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Preface

Surface enhancement attracts a varied set of professionals with diverse
backgrounds. It involves, for example, design engineers whose primary concern is
functional safety and service life of the component. In development, it involves
production engineers who aim to optimise process parameters to achieve high
product quality. Further up the value chain, it attracts physicists and materials
scientists, who explore fundamental aspects of surface modification to develop
more advanced processes.

This book contains a compilation of 37 papers presented in the first International
Conference on Advanced Surface Enhancement (INCASE) held in Singapore
during 10–12 September 2019, which brings the experts from all these different
disciplines under one umbrella and establishes a dialogue amongst the wider
surface enhancement community. This confluence of academia and industry not
only brings forth innovative ideas to address the challenges that the industry faces
today but inspires future inventions as well.

Although the history of surface enhancement goes back several decades, it has
seen rapid advances in the recent past. Practitioners and researchers belonging to
different areas of this field will find these exciting developments comprehensively
covered in this book. For physicists, it presents the state of the art in sensor
development and integration of sensing devices with processing equipment to
achieve more adaptive process control. For production engineers, it explores
whether these developments can be harnessed for practical implementation to
streamline their shop floor operations and make them more robust and effective.

Similarly, materials scientists will find it stimulating that the current paradigm
where confirmation of process integrity is deemed to assure part quality is being
challenged, and attempts to enable in-line and in-process microstructure analysis of
surface-enhanced component are gaining momentum. This is a critical area of
development where a strong collaboration between academic researchers and
practising engineers can help to solve some long-standing problems. With more
robust measurement methods in place, in future, we can not only expect
improvement in quality but also gather critical data on materials properties that can
help in realising closed-loop control of surface enhancement processes. This area
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will also attract the interest of readers from modelling and simulation community
who are working on developing predictive capabilities for materials processing.

Finally, as manufacturing moves towards higher automation and Industrie 4.0,
questions are being asked on whether the surface enhancement community is
prepared for this transformation. Considering the complexity of the process and the
associated costs, will integrating sophisticated sensors, measurement devices, and
IT infrastructure with processing equipment be practical on a large scale? Given the
rapid pace at which manufacturing is changing, these questions are no longer
exploratory and need to be included in strategic road maps. Focus on Industrie 4.0
being a unique feature of INCASE 2019, this book comprehensively addresses
these questions by exploring potential technology gaps and the weaknesses and
strengths of various alternative scenarios.

We firmly believe that this book will excite both new practitioners and
experienced professionals alike. Given the comprehensive scope of this book,
readers will gain a much broader perspective of how the field of surface
enhancement is evolving, so that the community is better prepared to capture future
opportunities and overcome near-term as well as long-term challenges that lie ahead
of us.

June 2019 Sho Itoh
Shashwat Shukla
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Optimization of Shot Peening for Titanium
Alloys Ti 10-2-3 in CONDOR Project

Corentin Dides1(&), Thomas Billot2, and Nicolas Guillemot3

1 IRT-M2P, 4 Rue Augustin Fresnel, 57000 Metz, France
corentin.dides@irt-m2p.fr

2 Safran Landing Systems, 9 Rue Guynemer, 64400 Bidos, France
3 Airbus Helicopters, Aéroport International Marseille-Provence,

13725 Marignane, France

Abstract. CONDOR is an R&D project lead by IRT-M2P with different
industrial partnership to increase knowledge and simulation models of shot
peening. This surface hardening process aims to perform different shots with
high velocity on metallic surfaces to introduce compressive stresses on it.
Fatigue behavior of shot peened parts is significantly improved. During this
research project a DOE has been carried out to optimize shot peening parameters
on titanium alloys (surface roughness before shot peening, size and shot’s
hardness, covering and intensity). The DOE is composed by more than 300
fatigue specimens. All this data allows us to define specifically each shot
peening parameter influence on shot penned parts efficiency. CONDOR project
allows simulation development of models to simulate shot peening effect by
taking into account the parameters introduced above. Those models are used to
evaluate residual stress level and fatigue lifetime after shot peening and to
confirm models readiness level. This study has defined optimized machining and
shot peening conditions in order to increase parts fatigue lifetime.

Keywords: Shot peening � Ti 10-2-3 � Design of experiment �
4 point bending fatigue

1 Introduction

IRT M2P is a French institute of research and technology which is working on metallic
materials and surfaces treatments. CONDOR project is a research and development
project about shot peening. Different topics have been developed in this project;
optimization of shot peening of Ti 10-2-3 alloys is one of them. Today, shot peening on
titanium parts is similar to steel parts and it appears that shot peening in those con-
ditions can lead to fatigue abatement. Very few studies are available on the impact of
shot peening on fatigue life of near beta titanium alloys [1, 2]. In order to improve our
understanding and to optimize shot peening of near Beta titanium alloys, a DOE has
been performed with fatigue specimens (more than 300 four points fatigue bending
specimens).

© Springer Nature Singapore Pte Ltd. 2020
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2 Material and Experiments

2.1 Material

The material used for this study is the Ti 10-2-3 which belongs to near beta alloys
family [3].

2.2 Design of Experiments

There are many parameters in shot peening: Incidence angle, velocity, shots type,
Almen intensity, coverage, projection type [2]. In addition, before shot peening, the
finishing operation of machining can have an influence on final fatigue life [4], in
particular roughness.

5 parameters have been chosen to define optimal conditions for shot peening and
surface preparation. In order to reduce the number of tests, 3 fatigue tests levels have
been defined and included as a parameters of the Matrix. The other parameters have
been chosen because of industrial madders. DOE parameters are presented in Table 1.

In these conditions, the DOE has 144 combinations. Considering tests’ repetition to
evaluate the scattering and also the additional specimens to characterize the
microstructure, the amount of tests was too huge and needed to be reduced.

To do so, D-optimal methods have been used to optimize the DOE leading to a
reduce plan of 325 testes.

2.3 Specimens Preparation and Testing Conditions

The specimens’ geometry used for the four-points bending fatigue tests is presented on
Fig. 1. Both side of specimens have been shot peened in industrial Wheelabrator
machine using nozzles on a 6 axes robot. Shot peening was performed with 85° angle
from the surface with a longitudinal direction displacement.

Table 1. DOE parameters

Roughness after
machining (Ra, µm)

Stress
level

Shot Hardness
(HRC)

Diameter
(µm)

Intensity
(A)

Coverage
(%)

0.8 Level 1 − − − −

1.6 Level 2 + + + +
3.2 Level 3

4 C. Dides et al.



To start with similar microstructure, all specimens have been picked-up at mid
radius of a billet. Face A corresponds to the face close to mid radius (see Fig. 2). The
three roughness specified in the DOE Ra = 0.8/1.6/3.2 are related to different
machining conditions.

All fatigue tests have been performed with the following conditions:

– Ratio: R = 0.1
– Controlled in maximum stress level
– Frequency: 10 Hz

Results analysis has been performed with Minitab software.

Fig. 1. Specimens shape

Face A

Fig. 2. Cut plan for 4 points bending fatigue

Optimization of Shot Peening for Titanium Alloys Ti 10-2-3 5



3 Results

Prior to shot peening test plan, several fatigue tests were launched on specimens before
shot peening with different surface roughness to establish the reference. These results
are plotted in Fig. 3.

It can be seen that surface roughness doesn’t seem to have significant effect on
lifetime. Close to the endurance scattering is more important and the impact of
roughness is difficult to quantify. The three stress levels used for the DOE have been
defined according to the reference testes in order to represent different parts of the
Wöhler curve. Stress level close to endurance is avoided to present too much non-failed
specimens, which couldn’t be used for the analysis.

Pareto diagram has been used to evaluate the relative impact of each of parameter,
or combination of parameters, on fatigue life (Fig. 4).

This analysis shows that the parameters, or combination of parameters, which
present normalized effect above 1.981 have a significant impact on fatigue life. If it
turns out that surface roughness before shot peening has very low impact on fatigue,
shot parameters (diameter and hardness) and Almen intensity have much more influ-
ence on fatigue life.

Fig. 3. Wölher curve of Ti 10-2-3 with three different surface roughness

6 C. Dides et al.



In addition to Pareto analysis, the graphic of major effects represents the evolution
of fatigue life with regard to parameters “low-high” limits (Fig. 5).

Size has a very important impact on fatigue enhancement, shots with large diameter
have a beneficial effect on fatigue life time. In contrast, the intensity has to be reduce to
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improve fatigue life. As it can be seen above on Pareto diagram Covering and
Roughness before shot peening doesn’t have strong effect on the results observed. If
Shot hardness is considering alone, it has just a few effect.

Pareto diagram shows that combinations of parameters can also have a strong
impact on final results. Figure 6 is the diagram of interaction between the different
parameters.

First observation shows that except for hardness and shots size, for each combi-
nations, curves do not cross each other. Whatever the parameter combined with the
intensity, lower value provides the best response. As for intensity, diameter seems to be
more efficient with large diameters for each combination. Only the hardness is strongly
affected by the diameter. Combine low hardness and high diameter shots seems to have
a positive impact. Combination of covering with roughness and hardness has no impact
on results. Otherwise, covering has an effect with low intensity and it seems damaging
to use a too important amount of covering.

4 Conclusion

Ti 10-2-3 titanium can’t be easily shot peened like most of steel. Shot peening
parameters have to be chosen very carefully.

Regarding the results, a low intensity with high diameter shots seems to have the
best effects on fatigue behaviour. These results can be explained by the high sensitivity
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of titanium to the surface integrity (roughness, residual stresses & hardening). In
addition, a low Almen intensity can introduce enough residual stress without
decreasing significantly the surface roughness. Experiment results with high shots size
are in the same way because the more shot diameter is high, the more surface roughness
is homogenous and covering is quick. More than that, using high diameter shots can
reduce creation of deflect on the surface.

Covering has an impact on fatigue results only for a low intensity. This observation
seems to explain that high intensities seems to generate high roughness which has a
more important impact on fatigue than compressive residual stresses. Besides, a too
important covering downgrade the roughness and fatigue behaviour in the same way.
This conclusion is consistent with some studies in the literature on fatigue behaviour of
titanium parts [5].

Because some measurements haven’t been performed yet, roughness and residual
stress answers are not presented in this paper but will be added in the presentation. It
will allow to understand all fatigue answers and competition between roughness and
residual stress on titanium alloys.
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Abstract. Composite peening describes a novel approach based on the micro
peening process. By composite peening, particles can be introduced into near-
surface regions of metallic base materials. The proportion of the reinforcement
phase decreases gradually with increasing distance to the surface. These so-called
Functionally Graded Metal Matrix Composites (FGMMC) are characterised by a
multitude of different characteristics, such as material combination, particle
density, particle gradient and particle size, and a resulting broad range of prop-
erties. The composite material produced by this method promises a high appli-
cation potential for lightweight, wear resistant and cyclically stressed structural
components.
EN AW–1050 was selected as matrix material and alumina as abrasive

respectively reinforcement material. Additional abrasives such as silicon carbide
and tungsten carbide were also investigated. By varying the process parameters,
such as temperature and pressure, the influence on the particle density and the
particle gradient was evaluated. Penetration depths up to 30 µm could be
observed at high homologous temperatures. The peening process might cause
open structures near the surface, the sample were subsequently deep rolled. In
addition, this process reduces the surface roughness.
Ensuing mechanical characterisation focused on bending tests. An increase in

the flexural strength of the composite material compared to the base material
could be observed.

Keywords: Composite peening � Metal matrix composites �
Mechanical properties

1 Introduction

Metal matrix composites (MMCs) are characterised by increased specific properties
compared to monolithic metals. Due to their low thermal expansion and increased creep
resistance, MMCs promise superior properties even at elevated temperatures. Further
applications are also conceivable in the field of fatigue and tribology. Since the highest
loads often occur locally in a component, the material efficiency can be improved by
reinforcing the surface layer. These so-called functionally graded metal matrix
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composites (FGMMCs) have a large number of possible modifications (for instance,
material combination, particle density, particle gradient) and resulting properties.

The range of manufacturing possibilities for graded MMCs is large. Therefore, a
distinction is made between constitutive, homogenizing and segregating processes [1].
All processes are united by a high degree of complexity in terms of processing. In the
best case, subsequent changes are associated with a huge additional effort. Exceptions
are coating processes such as laser beam dispersing [2] and cold spraying [3, 4].

Shot peening is used as a standard mechanical surface treatment process. At the
beginning of the 1990s, micro peening developed from conventional shot peening with
significantly smaller blasting particles [5]. Compared to conventional shot peening, a
lower roughness and an increased fatigue strength are achieved [6, 7].

Ando et al. has shown that it is also possible to implement blasting particles into the
surface of the target material by micro peening [8]. As a result, the micro hardness
could be increased. By heating the target material to high homologous temperatures, it
is possible to get the blasting media much deeper into the base material, as the authors
have shown with aluminium and tin [9, 10].

2 Experimental

2.1 Materials

In this study, the aluminium alloy EN AW-1050 is selected as the matrix material. The
chemical composition of the alloy is listed in Table 1.

Alumina, silicon carbide and tungsten carbide are selected as blasting and rein-
forcement material. The grain size of the blasting material is F600, which is equivalent
to a weight-averaged particle size distribution of 9.0 µm ± 1.0 µm. However, mea-
surements with a particle size analyser shows an average particle size of 7.94 µm,
11.86 µm and 21.9 µm for alumina, silicon carbide and tungsten carbide respectively.

The hardness of alumina is 2100 HK according to the manufacturer’s specifica-
tions. Young´s modulus of the ceramic is approximately 400 GPa for a given purity of
over 99.5% [11].

2.2 Experimental Setup

Composite Peening. The composite peening process is shown in Fig. 1. The peening
process is carried out with the abrasive blasting system AccuFlo from Comco Inc.,
which is charged with the blasting material. The peening unit transports the blasting
material with compressed air to the blasting nozzle. Preliminary studies with tin and

Table 1. Chemical composition of EN AW–1050

Al Si Fe Cu Mn Mg Ti Zn

EN AW–1050 99.52 0.10 0.30 <0.01 <0.01 <0.01 0.02 <0.01
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aluminium as matrix material showed that high homologous temperatures favour
particle entry [9, 10]. For this reason, a heating device was added to the micro peening
system. The temperature of the heating devise is monitored by a control unit. The
control unit also regulates the position and speed of the blasting nozzle. Tests are
operated by ProNc software from ISEL.

Composite peening offers a wide range of process parameters. In addition to the
control variables shown in Fig. 1 (right), the nozzle geometry and the angle of the
blasting nozzle can be varied. In this work, the process-structure-property relationships
of the composite peening process are investigated by varying the temperature, the
blasting pressure and the number of operations. The blasting nozzle has a diameter of
0.7 mm and is orientated orthogonally to the sample surface. The working distance of
the blasting nozzle is 10 mm. Peening is performed at a speed of 8 mm/s and a distance
between the paths of 1 mm. Table 2 lists the investigated process parameters.

