zone, and shear lip zone
are not obvious, and the fracture surface is flat with more
pores. Figure 15b—d show the fracture of the fibre area; it
can be seen on the surface of the fibre area that there are a
large number of shrinkage holes, which has produced obvi-
ous microcracks, and there are a small number of step-like
pattern, belonging to the quasi-dissociative brittle fracture.
Also, it presents part of the ridge-like pattern, the fractured
nature of brittle along the crystalline fracture phenomenon,
the formation of the cause of the brittle phase precipitation
caused by the grain boundary embrittlement cracking, and
the plastic tenacity is poor. Figure 15c¢, d show that the fibre
area also exists a tough nest-like pattern, but the size of the
tough nest with the parent material is relatively small com-
pared with shallow, poor plasticity. Figure 15d shows the
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Fig. 15 SEM fracture character-
istics of sample 4
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pore defects in the fibre region, which may be due to inter-
nal voids, impurities and second-phase particles, within the
material and make the plastic tenacity of the material lower.
The tensile test results show that the tensile strength and the
percentage elongation after fracture of sample 4 are lower
than those of the substrate and transverse cladding samples,
which is consistent with the fracture characteristics.

The macroscopic fracture morphology and local micro-
structure magnification characteristics of the longitudinal
cladding layer sample 5 are shown in Fig. 16. From Fig. 16a,
it can be observed that the macroscopic fracture shape of
sample 5 is irregular, without an obvious necking process.
The surface is rough and uneven, sharp and less porous, and
the boundary between the fibre area and the radiation area is
not obvious, with smoother and shinier shear lip, at an angle
of 45° with the axis. From Fig. 16b, c, it can be observed in
the fracture fibre area that there are many stone-like patterns
and tearing prongs, the fractured nature of the microporous
type along the crystal fracture, the formation of this phenom-
enon is caused by brittle phase precipitation due to the dam-
age to the grain boundaries, but the grain boundaries still
have a certain degree of plastic deformation; for a certain
degree of transition to plastic deformation after the emer-
gence of brittle fracture, plastic tenacity is not good. From
Fig. 16d, e, it can be observed in the fibre area that there are
some not deep pit porosity and more tough nest-like pattern,
the nature of the fracture for the tough nest tenacity fracture,
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and the material’s plasticity is better. Figure 16f shows the
fibre area in the porosity, and the formation of the reason
may be the second phase of the particle or impurities caused
by the stress concentration. Therefore, the fracture of sample
5 has both plastic fracture and fracture along the crystal, and
the plastic tenacity is poorer compared with the substrate.
The tensile test results show that the tensile strength and the
percentage elongation after fracture of sample 5 are lower
than those of the base material and slightly lower than those
of the transverse cladding sample; however, it is slightly
higher than that of the longitudinal cladding sample 4, which
is consistent with the fracture characteristics.

The macroscopic fracture morphology and local micro-
structure magnification characteristics of the longitudinal
cladding layer sample 6 are shown in Fig. 17. From Fig. 17a,
it can be observed that the macroscopic fracture shape of
sample 6 is irregular, without an obvious necking process,
the surface is rough and uneven with more pores, and the
boundary between the fibre zone and the radiation zone is
not obvious. Figure 17b shows that there are a large number
of pits and pore defects of large size in the radial zone of the
fracture, and there are also a large number of step patterns,
ridge patterns and tear ribs around the pores. The fracture
nature is quasi-dissociative fracture and fracture along the
crystal, which is a brittle fracture, and the plastic tenacity
of the material is poor. From Fig. 17c, it can be seen in the
fibre area that there are obvious tough nest-like patterns,
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Fig. 16 SEM fracture character-
istics of sample 5
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the fracture nature of the tough nest type tenacity fracture,
but the tough nest pattern is small, shallow and discontinu-
ous, with poor plastic tenacity. Figure 17d show that in the
fibre area, there are many continuous river-like patterns, the
fractured nature of the deconvolution fracture belongs to the
brittle fracture, and the plastic tenacity is poor. The forma-
tion of the brittle phase precipitation leads to the reduction
of the grain boundary energy and thus triggered brittle frac-
ture. Therefore, the simultaneous existence of disintegra-
tion fracture, quasi-disintegration fracture, fracture along
the grain and tough nest fracture phenomenon in the fibre
area and radial area of sample 6 indicates that the internal
composition of the material is not uniformly distributed, and
there is a large number of the second-phase plasmas and

impurities, which leads to the concentration of local stresses
and poor plastic tenacity. Tensile test results show that the
tensile strength of sample 6 is 350 MPa, and the percentage
elongation after fracture is 35.9%, which are much lower
than that of the substrate sample and the transverse cladding
sample, and lower than the longitudinal cladding samples 4
and 5, and plastic tenacity is poor, which is consistent with
the fracture characteristics.