Determination of Penetration Depth. The evaluation of the penetration depth is
investigated by means of light microscopy and SEM with subsequent evaluation via
digital image processing (DIP). The surface roughness is determined using the µsurf
confocal microscope by NanoFocus AG. The results are subsequently smoothed with a
Gaussian filter of 0.8 mm.

Mechanical Characterisation. Four-point bending tests are performed on an Instron
E3000 ElectropulsTM (load cell 5 kN) according to ASTM D7264, procedure B.
Crosshead speed is set to 10 mm/min. The deflection of specimens is measured via

Fig. 1. Scheme of the composite peening system and process (left [10]). Selectable process
parameters (right [9]).

Table 2. Process parameters for composite peening

Temperature T Number of operation Pressure p

(T/Ts) (-) (bar)
0.80; 0.90; 0.95 2; 4 4; 7
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laser triangulation. Force and deflection data are recorded at 40 Hz. The rectangular
samples have a width of 5 mm, a thickness of 2 mm and a 40 mm support span. The
distance between the loading fins is 20 mm.

Three samples per parameter are tested. The flexural modulus and Rp02 are deter-
mined, the former in a range of ef = 0.025 − 0.075%.

3 Results

3.1 Microstructure

The penetration behaviour of different blasting medias is shown in cross sections in
Fig. 2. The process parameters in each case are: T/Ts = 0.9, p = 7 bar, z = 10. The
roughness of all surfaces is enhanced by composite peening.

The blasting medium in Fig. 2(a) is Al2O3, which is dimpled in the surface layer of
the peened sample after composite peening. In addition, porous areas are seen just
below the surface. Single particle cannot be identified in the cross section. The pen-
etration depth of SiC is significantly lower, as can be seen in Fig. 2(b). Only a thin
layer of ceramic particles covers the surface. During the process, light is emitted due to
triboluminescence. In the case of WC, individual ceramic particles can be seen.
However, these particles are significantly smaller compared to the initial state (Fig. 2
(c)). Similar to Al2O3, the particles are concentrated in individual areas. In addition,
pores are apparent between particles and matrix.

Fig. 2. Surface layer after composite peening with different blasting material. (a) Al2O3,
(b) SiC, (c) WC.
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3.2 Surface Roughness

Figure 3 shows the surface roughness after processing with various parameters. The
surface roughness is increased by composite peening, as can be seen on the left side
[10]. Compared to the initial state (Rz = 7.0 µm), the roughness rises with higher
coverage and pressure. The influence of the temperature is negligible. A maximum
roughness of 18 µm can be measured at a pressure of 7 bar, a process temperature of
T/TS = 0.9 and a fourfold coverage. The results in the right figure show the roughness
of the samples after composite peening and subsequent deep rolling. The roughness is
considerably reduced by deep rolling in comparison to the composite peened condi-
tions. Thus, a roughness is reached below the initial state. The most relevant influence
on the roughness after deep rolling is the process temperature. Lowering the process
temperature causes a roughness of 2 µm to 4 µm. In this case, pressure and coverage
do not influence the roughness.

3.3 Penetration Depth

Since the reinforcement phase is concentrated into clusters, it is difficult to determine the
influence of the process parameters by the maximum penetration depth. For this reason,
Fig. 4. shows the distance to the surface with a percentage of reinforcement of 10%.

Coverage and process temperature have the most prominent effect on the pene-
tration depth of the alumina particles. For instance, at high process temperature of
T/Ts = 0.95, the penetration depth can be increased by more than 10 µm with a
fourfold coverage. The pressure has an inferior effect on the penetration depth. A minor
increase was observed only in the case with a double coverage.

Fig. 3. Roughness Rz after composite peening (left, [10]) and composite peening with
subsequent deep rolling (right).
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By subsequent deep rolling, the penetration depth is reduced for almost all process
parameters. In particular, the penetration depth decreases about 10 µm with fourfold
coverage. In contrast, no significant effect of the penetration depth can be observed
with a twofold coverage.

3.4 Mechanical Properties

Figure 5 shows the mechanical properties of the composite peened and deep rolled
specimens (left: flexural modulus, right: yield strength) from the bending test. No
correlation can be observed between the flexural modulus and the process parameters
respectively the penetration depth. All values of the flexural modulus range from
67.3 GPa to 73.3 GPa, with almost all standard deviations overlapping.

The yield strength, in contrast, can be increased by a higher process temperature, as
shown in the figure on the right. On average, an increase from 107.1 MPa to
113.5 MPa was recorded. Pressure and coverage have no significant impact.

Fig. 4. Penetration depth with a 10% reinforcement ratio after composite penning (left, [10])
and composite peening with subsequent deep rolling (right).

Mechanical Investigations on Composite Peened Aluminium 15



4 Discussion

In previous studies the feasibility of introducing alumina particles into an aluminium
matrix was demonstrated by composite peening at high homologous temperatures. The
roughness of the composite peened surface results from the number of treatments and
the peening pressure. The penetration depth is significantly influenced by the process
temperature and the coverage.

By subsequent deep rolling, the roughness and the penetration depth, is reduced.
There may be two different reasons for this. On the one hand, the pores and cracks that
appear after composite peening are closed and on the other hand the surface is com-
pacted and smoothed. Figures 3 and 4 indicate that a high roughness has the most
significant impact on the penetration depth after subsequent deep rolling.

An enhancement in flexural modulus due to an increased penetration depth cannot
be achieved. Despite the fact that alumina has a significantly higher modulus than
aluminium, the thickness of the graded, reinforcing layer (60 µm) is too low compared
to the thickness of the base material aluminium (2000 µm). A slight improvement in
the yield strength with increasing penetration depth is observed.

The penetration characteristics of different blast media differs considerably. While
Al2O3 reaches penetration depths of 30 µm in a heated aluminium matrix, only erosion
can be observed with SiC as blasting medium. Accordingly, the penetration depth is
significant lower. WC, on the other hand, penetrates much deeper compared to the
other blasting media. This is probably due to the higher density and the resulting higher
kinetic energy of the blasting particles. As already described in [9, 10], the reinforcing

Fig. 5. Mechanical properties of the composite peened samples. Flexural modulus left and Rp02

right.
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particles in the metal matrix of all blasting media are significantly smaller than the
starting material. This can be attributed to the impact of subsequently peened particles.

5 Conclusions

The following conclusions can be drawn from the above mentioned studies:

• Ceramic blasting media (Al2O3 and WC) can be introduced into the matrix material
by composite peening. The maximum penetration depth in the case of Al2O3

amounts to 30 µm. SiC cannot be introduced into the aluminium matrix.
• By subsequent deep rolling the roughness can be significantly reduced. Deep rolling

also serves as a compaction of the composite peened surface. This reduces the
penetration depth measured optically.

• An increase in flexural modulus cannot be observed. The yield strength is increased
by a higher process temperature and corresponding deeper penetration depth.

The process-structure-property-relationship for composite peened AW 1050 are
shown in this paper. Future research will focus on fragmentation mechanisms of the
blasting media as well as further material systems.
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Abstract. From the viewpoint of weight reduction in transportation equipment
such as automobiles, the use of light metals is being promoted. Magnesium alloy
is the lightest in practical metals, but it has the property that its strength is low.
For improvement of fatigue strength, surface modification treatment such as shot
peening is generally applied. Since the magnesium alloy has high reactivity with
oxygen and may ignite, surface treatment in a dry environment like shot peening
is difficult. In this study, we focused on wet blasting process with low proba-
bility of ignition and examined the influence of it on fatigue strength. The
fatigue strength of wet blasting AZ31 showed higher results than untreated
material. As this factor, improvement of hardness near the surface and appli-
cation of compressive residual stress are conceivable. Also, the particles used in
the wet blasting process are smaller than the particles used in the general shot
peening process. Therefore, the fact that the surface roughness did not change
significantly was also considered to be one factor. From the above results, we
clarified that the wet blasting treatment can safely improve the fatigue strength
of the magnesium alloy.

Keywords: Fatigue strength � AZ31 � Wet blasting � Shot peening

1 Introduction

In order to reduce the weight of automobiles and the like from the viewpoint of global
environmental problems, alternatives to steel materials are required. Magnesium alloy
is one of the alternative materials. Magnesium alloy is the lightest metal material, but
its strength is low and it has not been put to practical use as an alternative material.
Surface modification treatment is an effective means to increase the strength of metallic
materials [1]. There are two types of surface modification treatment: heat treatment type
such as carburizing and non-heat treatment type such as shot peening [2–9]. However,
because the melting point of magnesium alloys is low, it is difficult to perform heat
treatment type surface modification treatment involving other elements. Furthermore,
in the case of shot peening treatment, wear dust is generated due to particle collision.
Since the magnesium alloy is highly reactive, wear powder may burn. From these
viewpoints, we focused on blasting as a new surface modification method.
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Wet blasting is a method to obtain the surface modification effect by colliding fine
particles on the substrate surface as well as shot peening. Water is used as a medium to
fly particles, unlike the conventional treatment method. Therefore, there is no risk of
dust explosion, and a wide nozzle can be used to process a large area. Please note that
the first paragraph of a section or subsection is not indented. In this study, we use wet
blasting as a surface modification method for magnesium alloy AZ31, and aim to
clarify its influence on fatigue strength.

2 Experimental Method

Magnesium alloy AZ31 was used as a test material. The chemical composition of the
material is shown in Table 1. The test pieces were machined into the shape shown in
Fig. 1. In order to remove the stress generated during specimen processing, annealing
was performed at 520 °C for 1 h in an argon atmosphere. Ceramic beads mainly
composed of zirconia were used for wet blasting. The composition, hardness and
particle size of the particles are shown in Table 2. Wet blasting was performed at a
blast pressure of 0.2 MPa and 0.3 MPa, with a treatment time of 180 s. Wet blasting
can be performed for a long time than conventional shot peening. In the case of shot
peening, the material softens due to the generation of heat due to the long processing
time. On the other hand, wet blasting does not generate heat and can be processed for a
long time. However, long-time processing may cause surface erosion. So, in this
research, in order to prevent the occurrence of erosion, treatment is performed at low
pressure. The treated specimens in this study were performed hardness measurement.
Hardness measurement was performed using a micro Vickers hardness measurement
device. The residual stress was measured using the Sin 2 w method using Vka. stylus-
type surface roughness meter was used to measure the surface roughness. A rotating
bending fatigue tester was used for the fatigue test. In addition, observation of crystal
grains was performed using SEM-EBSD method.

Table 1. Chemical compositions

Al Zn Mn Si Fe Cu Mg
2.98 0.93 0.3768 0.0125 0.0013 0.0013 Bal.

Fig. 1. Schematic view of the specimens

20 K. Nambu et al.



3 Result and Discussion

3.1 Experimental Result

The hardness measurement results are shown in Fig. 2. From the figure, it can be seen
that the hardness of the wet blasting material is improved compared to the untreated
material. The hardness increased by about 35% at the maximum. The depth of influ-
ence is about 60 lm. Next, comparing the projection pressure, it can be seen that the
maximum hardness is higher when the treatment is performed at 0.3 MPa. This is
considered to be due to the fact that the particle collision speed is fast, as in the
conventional shot peening process. The effect depth of the wet blast is the same as the
particle size, while the effect layer of hardness is shallower than the particle size in the
usual shot peening treatment. It is necessary to examine the factor which such a
difference appeared.

The surface roughness measurement results are shown in Table 3. From the table, it
can be seen that the surface roughness increases with the increase of the projection
pressure.

The residual stress measurement results are shown in Fig. 3. As can be seen from
the figure, compressive residual stress is generated by wet blasting. Also, as with the
conventional shot peening process, the higher the projection pressure, the larger the
residual stress that is generated.

Next, Fig. 4 shows the fatigue test results. It can be seen from the figure that the
fatigue limit of the wet-blasted material shows the same value as that of the untreated
material. Focusing on the temporal strength, it can be seen that it is higher than the
untreated material. From these results, wet blasting is considered to be effective for
improving the fatigue strength on the high stress side. In addition, it is pointed out that
fatigue strength reduction due to surface roughness appears notably in magnesium
alloys compared to steel materials etc. [10]. From this, the influence of surface
roughness can be considered as a factor that the fatigue limit did not improve.

From these results, it is thought that the wet blasting treatment is effective for the
improvement of the fatigue strength because the hardness and the compressive residual
stress were improved as in the conventional shot peening treatment.

Table 2. Particle characteristics

Compositions ZrO2 60*70%
SiO2 28*33%
Al2O3 *10%

Vickers hardness 650*800 HV
Diameter *63 µm
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Table 3. Arithmetic mean roughness Ra (µm)

Untreated 0.2 MPa 0.3 MPa

0.619 0.864 1.038

Fig. 3. Result of surface residual stress measurement

Fig. 2. Hardness distribution
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3.2 Grain Measurement by EBSD (Electron Backscatter Diffraction)

Magnesium alloys are characterized by having a hexagonal close-packed crystal
structure and thus resisting plastic deformation. It is also known that twins occur during
plastic deformation due to the small number of sliding surfaces. From these viewpoints,
the influence of wet blasting on the crystal was examined. IPF (inverse pole figure) map
near the surface is shown in Fig. 5. This figure shows the crystal orientation in the
plane normal to the extrusion direction. It can be seen from the figure that there are few
crystal grains facing the {0001} plane in the entire analysis range of the untreated and
treated materials. This is considered to be due to the formation of a strong texture due
to the crystals being arranged so that the c-axis faces the center of the round bar sample
by extrusion. The same results were obtained for all the specimens, which indicates that
there was no dissolution of the texture in the wet blasting treatment. In addition to this,
nanocrystals may be observed in the vicinity of the surface after the conventional shot
peening treatment, but such a structure was not observed. Furthermore, twins generated
during plastic deformation were not observed under this condition. From these results,
it is considered that large strain that twins and nanocrystals are generated does not
occur in wet blasting.

Next, in order to clarify the factor that the hardness improved without twin
deformation, the strain in the grain was evaluated. GOS (Grain Orientation Spread)
map showing the magnitude of strain in the crystal is shown in Fig. 6. This figure
shows that the dark blue indicates no strain, and the strain increases as it becomes red.
From the figure, it can be seen that in the case of untreated materials, almost no strain
occurs due to the effect of annealing. On the other hand, it can be seen that the strain is
increased in the wet blasting material. In addition, it can be seen that the strain is larger
at 0.3 MPa when compared with the projection pressure. From this result, it is con-
sidered that the reason for the improvement in hardness is that the strain in the grain
near the surface increased by the wet blasting treatment.

Fig. 4. Result of fatigue experiment
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4 Conclusions

In this study, the effects of wet blasting on the fatigue strength properties of magnesium
alloy AZ31 were investigated, and the following findings were obtained.

1. It was clarified that the wet blasting treatment is effective for improving the time
strength of magnesium alloy AZ31. On the other hand, no remarkable effect was
obtained like shot peening treatment for steel materials. The improvement in
hardness and residual stress was also obtained in the wet blasting treatment, so it is
thought that the effect of improving the fatigue strength was suppressed by the
influence of the surface roughness.

Untreated 0.2MPa 0.3MPa

Fig. 5. IPF map.

Untreated 0.2MPa 0.3MPa

Fig. 6. IPF map.
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2. As a result of evaluating the crystal by EBSD analysis, twin formation by wet
blasting was not found. However, it was clarified that the intragranular strain
increased with the increase of the blast pressure.
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Abstract. Peening velocity (shot velocity) is one of the key parameters
in shot peening process, which directly relates to intensity and cover-
age area. A desired intensity and/or coverage area can be attained by
controlling the peening velocity to the right value. However, this is a
challenging task as the peening velocity is the function of many different
variables (peening system, nozzle design, air pressure, media (shot) flow
rate, shot size, etc.). In this study, we develop a process model that links
the input/operating parameters of the peening machine to the average
shot stream velocity upon impact. In particular, the formulation of shot
stream velocity is derived as the function of input air pressure and media
flow rate, which also accounted for the peening system and nature of the
flow inside (e.g., nozzle shape, pressure loss, energy transfer, and tur-
bulence, etc.). The model is validated against the experimental data for
different inlet pressure as well as the media flow rates. The calculated
results are in good agreement with experimental data. Furthermore, the
model validity and reliability are examined for the wide range of input
parameters and the system parameter. The results also indicated that the
developed process model can be applied for different peening machines
with different nozzle design by defining relevant model constants. There
are a few key applications for the process model; which are (1) the model
can support the operators to rapidly estimate and setup the working
conditions of the machine to attain the desired peening intensity and
coverage area to avoid the cost and time in doing experiments based on
trials and errors, and (2) The model also can be used in model predictive
control (MPC) to develop the controller for the peening machine.

Keywords: Shot peening · Analytical model · Peen velocity ·
Peening intensity · Peening coverage

1 Introduction

Shot peening is a cold working process that is widely used in the surface enhance-
ment process of metallic components [1]. The quality of a peening process is
c© Springer Nature Singapore Pte Ltd. 2020
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relied on the intensity and coverage, which strongly depend on the direct peen-
ing parameters (such as, impinging velocity and angle, material properties, peen
size and type, number of impacts, etc.). In which, the intermediate imping-
ing velocity (or peening velocity) is one of the most important parameter that
links the operational conditions (air pressure, peen flow rate, peening system,
and nozzle design) to the outputs of peening process (coverage and intensity). In
practical operation, to determine a set of inputs for an expected intensity and/or
coverage, operators have to perform a series of experiments to build a satura-
tion curves each time [1]. Producing these saturation curves is often very costly
and time consuming. In addition, performing the computational fluid dynamics
(CFD) with finite element analysis (FEA) for shot peening problem is very time
consuming and expensive. Therefore, an accurate model is necessary to provide
a fast and reasonable solution for analysis and control.

So far, massive of empirical models have been built to analytically evalu-
ate (predict) important shot peening parameters (coverage and intensity) [2–8].
Among these models, the peening velocity is vitally important role as it is used
as a main variable for evaluating the coverage and intensity. However, an accu-
rate model for peening velocity is still awaited to provide a link from input
parameters to output of interests. Thus, in this study, we proposed an empirical
model, which is constructed using the spare identification of nonlinear dynam-
ics (SINDy) algorithm with limited experimental data and incorporating with
the physics domain knowledge [10]. The empirical model of peening velocity can
provide a fast and accurate intermediate solution value for evaluating the cov-
erage and intensity from a particular operating conditions without the need of
performing many experiments.

In addition, to improve the quality of shot peening process, controlling the
impinging velocity is considered as a potential option as mentioned in [9]. How-
ever, experimentally observing the peening velocity only supports for current
system control manually. It is very time consuming and requires a strong expe-
riences of the operators. Therefore, in this study, we also proposed a new con-
trol algorithm (namely model predictive control (MPC) [11,12]) to automat-
ically adjust input operational conditions to attain desired peening outputs.
The model-based control algorithm often requires a process model for controller
development. Here, we employed the SINDy with control algorithm (proposed
in [13]) to derive the process model for the shot peening process from limited
experimental data. (Particularly, the empirical model of peening velocity with a
proxy model will used to develop the process model for MPC controller develop-
ment.) The paper is organized as: Sect. 1 is paper introduction, Sect. 2 describes
the model development, Sect. 3 shows model validation for accuracy and relia-
bility, Sect. 4 expresses the potential applications of the developed model, and
Sect. 5 concludes the paper content.
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2 Model Development

In this study, we assume that the peen velocity at the impact having the following
form:

Vp = f(p,m, peentype, peendiameter,Δp, turbulence, etc). (1)

where Vp is the peening velocity, p is inlet pressure, m is media (or peen) flow
rate, and Δp is pressure loss along the pipeline system from the inlet to noz-
zle outlet. In order to determine Eq. (1) for our typical peening machine, we
employed the spare identification of nonlinear dynamical system (SINDy) algo-
rithm (proposed by Brunton et al. [10,13]) to extract the velocity equations
from experimental data. In this study, experiments are performed for different
operating conditions of inlet pressure and peen mass flow rate. Three pressure
sensors are placed along the nozzle to record the pressure history of airflow. The
collected history data of all input air pressure at the inlet (p1, p2, · · · , pn), all
pressure at three sensor location along the peening nozzle (ps1i, ps2i, and ps3i, for
i = 1, · · · n), media flow rate (m1,m2, · · · ,mn), peening angle (θ), and peening
nozzle diameter (dnozzle) are stored in a state matrix X as the following format:

X =

⎡
⎢⎢⎣

p1 m1 dp ps11 ps21 ps31 θ dnozzel

p2 m2 dp ps12 ps22 ps32 θ dnozzel

· · · · · · · · · · · · · · · · · · · · · · · ·
pn mn dp ps1n ps2n ps3n θ dnozzel

⎤
⎥⎥⎦ . (2)

And the corresponding velocity measurement for all cases is stored in a column
vector V as the following:

V =
[
v1, v2, v3, · · · , vn − 1, vn

]T
. (3)

Also, we build a function library of Θ(X) including the candidate nonlinear
functions of the column of X as the followings:

Θ(X) =
[
1, X, X2, X3, · · · , exp(X), · · · , sin(X), cos(X), · · ·] . (4)

In Eq. (4), each component represents a candidate function for the variable X.
Assume that there are few entries of the nonlinearities, which are active for
each variable. Thus, we might setup a sparse regression problem to determine
the sparse vectors of coefficients Ξ = [ξ1, ξ2, ξ3, · · · , ξn] that determines which
nonlinear functions are active:

V = Θ(X)Ξ. (5)

Solving for the system of equations (5), we will obtain the governing equations
for peening velocity. Here, the right hand-side of the equations are the mea-
surement peening velocity for each input variable, while the coefficients Θ(X)
are the data matrix. The data matrix is determined from inputs parameters
with function library. When the measurement contains noise that might cause a
overdetermined system. So, depending on the noise level we may need to filter
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the experimental data before solving for Ξ. Here, we employ sparse regression
to identify a spare Ξ corresponding to the fewest nonlinearities in our library
that give good model performance with:

ξk = argmin
x

1
2

‖ Vk − ξ̂kθT (X,U) ‖22 +λ ‖ ξ̂k ‖1 . (6)

The term ‖ . ‖ term promotes sparsity in the coefficient vector ξ. This optimiza-
tion can be solved using the sequentially thresholded least squares procedures
as in the following algorithm [13,14]:

Algorithm 1. Sequentially thresholded least squares for evaluating active equa-
tion components

Input: Measurement V, library candidate functions ΘT (X,U), and thresholding
parameter λ.
Output: Matrix of sparse coefficient vector Ξ
1: function REGRESSION(V, θT(X,U), λ, N)
2: Ξ̂0 ← (θ)†V � Initial guess.
3: while not converged do
4: k ← k + 1
5: Ismall ← (abs(Ξ̂) < λ) � Find the small entries
6: Ξ̂k(Ismall) ← 0 � Find threshold
7: for all variable do
8: Ibig ←∼ Ismall(:, ii) � Find big entries
9: Ξ̂k(Ibig, ii) ← (θT (:, Ibig))

†V(:, ii) � regression on those terms
10: end for
11: end while
12: end function

It should be noted that a suitable library of candidate terms is vitally impor-
tant in SYNDy algorithm. If we don’t have any information about physics of the
problem, the strategy is to start with a basic choice, such as a polynomials, and
then increase the complexity of the function library by adding other terms with
higher order and more complex functions. If we have physics information, we
might incorporate the physics to design the library. In this study, we used the
first set of experimental data for peen type of ASR230 and different operating
conditions of inlet air pressures and peen flow rates, while all other parame-
ters are fixed. The inlet air pressure is ranging from 20 psi to 65 psi, while the
peen media flow rate is from 1 kg/min to 5 kg/min. The following formulation is
obtained for peening velocity:

Vp =
1√
S

∗ A ∗ (1 − exp(
−pin

B + C ∗ m + D ∗ m2
)). (7)

In this expression, pin is the inlet air pressure (in bar). m is the peen media flow
rate (in kg/min). S = 230, is assumed to be the peen type. A = 1.125 × 103, is
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assumed to be related to the peen size and peening machine. B = Δp is related
to the pressure loss along the way to nozzle exit. C = 0.075 assumed to account
for the effect of pressure and velocity gradient, while D = 0.00125 considers
for the effect of the viscosity and turbulence. The results are shown in Fig. 1 as
follows:
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Fig. 1. Comparison between the empirical model and the experimental data for peen
type of ASR230.

Figure 1 shows the comparisons of experimental data and obtained empiri-
cal model for different peen media flow rate (top-left (1 kg/min), top-right
(2 kg/min), bottom-left (3 kg/min), and bottom-right (4 kg/min)). It shows that
the model can accurately reproduce the experimental data for different setting
of operational conditions. For further exploration, the empirical model will be
benchmark against other operating conditions for accuracy and reliability.

3 Model Validation

In this section, a set of other experiments, which is not included in the model
development process, is used to benchmark for the developed model for the



Peening Velocity for Coverage and Intensity 31

validity and reliability. Here, we use the same settings for all input operating
conditions (air pressure and peen media flow rate) and all other setups of the
same peening machine. The only difference is to change peen type from ASR230
to ASR70, which is a smaller peen. As such, in the empirical model, we only
change the coefficient S = 230 to S = 70. Figure 2 shows the comparisons of
the empirical model and experimental data for different peening media flow rate.
Top-left figure is for the case of peen flow rate of 1 kg/min, top-right is 2 kg/min,
bottom-left is 3 kg/min, and bottom-right is 4 kg/min for varying inlet air pres-
sure. It can be seen that the model is in good agreement with the experimental
data. It implies that the developed empirical model can be used to predict for
the peen velocity for different operating conditions of the defined shot peening
machine. In addition, we also can use this results to analytically estimate the
peening coverage [2,3] and/or intensity [4]. Also, this may help the operator with
a faster setup of the machine for an expecting peening outputs (coverage and
intensity).

4 Applications

As mentioned in previous section, the peening velocity is a vitally important
peening parameter, which can link the inputs of operation setting (e.g., air pres-
sure, media flow rate, and other settings) to the outputs of peening coverage
and intensity. Thus, the empirical model of peening velocity can be used for
controlling or predicting the outputs of the peening operation with the setting
inputs.

For predicting peening coverage and/or intensity, peening velocity at the
impact have been used to evaluate the coverage [2,3] and intensity [4] for a
defined peen type and certain operating conditions. In study [2], David uti-
lizes the peen velocity at the impact to calculate the particle work potential
(Wp = πD3ρv2/(12×106)) for indent diameter evaluation, which is used to evalu-
ate the peening coverage factor (K), then coverage with C = 100(1−exp(−K∗t)).
While Nguyen et al. [3] used impact velocity to evaluate single dimple area as

a = Ec∗d2
p∗√

ρ∗Vp/sin(θ)√
B

that can be used for different peen types and target
materials. In the coverage prediction model, the multiple impaction and over-
laping indentations are accounted as C(%) = 100(1−exp(−∑N

i=1
ai

A )). Similarly,
David [4] evaluated the peening intensity using analytical formulation of peen
type and impact velocity with I = S∗0.00366591(1−exp(−0.010482∗V )). Thus,
our prediction model of peening velocity can be utilized as an input for coverage
prediction in both [2,3], and intensity for different operating conditions and peen
types. Take for example, if we use inlet air pressure at 4 bar and media flow rate
of 3 kg/min for the current shot peening machine and ASR70 peen type, using
Eq. 7 we get average peening velocity at about 107.4 m/s. So that the predicting
intensity is about 0.1734.
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Fig. 2. Comparison between the empirical model and the experimental data for peen
type of ASR70.

For system controlling, this empirical model with a proxy model can be
employed to develop a control-based algorithm for peening machine. This model-
based controller (or model predictive control (MPC)) [13] is an advanced con-
trol technology that uses the model to preview the future of dynamical system
to adjust the control input(s) to achieve the set objective function. With the
developed empirical model of peening velocity and proxy model, we can build
a process plant model for MPC controller of the peening machine (See Fig. 3).
Here, we assume that the inlet air pressure and peen media flow rate are manip-
ulated variables, which are controlled to attain the peening intensity. We used
our empirical model with proxy model in ([4]) I = S ∗ A1(1 − exp(−B1 ∗ V ))
to link control inputs (p,m) with control outputs (I). We assume that these
function is also function of time, so we take the derivatives of both functions in
time and get the following process model for peening velocity.

dI

dt
= F1{ S ∗ A

B + Cm + Dm2
exp(

−p

B + Cm + Dm2
)(

dp

dt
+

p ∗ C

B + Cm + Dm2

dm

dt
)}
(8)
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Fig. 3. Control diagram of a shot peening machine.

with

F1 = S∗A1B1∗exp(−B1∗Vp) = S∗A1B1∗exp(−B1∗ 1√
S

∗A∗(1−exp(
−pin

B + C ∗ m+D ∗ m2
)))

(9)
Then the control problem becomes

minimize
p∈[pmin,pmax],m∈[mmin,mmax]

J(X(t), y(t), p,m), (10)

s.t.
İ = f(p,m) (Equations (8) and (9)), (11)

pmin ≤ p(t) ≤ pmax, (12)

mmin ≤ m(t) ≤ mmax. (13)

In this control problem, J(X(t), y(t), p,m) is the objective function of the con-
trol problem, which is often expressed as J(X(t), y(t), p,m) = Min(

∑N
i=1(ŷ −

ys)Q(ŷ −ys)T +
∑M

k=1 ΔuRΔuT ). pmin and pmax are the pressure constraints of
the peening system (with minimum and maximum pressure, respectively), while
mmin and mmax are the minimum and maximum peen flow rate of the peening
system, respectively. ŷ and ys are the measurement and set point intensity (or
designed intensity).