From Figs. 15, 16, and 17, the macroscopic fracture shape
of the Invar alloy longitudinal cladding layer samples is
irregular, without obvious necking phenomenon and obvi-
ous boundary between the fibre zone, radial zone, and shear
lip zone, and the fracture surface is rough with many shrink-
age defects. For the fracture fibre area and radiation area at

@ Springer



260 The International Journal of Advanced Manufacturing Technology (2024) 132:245-264

Fig. 17 SEM fracture character-
istics of sample 6

WD=11.0mm Mag=20X

200um  EHT=20.00kV Signal A =SEI Date :13 May 2021

y 4L

Time:14:36:43

10um EHT = 20.00 kV Signal A = SE] Date :13 May 2021 10um
WD=115mm Mag=100KX Time:14:32:03

iz / ) ‘ SRR

EHT =20.00 kV Signal A =SE] Date :13 May 2021
WD=11.0mm Mag=200X Time:14:29:49

SR ’
2 N S

R A T ity - B
EHT =20.00 kV Signal A =SEI Date :13 May 2021
| [WD=110mm Mag=100KX Time:14:3528

ZESS

=

the same time, they are along the crystal fracture, quasi-
dissolution fracture and tenacity of the nest-type fracture
phenomenon. The plastic tenacity of the material is reduced
comparing to the substrate and the transverse cladding layer.
Also, the phenomenon of the dissolution fracture is observed
in the fracture of sample 6, with poorer plastic tenacity,
which may be due to the presence of more impurities in the
material and the precipitation of brittle phases, resulting in
the damage of the grain boundaries to cause brittle fractures,
and the reduced the plastic tenacity of the material.

In summary, in the Invar alloy base plate sample fracture
fibre area, there are many ligamentous nest-like patterns,
the nature of the fracture for the fibre area of the nucleus of
the ligamentous nest tenacity fracture, and plastic tenacity
is good; in the Invar alloy transverse melting cladding layer
sample fracture fibre area, there are more ligamentous nest-
like pattern, the nature of the fracture for the fibre area of the
nucleus of the ligamentous nest tenacity fracture. Ligamen-
tous nest size is relatively small compared with the substrate,
indicating that the plastic tenacity of the cladding layer along
the melting direction is better, however, the plastic tenac-
ity is slightly reduced compared with the substrate; in the
Invar alloy longitudinal cladding layer sample fracture fibre
area and radiation area at the same time, they are along the
crystal fracture, quasi-dissolution fracture, and tenacity of
the nest-type fracture phenomenon; for sample 6, there is a
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phenomenon of dissolution fracture, indicating that there are
more impurities and brittle phases inside the material; the
cladding layer and the plastic tenacity of the layer between
the layers are poor.

3.4 Fracture EDS analysis

In order to further qualitative and quantitative analysis of the
microstructure and composition of the cladding layer and
substrate sample fracture, this part of the test used an X-ray
energy spectrum analyser (EDS) to analyse the composition
of the fracture micro-zone organization and the elemental
percentage of the fracture, and a total of five sampling points
(L1~L5) were taken from samples 3, 4, and 8 as shown in
Figs. 18, 19, 20, 21 and 22.

The fractured micro-area composition is shown in
Table 10. The Fe content in the L1 area of sample 8 is
65.72 wt.%, which is higher than the theoretical content
of 63 wt.% of the base material, the Ni content is 32.13
wt.%, which is lower than the theoretical content of 35.92
wt.% of the base material, and the C content is 2.14%,
which is higher than the theoretical content of 0.20 wt.%
of the base material, which suggests the precipitation of
the second brittle in the L1 area. This indicates that the
second brittle phase precipitated in the L1 zone is a small
number of Fe—C compounds as well as free C, where the
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Fig. 18 EDS analysis of
fracture in L1 zone (sample
8). a Sampling location and b
microanalysis
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Fig. 19 EDS analysis of
fracture in L2 zone (sample
8). a Sampling location and b
microanalysis

Fig.20 EDS analysis of
fracture in L3 zone (sample
8). a Sampling location and b
microanalysis
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stress concentration occurs, and pore defects are formed.
The content of Fe in the L2 zone of sample 8 is 62.25
wt.%, which is slightly lower than the theoretical value,
the content of Ni is 20.84 wt.%, which is lower than the
theoretical value, and the content of C is 16.90 wt.%,
which is much higher than the theoretical value, which
indicates that the second brittle phase precipitated in the
L2 zone is a C inclusion, which is brittle, and there is a
concentration of stress in this zone, forming brittle crack
extension. Sample 8 of the L3 area in the Fe content of
80.38 wt.% is much higher than the theoretical value, Ni
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content of 18.39 wt.%, much lower than the theoretical
value, the C content of 0.45 wt.%, slightly higher than
the theoretical value, the Mn content of 0.79 wt.%, higher
than the theoretical value of 0.27 wt.%, which indicates
the precipitation of the second phase in the L3 area of
the nickel-poor Fe—Ni phase, and a small number of Mn
aggregation, where the tough nest nucleation, tenac-
ity fracture. The Fe content in the L4 zone of sample 3
is 87.56 wt.%, much higher than the theoretical value,
and the Ni content is 12.44 wt.%, much lower than the
theoretical value, which indicates that the second phase
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Fig.21 EDS analysis of
fracture in L4 zone (sample
3). a Sampling location and b
microanalysis
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Fig.22 EDS analysis of
fracture in LS zone (sample
4). a Sampling location and b
microanalysis
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Table 10 Microcomponent of Sampling  Fe