To demonstrate for control application, a control soft-launch has been per-
formed to attain three different values of intensity, which are I = 0.325 for
t ∈ [0, 10] s, I = 0.525 for t ∈ [0, 80] s, and I = 0.175 for t ∈ [80, 120] s. The
delay time is set at about 5 s for peen velocity responding at the impact region.
The peening media flow rate is fixed at 3 kg/min, while the inlet air pressure is
controlled to attain the set intensity. Figure 4 shows the results of soft-launch
control with designed MPC controller. Solid red line is designed set point for
intensity, while solid black line is output measurement intensity. The blue line is
adjusting value of pressure at the inlet (Δp) in (bar) to achieve the set-points.
The dashed black line is prediction intensity, while dotted green line is prediction
pressure. The process control is quite stable, accurate, and reliable. The simu-
lation time of this nonlinear MPC met well with real-time control requirement.
It implies that the proposed control approach is quite promising for real-time
controller development of automated shot peening machine.
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Fig. 4. Results of soft-launch control with developed MPC controller for peening
machine.

5 Concluding and Future Works

In this study, the sparse identification of nonlinear dynamics (SINDy) algorithm
is employed to construct the empirical model for peening velocity from limited
data resources. It also can incorporate with physics domain knowledge to build
the function library. The obtained model is developed for particular shot peen-
ing machine with known nozzle design and peening type information. In this
study, the model is developed from an experimental data set for fixed peen type
(ASR230), and different inlet air pressure and peen flow rate. For the current
peening system, the model can accurately predict the impinging velocity for
different peen types and operating conditions.

For practical operations, the developed empirical model can employed to pre-
dict the impinging velocity for different conditions, which can provide informa-
tion to reasonably estimate the peening coverage and/or intensity. The obtained
results may provide great information for practical setup of the real peening
operation. It can help to reduce the cost and time to perform a lot of experi-
mental work to build saturation curve for practical operations.

For system controlling, the empirical model of peening velocity with proxy
model can be used to develop a process model for model-based controller devel-
opment. A fundamental closed-loop optimal model predictive control (MPC)
framework has been developed for shot peening machine based on the developed
peening velocity model and proxy model. A soft-launch control has been per-
formed to achieve some set different intensities by automatically control the inlet
air pressure, while the peening mass flow rate is fixed at 3 kg/min. The prelim-
inary results shows that control process is fast, stable, accurate, and reliable. It
is suitable for real-time control.

For future plant, this work needs further developments to establish a practical
and reliable feedback control system. Such as, the process model need to be
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developed further for more accurate and incorporating with reliable sensor data.
Data driven technique also needs to be implemented for improve process model
and feedback control. Depending on the received data from sensor, a filter model
will be integrated into control system.
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Abstract. The present study aims at enhancing the comprehension of the
interactions between shot and target during shot-peening process, with focus on
the energy transmitted and roughness generation. A single impact approach was
developed in order to establish relations between the process parameters, media
and target properties, and the generated surface state.
Al-6061-T6 plates were peened with only one shot made of different materials

(ceramic, metals) under controlled process conditions (pressure, distance and
angle). Process parameters such as incident and rebound velocities were
determined by coupled fast-cam.
This approach allows identifying key criteria combining media properties and

shot peening process parameters, initial step, to monitor and optimize the surface
topography of the peened sample.

Keywords: Shot peening � Ceramic shot � Surface topography optimization

1 Introduction

Surface finish impact many functionalities of products such as fatigue (cracking), wear
(pullout); corrosion (pitting corrosion) [1], bacterial adhesion [2], cosmetic [3]. To
improve surface properties and hence the marketing of products, shot penning is one of
the most processes involved at industrial scale. Shot peening is defined as a cold
working process that induces plastic deformation in the peened part, which in turns
generates residual stresses. Residual stresses level is related to process parameters like
peening time, pressure or coverage [4]. This is the better-known application and one of
the most studied [5, 6] applications both from the scientific (open literature) and
technical (case studies) purposes.
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However, there are applications for which surface topography plays a crucial role in
obtaining the desired cosmetic and mechanical properties [7]. Roughness generation [8]
could be a major problem for certain applications, particularly in aeronautics and
automobile.

In the field of telecom, roughness generation by shot peening changes cosmetic
finishing of casing, anti-fouling [9] or aesthetics’ aspects of packaging’s allowing to
increase products attractiveness. Surprisingly, roughness generation in shot peening
process remains poorly understood.

Increase current roughness knowledge is one of the largest assets to build a strong
physical model to improve the understanding of blasting process. The definition of a
representative surface element, the number of impacting beads, the dynamic a geo-
metric of bead presence (shape, diameter, speed…), should pave the way for increasing
roughness understanding. In this way, we think that the first step is to better observe the
phenomenon by projecting only one shot on target and make a fine description of its
impact on surface modification. In what follows we shall deal with collision between
spherical ball and flat aluminum surface, and then consider the process signature
transfer between them.

2 Objectives

A single impact approach was developed in order to establish relations between the
process parameters, the media properties, the target properties, and the generated
surface state (indent shape and roughness).

3 Methodology

In order to generate experimental data, several researchers have simulated the impact of
one bead on target through using a mechanical press (like Brinell test), drop test or
using a blasting system with very low coverage rate [Saint-Gobain internal report].
Blasting system with low coverage is the most realistic but it is difficult to associate a
bead [10], along with its trajectory or speed, with an indentation. Although this method
is probably the most rigorous, the tracking of a single bead can sharpen the compre-
hension of the interaction between key parameters.

3.1 Specimen and Shot Preparation

As a first step, we treated Al 6061-T6 non-polished plate of dimension 50 � 50 � 1.
Mechanical properties are given in Table 1.

Table 1. Target’s properties

Properties Yield strength
(MPa)

Poisson’s
ratio

Density
(kg.m−3)

Young’s
Modulus (GPa)

Vickers
hardness

270 0,33 2700 69 107
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All shots were requalified to have a weak diameter scatter, using 850 µm test
sieves, which is in accordance with NF ISO 3301-2 standards.

For each commercial batches of shot, 200 g were sieved. After 5 min in sieve
shaker (Retsch AS200 Tap), only shot which had been blocked in sieve’s metal cloth
were kept. In this study, 5 batches of shots are compared: Z850 (ZirShot® Saint-
Gobain), ZC850 (ZirShot HDC® Saint-Gobain), APTZ, S330 and G3. Mechanical
properties are summarized in Table 2.

G3 beads are made with spheroidize wire cut, and they may obtain particular shape
during process. G3 beads were cycled (270 min at 27A) into little blast system for the
purpose of increase beads sphericity.

3.2 Experimental Data

To generate experimental data, shots were projected one by one via an isolated Venturi
nozzle [Arena Blast CN4 et BU8] on Al 6061-T6 Target. To get reliable results, each
experiment was repeated ten times under identical conditions. During this process, two
synchronized fast cams (of Photron brand) allowed us to record shot flight information.
Mono-impact experiments were performed under the machining condition given in
Table 3.

To carry out this project, we developed a laboratory-peening machine with an
industrial nozzle. The purpose is to reproduce at full scale the forces and deformations
occurring at the regions of contact when dealing with spherical beads and flat surfaces
in collision as involved at shot penning. Peening box is fully instrumented by two fast
Cam, one pressure reducing valve and one industrial Venturi nozzle. A fast cam
recorded from the top of the box (XY plane) and the other one from the front of the box
(XZ plane) as noted in the sketch (see Fig. 1) given below.

Table 2. Shot’s properties

Shots B/L SPCT Diameter
(µm)

Young’s Modulus
(GPa)

Poisson’s
ratio

Density (kg.
m−3)

Vickers
hardness

Z850 0,95 0,99 850 220 0,29 3880 698
ZC850 0,94 0,99 198 0,32 6220 1185
APTZ 0,93 0,99 198 0,32 5400 1350
S330 0,92 0,99 200 0,33 7400 540
G3SPH 0,87 0,98 200 0,33 7400 700

Table 3. Experimental condition

Nozzle Distance Angle Pressure Target

Venturi - ∅8 mm 20 cm 90° 4 Bar Al 6061-T6
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The first step in data analysis was to do video analysis to extract from the two
videos spatial coordinates, XYZ speeds and accelerations. For this we used free soft-
ware named Tracker 5.0.51, which allows to follow evolution of shot during trajectory
with only one element of scale and the Frame/Second reference.

4 Results and Discussions

In this section, we consider the impact of beads nature on indent morphology and
process signature. All results are based on the average of the 10 measured values by
sample.

4.1 Velocities and Kinetic Energies

Using results of coupled fast cam, velocities of beads can be expressed. According to
two components: incident (trajectory between nozzle and target) and return (after
impact) (see Fig. 2).

• Z850 is the product with the lowest density (3440 kg.m−3) and it is the fastest one.
On the other hand, G3SPH is the heaviest bead (7400 kg.m−3) and the slowest. So
increasing of density leads to decreasing beads velocity.

The work was steered by Venturi nozzle air pressure (Table 3). We have shown
that beads velocity is inversely related to beads density. Then, in order to make rebound
velocities of beads comparable, we have calculated the rate of change of velocities,
according to the equation below:

Fig. 1. Sketch of the installation: industrial Venturi nozzle.

1 Tracker 5.0.5 12 May 2018 Copyright © 2018 Douglas Brown [https://physlets.org/tracker].
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Rv ¼ Vr � Við Þ
Vi

ð1Þ

When we observe the rebound of beads (Fig. 2), it is possible to see that G3SPH and
ZC850 have the same variation of speed while it is higher for Z850, which means that
the first two products are losing more speed than the last one. Z850 is indeed a low
hardness rigid ceramic bead and it is the bead that preserved the highest velocity during
the impact phase. At the same time, G3SPH is a ductile steel bead with same hardness
than Z850 and which loses as much velocity than ZC850, which is a high hardness
rigid ceramic bead. These variations must be linked to the plastic flow occurring and
the energy lost between the bead and the target during the collision. There is a close
link between incident velocity and beads density on one side and hardness dynamic
hardness of beads and rebound velocity on the other side.

Based on beads velocities above, it’s possible to calculate the Kinetic Energy
(KE) of each bead by using this formula:

KE ¼ 4p
6
� q� R3 � v2 ð2Þ

Where q, R and v are respectively the bead density, bead radius and bead velocity.
Due to his speed, Z850 is the product with the higher kinetic energy despite is

lower density. In the other hand, due to his density (double than Z850 one) ZC 850 has
almost the same kinetic energy (about 1250 µJ) while his velocity is 10 m/s lower.
From the industrial point of view, this is quite interesting. This means that there is an
ideal trade-off in term of density effect: beyond a density threshold, velocity becomes
insufficient.

G3SPH ZC 850 Z850
Vi (m/s) 28 35 46
Vr (m/s) 6.85 8 15
RC of Speed -0.75 -0.76 -0.68
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Fig. 2. Histogram showing average incident and rebound velocities of each kind of beads and
the rate of change between the two previous velocities.
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And it would seem that capacity to transmit energy is proportional to bead hardness
and the higher the ratio between target hardness and bead hardness is, the more efficient
the process is.

4.2 Indent Profile

One way to better understand interactions between beads and target is to characterize
the indent imbedded by the bead on the target. Figure 3 shows surfaces of studied
beads before collision and indentation left on surface target after collision with a
scanning electron microscopy (SEM).

SEM observations allow to observe roughness on beads surface. G3SPH surface
indicates clearly facets due to repeated shock, allowing to obtain sphere from cut wire
while S330 has a shell made of steel oxide. On its part, Z850 has dendritic texture on
his surface, which creates pyramidal structure. APTZ show fine roughness on surface,
and it seems that ZC 850 is the smoothed one.

Second, observations of indents under SEM show that it is possible to find the same
shape of roughness into the ident than on beads surface. In addition, Indents obser-
vations with LEXT 5000 allow to fine characterize shapes (depth, diameter and
roughness) of indent. It is also possible to compare average diameters of indent with the
ratio (R) as calculated below:

R ¼ HardnessBead � DensityBead
HardnessTarget � DensityTarget

� �
ð3Þ

Histogram reported on Fig. 4, shows three different behaviors:

• Z850 indent is the smaller (about Ø300 µm) and Z850 beads have the smaller
hardness and density ratio. It’s interesting to note that Z850 beads are also ones that
are the fastest and deploy the highest incident kinetic energy. So, material property
of beads could be more significant than process parameters in indent creation.

Fig. 3. Top-down: SEM pictures (x150) of beads before impact on target; ‘SEM pictures (x150)
of indentation left on surface target. Left-Right: A_S330; B_G3SPH; C_APTZ; D_Z850; E_ZC
850.
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• G3SPH has the smallest incident kinetic energy and create 10% higher diameter
indent than Z850. S330 and G3SPH are both steel product with the same density
[7400 kg.m−3], different Vickers’s hardness [540 & 700] and diameters of indents are
the same for both products. It’s seemed that indent diameter is linked to bead density.

• Finally, high density and high hardness ceramic products inlay a largest indent
while they have a density much lower than ductile steel beads. And ZC 850 has the
same kinetic energy than Z850 but his indents diameter is bigger than Z850 one. In
view of these results, it’s seemed that indent diameter is linked to bead hardness.

In this way, indent diameter could be tuned by modification of the R ratio, observed
on grey curve, see upward. Thus, it would appear that density and hardness of the bead
played a role in diameter of the indent and both are proportional to indent diameter.

Similarly, the indent depth seems to have no direct link with beads hardness but we
can observe a trend which link proportionally density and indent depth, see Fig. 5.

S330 G3SPH ZC 850 TZ5 Z850
D I (μm) 330 337 371 355 304
HV*Density ratio 15 19 27 26 10
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Fig. 4. Histogram showing average diameter of indent embedded by each products Al 6061-T6
target, at 4 bar, 20 cm and 90°. Histogram also included ratio calculate according to (3).

S330 G3SPH Z850

Depth. I (μm) 30.34 30.19 22.63

Density 7400 7400 3880
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Fig. 5. Histogram showing average depth (µm) of indent embedded by S330, G3SPH and Z850
bead on AL 6061-T6 target at 4 bar, 20 cm and 90°. Histogram also showing beads’ density.
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Under the same variation of kinetic energy and the same hardness, Z850 and
G3SPH show that diameter of indent is bigger for higher density [From 3400 to
7400 kg.m−3, about 30% deeper]. At the same time, G3SPH and S330 show that, under
the same variation of kinetic energy and the same density, diameter of indent is the
same for different hardness (hardness variation about 160 HV).

Therefore, according to Eq. (2), upward, indent of all beads have an equivalent
sphericity, diameter indent is link to hardness and density while depth of indent is
linked to density of beads. Beyond the impact on indents’ shape we have observed the
impact of surface roughness of beads into the surface roughness of the indent.

4.3 Process Signature Transfer

It is possible to see, using a SEM, that the same patterns are observable on beads and
into indents, see Fig. 6.

We calculate the Sa parameter that represents the arithmetic mean of the absolute
ordinate Z (x, y) within the evaluation area, with the following equation:

Sa ¼ 1
A

ZZ
A
Z x;yð Þ
�� ��dxdy ð4Þ

Figure 7 show all the results obtained thanks to measurement and calculation.
Steel beads have the highest surface roughness (Sa value about 30 µm) while

ceramic beads have Sa value below to 20 µm. All beads, except ZC850, increase the
surface roughness of target after impact. ZC850 has smoothest surface of beads and
decrease the surface roughness of target. So during shot peening process, beads printed
on the surface target two kind of roughness (scale effect). This means that in the case of
industrial shot peening process, there are two permanent roughness impressions leave
by bead after rebounding, one at macro-scale due to coverage of beads and one inside
the indent scale (micro or meso-scale) left on target surface.

Fig. 6. Top-down: [A‘to E’] SEM pictures of Surface of beads before impact on target (x1.5k);
[A‘’ to E’’] SEM pictures (x1.5k) Indentation left by previous beads on surface target. Left-Right:
A_S330; B_G3SPH; C_APTZ; D_Z850; E_ZC 850
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Target surface roughness played an important role on surface functionalization like
capability to deviating light. Thanks to Nano roughness functionalization, it is possible
to modify the design [10] and texture [11] of the target and develop new casing. In
conclusion, it would be interesting to control the surface roughness of bead to increase
the capability of surface functionalization.

5 Conclusion

In this study, we have examined energies transmitted and roughness generation during
blasting process, through a single impact approach. In that respect, a test bench was
developed which allows to acquire beads incident and rebound velocities thanks to
coupled fast cams. This study shows that bead velocity is linked to its density. At the
same time, indent diameter and depth is proportional to beads density. To that extent,
there is a precise optimum for beads density to maximize treatment capability by
maximizing kinetic energy.

In this way, efficiency of blasting process is closely linked to the ratio between beads
and target hardness, as well as to transmitted energies. The indent diameter is also
proportional to beads hardness. As a consequence, signature impact of the blasting
process is strongly correlated to dynamic hardness of beads. Finally, beads could impact
surface roughness at multiple scales and change orientation and pattern of target surface.

Thanks to the present study, it is now possible to have a good understanding of both
mechanical and textural signatures of beads onto blasted target. It is critical to scale up
the process and observe indent shape modification due to overlapping, in real blasting
process. However, the transfer of surface beads roughness to target it is the same.

Indeed, experimental data allowed to build a strong mono-impact model (not
described here). These learnings added solid guidelines to convert mono-impact sim-
ulation to multi-impact simulation, in way to create a predictive model for surface
properties of blasted object.

G3Sph S330 APTZ Z850 ZC800
Sa (μm) - Beads 0.29 0.39 0.20 0.14 0.09

Sa (μm) - Target 0.37 0.59 0.55 0.25 0.12

Sa (μm) - Target Raw 0.13 0.13 0.13 0.13 0.13
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Fig. 7. Histogram showing average Sa, calculate thanks to (4), of the surface of beads and the
indent surface. Grey line represented the untreated surface of target.
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Abstract. Shot peening has been widely used for industrial field because of its
attractive effects to increase strength of treated material. In addition,
microstructural changes induced by shot peening have been recent interest since
they possibly promise adding surface functions and enhancing the surface
characteristics. In this study, shot peening was conducted on electroplated
chromium coatings deposited on carbon steel substrate in order to create
mechanically-mixed microstructure which was composed of iron and chromium.
Microstructural changes induced by shot peening was carefully analyzed under
ranging peening time. Results indicated that shot peening using steel grit par-
ticles created specific microstructure where fragments of chromium plating were
dispersed into steel matrix whereas shot peening using spherical shot insuffi-
ciently induced the microstructural changes. It was implied that fragments of
chromium plating were transported from top surface to steel substrate interior
and simultaneously pulverized due to continuous impact of the particles during
shot peening process. Severe plastic deformation induced at the shot-peened
surface played as a driving force to induce material transportation and resulting
“composite” microstructure formation.

Keywords: Shot peening � Electroplating � Mechanical alloying �
Severe plastic deformation

1 Introduction

Shot peening (SP) has been a potential surface enhancement process which brings
increased fatigue strength for machine components. In addition, interests on SP has
been rapidly expanding because various reports indicated alternative effects of SP. For
example, it has reported that SP under oblique nozzle angle could create periodical
surface texture which reduced friction coefficient of the surface [1].

Material transfer [2] from the particles to the peened surface would be one of new
potential effects of SP. This effect has been attempted to apply for enhancing thin film
adhesion [3], adding solid lubricants onto the surface [4], creating bioactive surface for
medical devices [5, 6], and forming intermetallic coatings [7]. It should be noted that
some reports indicated that transferred material was embedded into the substrate when
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shot particles much harder than the substrate were employed for SP. Nanocrystalliza-
tion caused by SP has been also reported by many researchers [8–10]. It was con-
sidered that severe plastic deformation of peened material gave driving force of
dynamic recrystallization [9]. Takagi et al. [9] proposed “folding deformation” model
which occurred in substrates relatively softer than shot particles. “Folding deformation”
resulted in formation of thick nanocrystal layer.

Considering the fact that SP induced embedment of the transferred materials as well
as nanocrystallization due to “folding deformation”, it can be suggested that material
should be mechanically-mixed when it is treated with SP. Although the detail of the
mixing mechanism has not been clarified, it is expected that the microstructural
changes resulted from the mixing process would be adopted as a new approach of a
novel surface modification.

This study aims to investigate the changes in microstructure which occurred in a
steel substrate coated with chromium plating. It is supposed that coating elements and
substrate would be likely mixed in mechanical manner by conducting SP. Microstr-
ucture was analyzed after conducting SP on coated workpieces to elucidate how the
mixing process progressed.

2 Experimental Procedure

Figure 1 summarized flowchart of specimen preparation. By conducting electrodepo-
sition followed by SP, four types of specimens, which varied in substrate roughness as
well as particle used for shot peening, were prepared: SS(Steel Shot)-Cr/SS(Steel
substrate with Smaller roughness), SG(Steel Grit)-Cr/SS, SS-Cr/SL(Steel substrate with
Larger roughness), and SG-Cr/SL. The detailed procedure of the preparation is
described as below.

Machining

Roughening (Smaller 
roughness Ra 1µm)

Roughening (Larger 
roughness: Ra 3.5µm) 

Degreasing & etching

Electrodeposition of Cr (Thickness: 3µm)

SP
(spherical 
steel shot

SP
(angular 
steel grit)

SP
(spherical 
steel shot)

SP
(angular 
steel grit)

SS-Cr/SS
series

SG-Cr/SS
series

SS-Cr/SL
series

SG-Cr/SL
series

Fig. 1. Flowchart of specimen preparation.
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First AISI1045 carbon steel rods of 15 mm in a diameter and a 30 mm in a length
were machined. A end of the rod, to be coated with Cr plating, were roughened by
conducting SP using two different conditions as listed in Table 1. This aimed to range
the interfacial roughness between the coating and the substrate. Approximate mean
roughness (Ra) values achieved by the primal roughening process were 1 lm for a tool
steel fine particle, and 3.5 lm for a cast steel grit. M10 internal screw was tapped on
another end of the rods to connect workpiece holder in electrodeposition process. The
machined and SP-finished rods were then coated with hard chromium plating. After
degreasing and acid etching to clean the surface, Cr plating was electrodeposited from a
Sargent bath on the SP-finished end of the rod. The bath contained 250 g/L of chromic
acid and 2.5 g/L of sulfuric acid. Electrodeposition was conducted under current
density set at 8 A/dm2 for initial 5 min, followed by increased to 40 A/dm2. A current
density of 40 A/dm2 is a typical setting for electrodeposition process using a Sargent
bath. Deposition was conducted for 2 min under this condition. The bath temperature
was maintained at 323 K during electrodeposition. Cr plating of 3 lm in a thickness
was obtained by the above described electrodeposition process. Finally, the rod end
with Cr plating was cut into a disk of 4 mm thickness.

Then SP was conducted on two types of Cr-coated substrates, which were varied in
the interfacial roughness, to induce microstructural changes around the coating-
substrate interface. To elucidate the effect of particle shape on the SP-induced
microstructural changes, two shot particles were chosen to be employed for SP: angular
steel grits of approximately 1000 lm in size and spherical steel shots of 1000 lm in
average diameter (Fig. 2). For angular grits, curvature radius at the sharpest corner in
each grit was less than 100 lm. Peening time was ranged from 210–630 s to clarify
how the microstructural changes occurred and progressed as a function of a peening
time. Here peening time of 210 s corresponded to the time to reach the area coverage of
90% for Cr-plated workpieces. Table 2 lists detailed conditions of SP.

Four types of Shot-peened Cr-coated specimens were then examined by using
electron probe micro analyzer (EPMA) to obtain elemental maps of Cr elements and Fe
elements. EPMA observation was conducted on cross section of the specimens. Prior to
the observation specimen were cut embedded into Wood’s alloy and polished.

Table 1. Shot peening conditions for roughening of the substrate prior to electrodeposition

Peening apparatus Air suction type, nozzle diameter: /6 mm
Nozzle distance 100 mm
Shot particles Tool steel fine particle (/50 lm), resulting Ra = 1.0 lm

Steel grit (approx. size 1000 lm), resulting Ra = 3.5 lm
Peening angle 90º
Peening pressure 0.3 MPa
Particle supply rate 1 g/s
Peening time 60 s for tool steel particle

120 s for steel grit
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3 Results and Discussions

3.1 Changes in Cr-Coated Steel Specimens Caused by SP

Figure 3 shows cross sectional elemental maps of Cr-coated specimens with ranged
interfacial roughness. Note that SP as the final step had not conducted for these
specimen. Results revealed that Cr-coatings were successfully deposited. The coatings
completely followed along the roughened substrates.

Fig. 2. Typical feature of particles used for SP. Note that tool steel fine particle was used for
roughening step prior to electrodeposition.

Table 2. Conditions applied for SP on Cr-coated steel substrate

Peening apparatus Air suction type, nozzle diameter: /6 mm
Nozzle distance 100 mm
Shot particles Steel shot (/1000 lm), Steel grit (approx. size 1000 lm)
Peening angle 90º
Peening pressure 0.3 MPa
Particle supply rate 1 g/s
Peening time 210 s, 420 s, 630 s

Cr Cr

Fe Fe

50µm 50µm

Fig. 3. EPMA elemental maps obtained from cross section of as-electrodeposited specimen.
Left: interfacial roughness Ra = 1.0 lm, and right: interfacial roughness Ra = 3.5 lm
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Figure 4 compared the elemental maps obtained from a variety of specimens which
were prepared by the four sequences mentioned in Fig. 1 and under ranged peening
time t for the final step of SP. For SG-Cr/SS and SG-Cr/SL specimens, it should be
noted that fragments of Cr plating divided into small pieces owing to SP were
embedded in the steel matrix. The embedded fragments were more clearly observed as

(a) SS-Cr/SS specimens

(b) SS-Cr/SL specimens 

(c) SG-Cr/SS specimens

(d) SG-Cr/SL specimens

Cr, t = 210s Cr, t = 420s Cr, t = 630s

Fe, t = 210s Fe, t = 420s Fe, t = 630s

50µm 50µm 50µm

Cr, t = 210s Cr, t = 420s Cr, t = 630s

Fe, t = 210s Fe, t = 420s Fe, t = 630s

50µm 50µm 50µm

Cr, t = 210s Cr, t = 420s Cr, t = 630s

Fe, t = 210s Fe, t = 420s Fe, t = 630s
50µm 50µm 50µm

Cr, t = 210s Cr, t = 420s Cr, t = 630s

Fe, t = 210s Fe, t = 420s Fe, t = 630s
50µm 50µm 50µm

Fig. 4. EPMA elemental maps corresponding to Cr and Fe obtained from specimens treated
with SP under ranged peening time t. For SG-Cr/SS and SG-Cr/SL specimens, yellow marks
indicate the existence of embedded Cr fragments.
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peening time increased. The fragments distributed approximately 15 lm in depth from
the surface after 630 s. Results mentioned above proved mechanical mixing of Cr
plating and steel substrate occurred when the Cr-coated surface was bombarded by
angular steel grit. Resulting microstructure comprised of steel matrix and dispersed Cr
fragments. This microstructure was created regardless of the interfacial roughness.
Elemental maps corresponding to Fe and Cr indicated that both elements existed
separately in the mixed structure. Thus it was considered mechanical alloying did not
occur in case of this experiment although it has been reported mechanical alloying
occurred due to severe plastic deformation.

In contrast, Cr plating was maintained on the substrate surface for the SS-Cr/SL and
SS-Cr/SS specimens: shot-peened ones using spherical steel shot. Embedment of Cr
fragments was not clearly observed for these specimens. This meant that collision of
spherical particle did not provide enough driving force for mechanical mixing. Angular
grit with sharp corner indented the surface with high contact pressure when it collided
with the surface [11]. This feature should possibly accelerate the mechanical mixing
process.

3.2 Quantitative Evaluation of Material Transport

As described above, SP using angular grit induced the mixing process, creating specific
“composite” microstructure. Necessary nature to form such microstructure was to
transport Cr fragments from top surface to material interior. To discuss more details,
image processing of cross sectional EPMA elemental maps was attempted. The goal of
the analysis was to realize how the Cr fragments moved during SP process. Thus, the
maps (500 lm length � 250 lm depth) which showed Cr elements distribution
obtained from the specimens under ranged peening time were analyzed to determine
the area of Cr plating appearing on the cross section.
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Fig. 5. Cross sectional area corresponding to Cr plating measured on the EPMA elemental
maps. Atotal: Total area of Cr plating, and Aem: area corresponding to embedded Cr fragments.
Note that each individual plot corresponds to the result obtained from each examined point.
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Figure 5 shows the cross sectional area corresponding to Cr plating measured on
the cross sections as a function of peening time of final-step SP. Two points were
examined for each specimen under ranged peening time. Results obtained from each
point were plotted in the figure. Two classification of the cross sectional areas were
compared in this figure: Atotal and Aem. Aem was defined as the cross sectional area of
the Cr fragments which located inside the substrate while Atotal showed the area of Cr
plating both of existing on the surface and being embedded. Result indicated that Atotal

declined with increasing peening time. This was resulted from erosive effect caused by
SP. In contrast, Aem, corresponding to embedded Cr fragments increased with peening
time increased and then turned into slight decrease. The rise in the earlier stage could
be attributed to embedment of Cr fragments, and the following slight decrease was due
to erosion. Thus, the erosion of Cr plating simultaneously occurred as mixing behavior
progressed. The measurement conducted on one of the SG-Cr/SL specimen revealed
that Aem increased even after 630 s of SP while another one showed decreased value of
Aem. This should be because mixing behavior was more dominant than erosive effect
for the specimen. As SG-Cr/SL specimens showed larger Aem than SG-Cr/SS ones,
larger roughness of the substrate possibly assisted to occur mixing effect.