C Mn Ti

wt.% at.% wt.% at.% wt.% at.% wt.% at.%

fracture .
location WL L%
L1 65.72  61.86
L2 62.25 38.74
L3 80.38 79.77
L4 87.56 88.09
L5 86.73 86.55

32.13
20.84
18.39
12.44

28.77 2.14 9.37 — — — —
12.34 1690  48.92 — — — —
17.36 0.45 208 0.79 0.79 — —
11.91 — — — — — —
6.74 6.40 — — 3.65 370 2.88 3.35

precipitated in the L4 zone is nickel-poor Fe-Ni phase,
which is brittle, and there is a concentration of stress in
this zone to form craters and pore defects. The Fe content
in the L5 area of sample 4 is 86.73 wt.%, much higher
than the theoretical value, the Ni content is 6.74 wt.%,
much lower than the theoretical value, and the Mn con-
tent is 3.65 wt.%, much higher than the theoretical value,
which indicates that the precipitated second phase is the
nickel-poor Fe—Ni phase as well as free Fe and Mn aggre-
gation, which is brittle, and in addition to the presence of
the constituent Ti that is not present in the base material
in L5, which may be a mixed impurity, so that a large pit
porosity and brittle fracture along the crystal appeared
here.
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4 Conclusion

In this paper, the laser cladding of the Invar alloy surface
was carried out using the same material powder in multi-
pass and multi-layer, and the properties of laser cladding
layer as well as the macroscopic morphology and micro-
structure characteristics of fracture were studied. The clad-
ding layer’s mechanical properties were studied by tensile
test, its thermal expansion coefficient was measured by
thermal dilatometer, fracture was analysed by scanning
electron microscope (SEM), and its composition was ana-
lysed by X-ray energy-dispersive spectrometer (EDS).
Conclusions are as follows:
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1. The tensile test results show that the comprehensive
mechanical properties of the Invar alloy cladding layer
are lower than that of the base metal. The comprehen-
sive mechanical properties of the transverse cladding
layer (samples 1, 2 and 3) are not significantly differ-
ent from those of the base metal, the tensile strength is
slightly lower than that of the base metal and the plastic-
ity is similar to that of the base metal. The mechanical
properties of longitudinal cladding layers (samples 4,
5 and 6) are unevenly distributed, with the comprehen-
sive mechanical properties of samples 4 and 5 similar
to those of transverse cladding layers, and the compre-
hensive mechanical properties of sample 6 are poor, in
terms of low strength and plasticity, and differing greatly
from those of the parent material. This shows that the
comprehensive mechanical properties of the cladding
layer along the cladding direction are better, while those
between the layers are poorer.

2. The thermal expansion test shows that the thermal
expansion coefficient of the cladding layer is maintained
at a very low level in the temperature range of 25 to
200 °C, with an error of no more than 20% from the base
material, which indicates that the cladding layer has a
good thermal expansion performance that are compat-
ible with the base metal.

3. Fracture SEM analysis results show that in the Invar
alloy base plate sample fracture fibre area, there are
many ligamentous nest-like patterns, the nature of the
fracture for the fibre area nucleation of the ligamentous
nest tenacity fracture, and plastic tenacity is good; in
the Invar alloy transverse melting cladding layer sam-
ple fracture fibre area, there are more ligamentous nest-
like pattern, the nature of the fracture for the fibre area
nucleation of the ligamentous nest tenacity fracture, and
ligamentous nest size is smaller than the substrate com-
parison, showing that the plastic tenacity of the clad-
ding layer along the melting direction is better, but the
plastic tenacity is slightly reduced compared with the
substrate; and in the Invar alloy longitudinal cladding
layer sample fracture fibre area and radiation area at the
same time, they are along the crystal fracture, quasi-
dissolution fracture and tenacity of the nest-type tenacity
of the fracture phenomenon, and the phenomenon of the
dissolution fracture is observed in the fracture of sample
6, indicating that there are more impurities and brittle
phases inside the material and the cladding layer with
the layer of the plastic tenacity of the layer is poorer.

4. The results of fracture EDS analysis show that many
nickel-poor Fe—Ni brittle phases and a small amount
of Fe—C brittle phases precipitate along the crystalline
brittle fracture, and there is a concentration of stress at
these second-phase plasmas, which will form microc-
racks and expand when loaded, reducing the comprehen-

sive mechanical properties of the cladding layer. At the
same time, Ti impurities are also found in some of the
pore defects, which will lead to the formation of brittle
fractures along the crystal, affecting the quality of the
cladding layer.
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