For further investigation, each embedded fragments were carefully analyzed to
characterize in terms of the cross sectional area and the position from the substrate
surface. Figure 6 shows the relationship between the cross sectional area and the
position for each individual fragment.

Results showed that the cross sectional areas of individual fragments were reduced
with increasing peening time. Distribution of the fragments became deeper as peening
time increased. Those results demonstrated that Cr fragments were pulverized and
simultaneously transported as particles repeatedly collided with the Cr-coated surface.
As discussed above, the driving force of this behavior should be severe plastic
deformation of the substrate; materials flow of the substrate likely buried the prior
surface accompanied with Cr plating. After peening time of 630 s, coarse fragments
which were larger than 100 lm2 were no longer existed inside the steel matrix.

Consequently, the mechanism of the mixing process could be summarized as
follows:

(1) Cr plating which adhered on the substrate surface was divided into coarse pieces
by particle collision.

(2) Cr fragments were overlayed by deformed substrate, resulting in being embedded.
(3) As particles collided with the surface, embedded fragments were pulverized into

much finer pieces. The pieces were simultaneously transported into substrate
interior. This was also resulted from overlaying by the deformed material.

In this process, the larger roughness at the coating/substrate interface accelerated
the embedment of Cr fragment in the earlier stage of the SP; embedded fragments
larger in size were observed in SG-Cr/SL specimen than in SG-Cr/SS one. This should
be because intricate geometry of roughened interface assisted the substrate material to
deform onto the coatings.
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It was suggested that the findings in this study should be also applicable for peening
process conducted on “uncoated” materials. It has reported that fine particle peening
using relatively hard shot particle created lamellar microstructure in which elements
transferred from the shot particle were concentrated below the surface [2]. In this case,
elements transferred from the particle were embedded deeper as the peening pro-
gressed. This phenomenon could be attributed to the same mechanism found in this
study: pulverization and simultaneous transportation due to deformation of the
substrate.

Fig. 6. Comparison in embedded Cr fragments depending on peening time. Each plot indicates
the position and size of each individual fragments.
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4 Conclusions

As a new benefit induced by shot peening (SP), this paper focused on microstructural
changes in shot-peened surface. SP was conducted on chromium-coated steel substrate
to investigate SP-induced mechanical mixing behavior at the coating-substrate inter-
face. This study concluded as follows:

(1) Specific microstructure which consisted of chromium fragments and steel matrix
was created by SP conducted on chromium-coated steel substrate.

(2) The mixing effect was enhanced by employing angular-shaped shot particles for
SP, and accelerated by roughening the steel substrate surface prior to deposition of
chromium coating.

(3) Formation of the mixed structure progressed because chromium coating was
pulverized and simultaneously transported into steel substrate during SP process.
The driving force of those behaviors should be mechanical impact and severe
plastic deformation of the substrate caused by particle collision.
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Abstract. In order to investigate the effect of shot peening (SP) on residual
stress distribution, an amendatory theoretical model considering the effects of
friction between shots and treated component has been proposed based on Hertz
contact theory. The residual stress field induced by shot peening in 2397
Aluminum-Lithium alloy was considered as an example. To verify the theory,
the residual stresses field along the depth in 2397 Aluminum-Lithium alloy was
measured by means of X-ray diffraction method, accompanied by layer removal
technique. The distributions of residual stresses derived from experimental
results were in good accordance with theoretical model, while the minor errors
still existed among them. The slight errors are mainly ascribed to surface
roughness, ideal elastoplastic constitutive model and crystallographic textures.
As a result, the theoretical model and corresponding algorithm can be applied to
predict residual stresses fields under various shot peening conditions for
Aluminum-Lithium alloys and other metallic materials, as well.

Keywords: Shot peening � Residual stress field � Hertz theory �
Aluminum-Lithium alloy

1 Introduction

Over the past decades, shot peening, a surface modification technique, has long been
extensively employed in aviation industry to improve the fatigue life of metallic
materials through introducing compressive residual stress field and work hardening,
etc. [1]. Many researches have shown that compressive residual stress plays a vital role
in postponing the initiation and propagation of cracks, thus enhancing the fatigue
resistance [2]. Consequently, how to exactly determine and subsequently design the
residual stress field is of great significance. In most cases, it could be measured by
various experimental approaches, such as hole-drilling method [3], X-ray diffraction [4]
and neutron diffraction [5], etc. However, most of them are destructive and time-
consuming especially when the intention is to obtain the in-depth residual stress field,
preventing further in-service employment of the measured components. Therefore,
finite element method (FEM) has been operated. Prof. Guagliano [6] proposed a
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numerical approach to relate Almen intensity to residual stress field induced by shot
peening. Prof. Meguid [7] proposed a 3D finite element model with randomly dis-
tributed shots considering strain rate dependent plasticity, which has been proven to be
a powerful tool in investigating the mechanisms of peening treatment. But to a large
extent, the accuracy of numerical results mostly depends on the mesh size, boundary
condition and convergence [8, 9]. FEM models are rather time and resources con-
suming as well.

To break through the dilemma, there is a growing body of literature using theo-
retical and empirical methods to ascertain residual stress fields [10, 11]. Their empirical
and analytical equations do have some scientific significance, but up to date,
researchers have not treated friction in much detail. However, in shot peening, espe-
cially in conventional shot peening without water, the effect of friction must be paid
enough attention since the frictional heat will certainly expend some of the kinetic
energy of shots, thus affecting the distribution of residual stresses. In addition, the
plastic deformation combined with the heat induced by shot peening may also bring
about phase transformation and dynamic recovery or dynamic recrystallization, which
can act as contributors to the change of residual stresses. This phenomenon has been
researched by Chen et al. [8], and they presented a qualitative description that tem-
perature rise resulted from friction would decrease the value of compressive residual
stress. Nevertheless, a quantitative model is still lacking.

In this work, in line with the Hertz contact theory, we proposed a new methodology
for assessing the residual stress distribution introduced by shot peening theoretically by
considering the effects of friction between shots and specimen. The theoretical data was
corroborated by comparison with experimental results of residual stress field induced
by shot peening in 2397 Al-Li alloy. Hence, the convenience and veracity enable the
ameliorative model and its corresponding algorithm to a wider application in deter-
mining and designing residual stresses distributions not only in Al-Li alloys but also in
other metallic components. What’s more, it can also pave a way towards a better design
of shot peening parameters with respect to the mechanical properties of target materials.

2 Theoretical Analysis

2.1 Hertz Contact Theory Between Elastic Shot and Semi-infinite Elastic
Specimen

The impact of shots on specimen has been developed by Johnson et al. [12]. The
schematic diagram of Hertz contact between two spheres can be viewed in Fig. 1.
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The total load P applied on the specimen can be obtained by integrating pressure
distribution in elastic contact area [12]:

P ¼ 4EH

3

� �
R1=2d3=2 ð1Þ

The energy transformation can be utilized to illustrate the characteristics of contact
between shot and specimen. Considering the effects of friction between shots and
specimen, the initial kinetic energy of an impacting shot can be converted into two
parts, i.e. elastic work and friction work:

1
2

pqD3

6

� �
Vsinhð Þ2 ¼

Z d�

0
Pddþ

Z Smax

0
Ftds ð2Þ

In which D, q and V correspond to the diameter, density and velocity component of
shot, respectively; h is the incident angle; d* is the maximum relative displacement
between shot and specimen, Smax denotes the maximum relative tangential displace-
ment between shot and specimen.

According to reference [12], the tangential displacement of an impact is:

s ¼ Ft � 2� vtð Þ 1þ vtð Þ
aeEt

ð3Þ

ds ¼ l
4EH

3

� �
2� vtð Þ 1þ vtð Þdd

and the force of friction can be expressed as:

Ft ¼ lP ¼ l
4EH

3

� �
R1=2d3=2 ð4Þ

Fig. 1. Schematic diagram of Hertz contacts between two spheres.
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Then Eq. 2 can be resolved as:

1
2

pqD3

6

� �
Vsinhð Þ2 ¼

Z d�

0

4EH

3

� �
R1=2d3=2ddþ

Z d�

0
l

4EH

3

� �
D
2

� �1=2

d3=2 � l 4EH

3Et

� �
ð2�

vtÞ 1þ vtð Þ � dd ¼ l2
16E2

H

9Et

� �
R

1
2 2� vtð Þ 1þ vtð Þ 2

5
d�2=5

ð5Þ

Therefore, the maximum relative displacement d* can be derived as:

d� ¼
1
2 � pqD

3

6 � Vsinhð Þ2
2

5R1=2 � 4EH
3 � 1þ l2 4EH

3Et

� �
2� vtð Þ 1þ vtð Þ

h i
8<
:

9=
;

2=5

ð6Þ

Then the radius of the maximum elastic contact area a�e is:

a�e ¼ R � 5
4
� pq Vsinhð Þ2

EH 1þ l2 4EH
3Et

� �
2� vtð Þ 1þ vtð Þ

h i
8<
:

9=
;

1=5

ð7Þ

The maximum elastic force p�0 can be determined as:

p�0 ¼
1
p
� 40pqE4

H Vsinhð Þ2

1þ l2 4EH
3Et

� �
2� vtð Þ 1þ vtð Þ

2
4

3
5
1=5

ð8Þ

2.2 Elastic-Plastic Analysis of Loading Process

The three principle stresses and the corresponding equivalent stress and strain based on
Von Mises criteria can be stated as:

rxe ¼ rye ¼ �P0 � � 1
2
Mþ 1þ vð ÞT

� �
ð9Þ

rze ¼ �P0 �M ð10Þ

where

M ¼ 1þ z
a�e

� �2
" #�1

ð11Þ

T ¼ 1� z
a�e

arctan
a�e
z

� �
ð12Þ
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rie ¼
rxe � rye
� 	2 þ rye � rze

� 	2 þ rze � rxeð Þ2
h i1=2

ffiffiffi
2

p ð13Þ

eie ¼ rie
Et

ð14Þ

During the process of elastic-plastic deformation, the plastic strain can be deduced
from a simplified ideal elastoplastic constitutive model:

ep ¼ ee for ee\es
es þ a ee � esð Þ for ee [ es

�
ð15Þ

In Eq. 15, a is the ratio between the radius of the maximum plastic contact area a�p and
the radius of the maximum elastic contact area a�e , while es is the strain corresponding
to the yield strength rs:

es ¼ rs
Et

ð16Þ

The maximum radius of plastic contact area a�p can be calculated based on the
assumption that the incident angle of an impacting shot is 90°, making a perfect dent on
the surface of specimen, as is shown in Fig. 2.

4p
3
qR3 dV

dt
¼ pa2p�p ð17Þ

where �p is the average pressure applied by shot on the dent, V is the initial velocity of
shot, and dp is the relative plastic displacement between the centers of two objects.
Since V ¼ ddp=dt and dV

dt ¼ V dV
ddp

, then Eq. 17 can be interpreted as:

4p
3
qR3V

dV
ddp

¼ pa2p�p ð18Þ

In accordance with the Pythagorean theorem, the geometrical relationship for the
plastic dent, as shown in Fig. 2, can be expounded as:

R2 ¼ a2p þ R� dp
� 	2 ð19Þ

Since dp is much smaller than R, d2p can be omitted and Eq. 19 can be switched to:

ap ¼
ffiffiffiffiffiffiffiffiffiffi
2dpR

p ð20Þ
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Substitute Eq. 20 into Eq. 18 and integrate Eq. 18, the maximum plastic depth of a
dent can be made clear:

d�p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qR2V2

9rs

s
ð21Þ

In which �p is a constant and it is supposed to be 9rs. Then the maximum radius of
plastic contact area can be calculated as:

a�p ¼ R
8qV2

9rs

� �1=4

ð22Þ

If the incident angle is not 90°, Eq. 22 can be replaced as:

a�p ¼ R
8q Vsinhð Þ2

9rs

 !1=4

ð23Þ

The plastic stress can thus be derived from elastic-plastic stress-strain curve:

rp ¼
re for ep\ee

rs þH ep � es
� 	

for es � ep � eb
rb for ep [ eb

8<
: ð24Þ

where H is a linear strain-hardening parameter and rb is the tensile strength of spec-
imen, while es and eb are strain corresponding to the yield strength and tensile strength
of specimen, respectively.

Fig. 2. Schematic diagram of plastic contact [10].
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2.3 Analysis of Rebounding Process

Following the peening is the process of rebounding. The analysis of this process is
conducted with the following assumptions: (1) the specimen is isotropic even when
work hardening happens; (2) the deformation induced by shot peening is rather small as
compared with the bulk of specimen; (3) the process of rebounding is elastic unless
there is reverse yielding; (4) the hydrostatic stress will not lead to plastic deformation.

Accordingly, when the coverage is below 100%, the induced stress can be calcu-
lated as:

r1ij ¼
0 for re\rs

spij � seij for rs � re � 2rp

�
ð25Þ

The three stresses in x, y and z directions respectively are:

rtx ¼ rty ¼ 1
3 rp � re
� 	

rtz ¼ �2rtx
ð26Þ

If re [ 2rp, reverse yielding and work hardening will happen. Firstly, the 2rp can
be unloaded and then yielding come into emergence. However, some residual stresses
cannot be fully released:

Dre ¼ re � 2rp ð27Þ

The elastic strain corresponding to Dre is:

Dee ¼ Dre
Et

ð28Þ

The plastic strain can be determined as:

Dep ¼ a � Dee ð29Þ

And the plastic stress is:

Drp ¼ HDep ð30Þ

In this case, the three principal stresses in x, y and z directions respectively are:

rtx ¼ rty ¼ 1
3 �rp�Drpð Þ

rtz ¼ �2rtx
ð31Þ

When the coverage reaches 100%, the induced stress can be obtained as:

rindx ¼ rindy ¼ 1þ v
1�v r

t
x

rindz ¼ 0
ð32Þ
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2.4 Residual Stress Distribution in the Thin Plate

The residual stress distribution calculated previously is with the hypothesis of semi-
infinite body. But the real specimens, especially those thin plates, will have finite
thickness so that the boundary condition provided by semi-infinite model ought to be
released. As a consequence, an extra axial force (Fx) and bending moment (Mx) should
be superimposed to the previously calculated rind so that a balance is reached.

Z h

0
rindx bdzþFx ¼ 0 ð33Þ

Z h

0
rindx

h
2
� z

� �
bdzþMx ¼ 0 ð34Þ

where b is the width of specimen while h is the thickness of it. Finally, the residual
stress distribution induced by shot peening can be deciphered as follows:

rresx ¼ rindx þ rsx þ rbx ¼ rindx þ Fx

A
þ Mx

h
2 � z
� 	
I

ð35Þ

where A is cross-sectional area of specimen, rsx is the axial stress derived from Fx, rbx is
the bending stress derived from Mx and I ¼ 1=12 � b � h3.

2.5 The Algorithm Corresponding to the Theoretical Model

Taken as an example, the residual stress field of 2397 Al-Li alloy produced by S110
cast steel shots with an intensity of 0.3 mmA was analyzed. Basic mechanical prop-
erties of S110 cast steel shot and 2397 Al-Li alloy are listed in Table 1.

With reference to [13], the height of Almen strip after being shoot can be deter-
mined as:

h0 ¼ 3Mxl2

2Ebt3
ð36Þ

And regarding A-type strip: E = 200 Gpa, l = 31.75 mm (l is the distance for
measuring Almen intensity), b = 18.95 mm and h = 1.295 mm.

Table 1. Mechanical properties of S110 cast steel shot and 2397 Al-Li alloy.

Young’s
modulus (GPa)

Poisson’s
ratio

Density
(kg=m3)

Yield
strength (MPa)

Tensile
strength (MPa)

Elongation
(%)

S110 210 0.31 7800 1693 / /
2397 Al-Li 69.31 0.341 2650 423 473 7
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After calculation and fitting through Matlab 2016R, the relationship between
intensity of A-type strip and velocity of shot can be predicted by Eq. 37. In this fitting
formula, the variance R2 = 1 while the fitting curve is depicted in Fig. 3.

Intensity ¼ 0:08189 � V0:4991 � 0:04947 ð37Þ

where V is the initial velocity of shot.

On the basis of the intercorrelation between velocity and intensity derived above,
the velocity of shot corresponding to the intensity of 0.3 mmA is approximately
18.5 m/s. Then the procedure can be displayed as follows:

Step 1: Input parameters (The mechanical properties are shown in Table 1.)

1. Cast steel shot: Ds = 0.36 mm, R = D/2 = 0.18 mm, V = 18.5 m/s, coulomb
friction coefficient l = 0.2, h = 90°, EH ¼ 1

1�v2s
Es

þ 1�v2t
Et

2. AA2397 Al-Li alloy: h = 4 mm, b = 40 mm, es ¼ ry=Et, H ¼ rb � ry
� 	

=

eb � esð Þ
Step 2: Analysis

3. Calculate a�e and p�0 through Eq. 7 and Eq. 8 respectively.

4. a�p ¼ R� 8� qs � Vsinhð Þ2= 9� ry
� 	� �1=4

5. Calculate a ¼ a�p=a
�
e .

6. For each depth along z-direction from surface of specimen through the whole
depth with an increment of 1e�5, calculate the following parameters:

Fig. 3. The fitting curve of relationship between velocity of shot and intensity of A-type strip.
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• Calculate M, T, rxe, rye, rze, rie, eie with the help of Eq. 11*Eq. 14.
• Calculate ep, rp and rtx, r

t
y, r

t
z with the help of Eqs. 15, 24 and 31.

• Calculate rindx with Eq. 32.
• Integrate Fx and Mx with the help of Eq. 33 and Eq. 34, respectively.

7. Finally, calculate residual stress with Eq. 35.

The calculated residual stress field of 2397 Al-Li alloy induced by shot peening is
set out in Fig. 5 in the next section. Compressive residual stresses are introduced in the
surface layer of specimen and the maximum compressive residual stress locates in
subsurface due to the stress relaxation caused by severe plastic deformation on the
surface. Beneath the compressive residual stresses, tensile residual stresses exist to
balance it and along the thickness of specimen, the integration of residual stress is zero.

3 Experimental Procedure

To illuminate the reliability of theoretical model, the measurements of in-depth residual
stresses were performed by means of XRD using PROTO LXRD X-ray diffractometer
(Radiation Co-Ka, irradiated area 1 mm2, sin2u method, 9 diffraction angles (2h) from
−40° to 40°). Experimental facilities and specimen are shown in Fig. 4.

In order to gain the in-depth residual stress, the thin surface layer was successively
removed by electro-polishing method. For the reason of stress relaxation, the experi-
mental results need to be corrected by the Eq. 38 [14].

rc zð Þ ¼ rm zð Þ � 4rm hð Þ h� z
h

� �
ð38Þ

In Eq. 38, z is the depth from the lower surface to the point we are interested in, rm is
the measured residual stress, rc is the residual stress after correction and h is the initial
thickness of whole specimen.

Figure 5 reveals the measured residual stresses and those after correction as well as
the theoretical one. It is clear that stresses after correction are slightly smaller than those

Fig. 4. Experimental setup (a) PROTO LXRD X-ray diffractometer (b) electrochemical
polishing instrument and (c) specimen.
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uncorrected owing to stress relaxation during electro-polishing removal. Though
slightly different, the whole trend fits well with those acquired from theoretical model.

The residual stress fields gotten from foregoing two methods and the four critical
parameters [10] (with their relative errors) determining the profile of residual stress
distribution are listed in Table 2.

This study is exploratory and interpretative in nature. From the above results, the
residual stress distribution acquired by two methods all imply that a considerable depth
of specimen is characterized with significant compressive residual stresses and tensile
residual stresses beneath them. The overall trends are similar. It is reasonable to predict,
determine and design the residual stress distribution by means of the modified theo-
retical model along with its relevant algorithm though some slight differences still exist.
The deviations are mainly attributed to the following reasons:

Fig. 5. Residual stress field derived by theoretical model and experiments.

Table 2. Four critical parameters of residual stress field and their respective relative errors.

Theoretical Experiment Experiment-correction

rsrs −187.388 −183.88 (1.87%) −183.88 (1.87%)
rmcrs −299.713 −273.646 (8.76%) −273.645 (8.7%)
rmtrs 43.43 62.155 (43%) 62.15 (43.1%)
Z0 0.19 0.234 (23.16%) 0.234 (23.16%)
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1. In theoretical analysis, ideal elastoplastic model is wielded to calculate the plastic
stress and strain, which is a little deviant from real material. The effects of work
hardening or work softening are overlooked.

2. The residual stress obtained from theoretical model is distributed throughout the
whole depth of specimen. In practical measurements, however, the depth of affected
layer is rather limited. It can be explained by the fact that, in this theory, the plate is
supposed to be rather thin so that the effects of axial force Fx and bending moment
Mx can not be neglected. But the specimen is relatively thick, weakening the effects
of axial force and bending moment.

3. The increased surface roughness neglected in theoretical analysis is another factor
resulting in the difference. During experimental measurements, the high points in
the rough surface contribute more to the X-ray diffraction which may bring in
deviances to experimental results especially at topmost surface. Composite shot
peening can be utilized to reduced surface roughness.

4. In addition, there exist some rolling textures in the specimen, especially in the
subsurface beneath the modified layer produced by shot peening, which make X-ray
diffraction peaks rather diffused, leading to experimental errors. To get rid of this
problem, residual stresses can be measured by hole-drilling method in the future
investigation.

5. Finally, the difference between single point of impact in theoretical analysis and
multiple impacts in practical experiment is another factor influencing the relative
error. The methodology is just an approximation of the real process. In practical
experiment, the residual stress is the result of plastic deformation produced by
multiple shots overlapping on one another, which is a little deviant from ideal
distributions of residual stresses.

4 Conclusion

This paper proposed a modified theoretical model considering the effect of friction
between shots and specimen on the basis of Hertz contact theory. From the perspective
of energy transformation, the kinetic energy of shot transforms into plastic work and
friction work, so that the effect of friction ought to be well investigated. The optimized
model together with relevant algorithm are more accurate than those that simply rep-
resent the contribution of friction by a factor. Moreover, experiments are conducted to
validate the credibility of the theoretical model. The residual stress distributions derived
from experiment are consistent with that of theory while slight differences are primarily
put down to the differences between constitutive model, surface roughness, crystallo-
graphic textures and the difference between single point of impact in theoretical
analysis and multiple impacts in practical experiment. All in all, the present model as
well as its relevant algorithm can act as a useful tool to determine and design residual
stress distributions by applying appropriate shot peening parameters.

Investigation on Theoretical Analysis of Residual Stress Distribution Induced 67



References

1. Mahmoudi, A.H., Ghasemi, A., Farrahi, G.H., Sherafatnia, K.: A comprehensive experi-
mental and numerical study on redistribution of residual stresses by shot peening. Mater.
Des. 90, 478–487 (2016). https://doi.org/10.1016/j.matdes.2015.10.162

2. Gao, Y.K., Wu, X.R.: Experimental investigation and fatigue life prediction for 7475-T7351
aluminum alloy with and without shot peening-induced residual stresses. Acta Mater. 59,
3737–3747 (2011). https://doi.org/10.1016/j.actamat.2011.03.013

3. Kim, C.H.: Investigation on the hole-producing techniques of residual-stress measurement
by incre-mental hole-drilling method in injection molded part. Fiber Polym. 19, 1776–1780
(2018). https://doi.org/10.1007/s12221-018-8332-7

4. Wu, L.H., Jiang, C.H.: Effect of shot peening on residual stress and microstructure in the
deformed layer of Inconel 625. Mater. Trans. 58, 164–166 (2017). https://doi.org/10.2320/
matertrans.M2016298

5. Farajian, M., Hardenacke, V., Pfeiffer, W., Manuela, K., Joana, R.K.: Numerical and
experimental investigations on shot-peened high-strength steel by means of hole drilling,
X-ray, synchrotron and neutron diffraction analysis. Mater. Test. 59, 161–165 (2017). https://
doi.org/10.3139/120.110978

6. Guagliano, M.: Relating Almen intensity to residual stresses induced by shot peening: a
numerical approach. J. Mater. Process. Tech. 110, 277–286 (2010). https://doi.org/10.1016/
S0924-0136(00)00893-1

7. Chen, Z., Yang, F., Meguid, S.A.: Realistic finite element simulations of arc-height
development in shot-peened Almen strips. J. Eng. Mater. Technol. 136, 041002 (2014).
https://doi.org/10.1115/1.4028006

8. Chen, J.S., Desai, D.A., Heyns, S.P., Pietra, F.: Literature review of numerical simulation
and optimization of the shot peening process. Adv. Mech. Eng. 11, 1–19 (2019). https://doi.
org/10.1177/1687814018818277

9. Kim, T., Lee, J.H., Lee, H., Cheong, S.K.: An area-average displacement to peening residual
stress under multi-impacts using a three-dimensional symmetry-cell finite element model
with plastic shots. Mater. Des. 31, 50–59 (2010). https://doi.org/10.1016/j.matdes.2009.07.
032

10. Gao, Y.K., Yao, M., Li, J.K.: An analysis of residual stress fields caused by shot peening.
Metall. Mater. Trans. A 33, 1775–1778 (2002). https://doi.org/10.1007/s11661-002-0186-2

11. Miao, H.Y., Larose, S., Perron, C., Levesque, M.: An analytical approach to relate shot
peening parameters to Almen intensity. Surf. Coat. Tech. 205, 2055–2066 (2010). https://
doi.org/10.1016/j.surfcoat.2010.08.105

12. Johnson, K.L.: Contact Mechanics. Cambridge University Press, Cambridge (1987)
13. Guagliano, M.: Relating Almen intensity to residual stresses induced by shot peening: a

numerical displacement. J. Mater. Process. Tech. 110, 277–286 (2001). https://doi.org/10.
1016/S0924-0136(00)00893-1

14. Shepard, M.J.: Laser shock processing induced residual compression: impact on predicted
crack growth threshold performance. J. Mater. Eng. Perform. 14, 495–502 (2005). https://
doi.org/10.1361/105994905X56214

68 Y. Gao and X. Tao

http://dx.doi.org/10.1016/j.matdes.2015.10.162
http://dx.doi.org/10.1016/j.actamat.2011.03.013
http://dx.doi.org/10.1007/s12221-018-8332-7
http://dx.doi.org/10.2320/matertrans.M2016298
http://dx.doi.org/10.2320/matertrans.M2016298
http://dx.doi.org/10.3139/120.110978
http://dx.doi.org/10.3139/120.110978
http://dx.doi.org/10.1016/S0924-0136(00)00893-1
http://dx.doi.org/10.1016/S0924-0136(00)00893-1
http://dx.doi.org/10.1115/1.4028006
http://dx.doi.org/10.1177/1687814018818277
http://dx.doi.org/10.1177/1687814018818277
http://dx.doi.org/10.1016/j.matdes.2009.07.032
http://dx.doi.org/10.1016/j.matdes.2009.07.032
http://dx.doi.org/10.1007/s11661-002-0186-2
http://dx.doi.org/10.1016/j.surfcoat.2010.08.105
http://dx.doi.org/10.1016/j.surfcoat.2010.08.105
http://dx.doi.org/10.1016/S0924-0136(00)00893-1
http://dx.doi.org/10.1016/S0924-0136(00)00893-1
http://dx.doi.org/10.1361/105994905X56214
http://dx.doi.org/10.1361/105994905X56214


Effect of Shakedown on the Fatigue Limit
of Ultrasonic Shot Peened Steel

Jinta Arakawa1, Yoshiichirou Hayashi2, Hiroyuki Akebono1(&),
and Atsushi Sugeta1

1 Hiroshima University, 1-4-1 Kagamiyama,
Higashi-Hiroshima, Hiroshima, Japan
akebono@hiroshima-u.ac.jp

2 Electric Power Development Co., Ltd., Chigasaki, Kanagawa, Japan

Abstract. We performed in-plane bending fatigue tests under controlled load
conditions on ASTM 309 stainless steel specimens with surface compressive
residual stress. The results provide a fatigue limit of 415 MPa, which agrees
with the value of 404 MPa calculated based on a modified Goodman line
considering shakedown. Therefore, the surface layer was clearly restricted by
the internal bulk and was relieved under controlled displacement, after which
shakedown occurred. Then, the fatigue limit of the metal material with surface
compressive residual stress should be estimated by using a modified Goodman
line considering shakedown to avoid unexpected fractures that could occur by
following a modified Goodman line that does not consider shakedown.

Keywords: Shakedown � Modified Goodman line �
Compressive residual stress

1 Introduction

Quenching and heat treatment, which are applied to the entire body of a metal com-
ponent, enhance the fatigue resistance of metals subjected to tension-compression [1–
3]. Microstructure modifications, such as carburizing and nitriding, and various
peening methods can improve the fatigue resistance of non-welded metal components
and welded connections [4–10]. It is clear that shot peening introduces a high hardness
and a high compressive residual stress on the material surface, which enhances the
fatigue strength of the material [11–14]. A variety of peening techniques exist; fur-
thermore, a variety of reports have discussed the fatigue strengths of peened metals and
have shown that peening enhances fatigue strength. Authors also investigated in pre-
vious studies, the effect of USP on the fatigue strength of ASTM CA6NM cast stainless
steel, which is used in hydroelectric turbine runners [15]. According to the fatigue tests,
the shot-peened specimens had higher fatigue strengths than untreated specimens, and
the fatigue limit of the peened material was 60% greater than that of the untreated
material. Furthermore, the authors reported that the effect of USP treatment on the
fatigue strength of a metal can be quantitatively evaluated by using the values of
Vickers hardness and compressive residual stress introduced by USP treatment on the
surface layer. Therefore, the surface compressive residual stresses generated by surface
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treatments are effective factors for improving the fatigue strengths of metals. However,
it can be thought that the material with surface compressive residual stress may cause
shakedown phenomenon in the surface layer even if the material is subjected to con-
trolled load conditions, because the surface layer is under controlled displacement
conditions during fatigue tests due to the restriction of the internal bulk area. Therefore,
according to this idea, it can be implied that a large compressive residual stress does not
dramatically improve the fatigue strength of a material, because the surface compres-
sive residual stress layer reaches the yield stress point during cyclic fatigue tests, which
generates the shakedown phenomenon. However, there are few reports about the
fatigue limit behaviors related to the shakedown phenomenon of a material with surface
compressive residual stress. Furthermore, the authors evaluated the fatigue limit based
on assuming the occurrence of shakedown behavior by using a modified Goodman line
in previous study [15]; however, the authors could not define the existence of the
shakedown behavior perfectly. Therefore, in our study, objective is to determine
whether the shakedown behavior should be taken into account for the evaluation of the
fatigue limit of a metal with surface compressive residual stress, after considering the
specimen geometry, USP treatment conditions and applied stress gradient in detail to
clearly examine the shakedown effect.

2 Specimen and Experimental Procedure

2.1 Specimen

Shakedown tests were conducted on welded ASTM 309 stainless steel specimens with
the following mechanical properties; 0.2% proof stress of 536 MPa and tensile strength
of 689 MPa. The geometry of the test specimens is provided in Fig. 1. The calculated
stress concentration factor of the notch root obtained using the finite element method is
4.03, and this value is considered for estimating the hot spot stress. Furthermore, the
notched area was treated by USP under the conditions given in Table 1.

7

60

12

USP treatment

3

Fig. 1. Schematic diagram showing dimensions of tests specimens used to evaluate shakedown.
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2.2 Experimental Procedure

The fatigue tests under the conditions of the cantilever in-plane bending were con-
ducted for 6 specimens by applying a stress ratio, R, of −1 at a frequency, f, of 15 Hz,
and the fatigue limit was set at Nf = 107 cycles. A hardness testing device was used to
determine the micro-Vickers hardness of the specimen in conjunction with an inden-
tation load of 1.96 N and a hold time of 10 s. The extent of the compressive residual
stress was determined by radiographic measurement using an X-ray apparatus based on
the cos(a) method, and the distribution in the depth direction was acquired by using the
same apparatus, with step-by-step removal of a very thin layer (25–50 lm). Further-
more, residual stress measurements were repeated three times at each point, and an
average value was calculated and recorded.

3 Experimental Results

3.1 Hardness and Compressive Residual Stress Distribution

Figures 2 and 3 show the measured hardness and residual stress distribution, respec-
tively, in the depth direction of the USP-treated specimen presented in Fig. 1. Figure 2
shows that the surface Vickers hardness of the peened specimen is 346 HV, which is
1.19 times that of an untreated sample (291 HV). Furthermore, according to Fig. 3, the
peening treatment imparts a high compressive residual stress of −500 MPa at the metal
surface. These data also demonstrate that the deformation layer resulting from USP is
approximately 0.5–0.7 mm deep. Furthermore, the Vickers hardness of the USP-treated
specimen in the depth direction is fitted with straight line, HV(x) = −0.12x + 346 (for
the depth of x ≦ 472 lm) and HV(x) = 291 (for the depth of x > 472 lm), to calculate
the fatigue limits in the depth direction.

3.2 S-N Curve and Fracture Mechanism

Figure 4 shows the S-N data obtained for USP-treated ASTM 309 stainless steel, and
the fatigue limit of this material is close to 415 MPa. Furthermore, according to a
typical scanning electron microscope (SEM) image of the fracture surface in Fig. 5, the
crack initiation sites were at the surface of the specimen by a surface slip due to
intrusion and extrusion. This fracture mechanism is very important for evaluating the
fatigue limit of the material with surface compressive residual stress because this
fracture mechanism implies that the evaluation of the fatigue limit should be carried out
in just surface layer. Additionally, the entire specimen fractured via the same fracture
mechanism as discussed above, i.e. from cracks initiated at the surface of the specimen.

Table 1. Ultrasonic shot peening conditions.

Materials AISI 52100 /2.0
Amplitude 50 lm
Distance 20 mm
Peening time 20 s
Coverage 100%
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3.3 Fatigue Limit Evaluation of USP Treated ASTM 309 Stainless Steel

The fatigue limit for USP-treated ASTM 309 stainless steel was evaluated based on the
modified Goodman line considering shakedown. Calculated fatigue limit was 404 MPa
at the surface including shakedown, and 440 MPa without shakedown. Then applied
stress of 420 MPa and this is the fracture condition mentioned in Fig. 4. Furthermore,
the fatigue limit of USP treated ASTM 309 stainless steel is 415 MPa in Fig. 4.
Figure 6 shows the modified Goodman line of USP treated ASTM 309 stainless steel
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Fig. 5. Images showing the crack initiation site at ra = 420 MPa on fracture surface of
USP ASTM 309 stainless steel.
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considering shakedown phenomenon, and clearly implies that estimated fatigue limit of
404 MPa agrees with experimental results of 415 MPa. This result implies that
shakedown behavior occurs during cyclic fatigue tests. In addition, the occurrence of
shakedown, even under controlled load conditions, is attributed to the restriction of the
surface USP layer by the internal bulk. Therefore, based on these results, the fatigue
limit for a metal with compressive residual stress should clearly be estimated based on
a modified Goodman line considering shakedown to avoid the unexpected fracture of
the metal material that could occur by following the modified Goodman line not
considering shakedown.

4 Conclusions

1. The fatigue limit of a metallic material with surface compressive residual stress
obtained by using plane bending fatigue tests is approximately equal to the fatigue
limit acquired by the modified Goodman line considering shakedown effects.
Therefore, this result implies that the surface compressive residual stress layer is
under controlled displacement conditions despite the entire specimen being sub-
jected to controlled load conditions.

2. The fatigue limit of a metallic material with surface compressive residual stress
should be estimated by using a modified Goodman line considering shakedown to
avoid unexpected fractures that could occur by following a modified Goodman line
that does not consider shakedown.
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Fig. 6. Fatigue limit diagram considering f{HV(x)} at the surface for ASTM 309 stainless steel
specimen.
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Abstract. Although impact induced by cavitation bubble collapse causes
severe damage in hydraulic machineries, the impact can be utilized for the
mechanical surface treatment of metallic materials in the same way as shot
peening. The peening using cavitation impact is named as “cavitation peening”.
In the paper, the concepts and key factors on cavitation peening are presented
including mechanism of generation of cavitation by using a submerged water
jet. The difference between cavitation peening and water jet peening was also
demonstrated by measuring peening intensity such as arc height of metallic
plate. In order to discuss the difference between improvement of fatigue strength
of stainless steel by cavitation peening, water jet peening, shot peening and
submerged laser peening, a plane bending fatigue test was carried out. The
specimens were treated at various processing time by each peening method, and
the optimum processing time at each peening methods was revealed, then the
fatigue strength of stainless steel treated at the optimum processing time was
evaluated. It was concluded that the fatigue strength at N = 107 of cavitation
peening was highest followed by shot peening, submerged laser peening and
finally water jet peening.

Keywords: Cavitation peening � Laser shock peening � Shot peening �
Water jet peening � Fatigue strength � Residual stress

1 Introduction

Cavitation bubble collapse causes severe impact which can deform metallic materials
and it is harmful for hydraulic machineries such as pumps and valves [1, 2]. However,
the cavitation impact can be utilized for mechanical surface treatment in the same way
as shot peening [3, 4]. The peening technique using cavitation impact is called as
“cavitation peening” [3] or “cavitation shotless peening” [5], as shots are not used.

At the initial stage of cavitation peening, in order to mitigate stress corrosion
cracking of stainless steel in nuclear power plants, introduction of compressive residual
stress into stainless steel using cavitation impacts around a submerged high speed water
jet was demonstrated [6], and it was confirmed [7], then it was applied to nuclear power
plants [8]. Epling and Youman also reported that cavitation peening using a submerged
water jet at relatively higher injection pressure was applied for nuclear power plants in
order to mitigate stress corrosion cracking [9]. In one of the pioneering works in this
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field, as Enomoto et al. tried to introduce compressive residual stress into stainless steel
by water column impact caused by a submerged water jet [10], they called as water jet
peening and some researchers and engineers are still calling water jet peening. As
mentioned above, although cavitation peening using the submerged high speed water
jet, the bubble collapse impact is utilized during cavitation peening. The name of water
jet peening evokes water column impact which is increasing with the injection pressure
of the jet. On the other hand, during cavitation peening, too high injection pressure of
the jet causes the decrease of peening intensity. Namely, the term of water jet peening
causes confusing of cavitation peening and water jet peening [11].

More recently, peening intensity of cavitation peening was enhanced by controlling
environmental condition at bubble collapse region [12, 13] and optimizing nozzle
geometry [14–16]. Then the improvements of fatigue properties of mechanical com-
ponents such as gears were demonstrated [17–20]. Han et al. also revealed that the
fatigue strength of SAE1045 steel was improved by the cavitating jet. Ju and Han
indicated that the improvement of the strength of titanium was caused by interaction of
twining [21]. Hutli et al. revealed that a cavitating jet could be useful for the surface
modification of mechanical and electrical properties by observing aluminum alloy in
nano-and micro level [22]. Balamurugan et al. reported that cavitation peening could
introduced compressive residual stress into gear tooth of bevel gears. Takahashi et al.
investigated the effects of cavitation peening on the bending fatigue strength of alu-
minum alloy with a crack-like surface defect comparing with shot peening [23].

There are many advantages of cavitation peening. As there are no solid collisions,
the surface is smoother than that of conventional shot peening, thus the improvement of
fatigue strength of light metals, which is commonly soft, by cavitation peening is larger
than that of conventional shot peening [24]. During cavitation peening, impacts at
cavitation bubble collapses are utilized. Thus, a water jet at relatively low injection
pressure with large nozzle produces large peening effects comparing with high injection
pressure with small nozzle [25]. Furthermore, an expensive plunger pump is not
required. Note that peening intensity produced by a water jet at too high injection
pressure is much smaller than that at relatively low injection pressure [11, 25].
Although a submerge water jet has been used in conventional cavitation peening, a
cavitating jet in air without a water filled chamber was realized by injecting a high
speed water jet into a low speed water jet which was injected into air using a concentric
nozzle [26–28]. The research of the cavitating jet in air was followed by Marcon et al.
[29], and they reported that the same materials should be used for the measurement of
the arc height [30]. Thus, cavitation peening can be applied for the treatment of outer
surface of pipelines and tanks as well. Furthermore, cavitation peening using ultrasonic
cavitation was also investigated [31, 32].

Even though submerged laser peening, a bubble, which is developed after laser
ablation, can produced large impact at bubble collapse [3, 33], as bubble behavior is
similar to cavitation bubble. Sasoh et al. reported the amplitude of pressure induced
laser ablation was larger than that of bubble collapse, when the amplitude of pressure
wave in the water was measured by a submerged shock wave sensor [34]. However, it
was reported that the impact induced by the bubble collapse was larger than that of
laser ablation, when the impact passing through the metallic material was measured by
a PVDF sensor [3, 33]. Glaser and Polese also reported that the first bubble collapse
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was effective during submerged laser peening [35]. Namely, the submerged laser
peening is a kind of cavitation peening using a submerged pulse laser [36]. Ren et al.
reported that the introduction of compressive residual stress and work hardening of
aluminum alloy by cavitation peening using submerged pulse laser [37]. Furthermore,
when mechanism of cavitation peening is clearly understood, peening effect of sub-
merged laser peening can be enhanced.

In the present paper, in order to treat metallic materials by cavitation peening at
optimum condition, fundamental of cavitation peening was described with visualization
of cavitation bubble. The difference between cavitation peening and water jet peening
was also explained to avoid misunderstanding the mechanism of cavitation peening.
The difference of peening methods was also described with a result of improvement of
fatigue strength of stainless steel treated by cavitation peening, shot peening, sub-
merged laser peening and water jet peening.

2 Fundamental of Cavitation Peening

2.1 Cavitation and Cavitating Jet

Cavitation is a phase change phenomenon from liquid phase to gas phase by increasing
flow velocity [38]. When the pressure reaches to vapor pressure of the liquid, liquid
becomes vapor, i.e., gas phase, the vapor bubble is called as cavitation bubble or
simply cavitation. When the flow velocity is decreased, the cavitation bubble shrinks
and becomes liquid. At this stage, i.e., bubble collapsing stage, the bubble surface
opposite to the solid surface produces micro jet [39, 40], and it causes severe impact.
After the shrinkage, the diameter of the bubble increases, it is called as rebound. At the
rebound, the shock wave is generated. The micro jet and the shock wave are two major
reasons why cavitation bubble collapse generates severe impact which can make plastic
deformation of metallic surface.

In order to visualize the impact at the bubble collapse, Fig. 1 shows the aspect of
bubble which was generated by pulse laser [4]. As shown in Fig. 1(a), the diameter of
the bubble was increased up to 0.35 ms and then shrink. The metallic plate was used in
Fig. 1(a) and the acrylic resin was used in Fig. 1(b) for the target. The black and white
pattern due to photo elasticity was observed in Fig. 1 (b). Namely, the impact was
generated at bubble collapse.

In order to reveal generation mechanism of cavitation at cavitation peening, Fig. 2
shows cavitation through Venturi tube [4]. At expanding region after narrow part,
cavitation bubbles were observed. As mentioned above, the cavitation was generated at
narrow part where the pressure decreased, as flow velocity increased at narrow region.
At expanding region where the pressure increased due to the decrease of flow velocity,
the cavitation bubble collapsed. When the expanding region was cut, the cavitation
bubbles were shed into the water as shown in Fig. 3(a) [4]. The step-shape narrow
geometry, i.e., nozzle, can also generate the cavitation bubble as shown in Fig. 3(b), as
the cavitation was generated in the vortex core of the shear layer around the water jet
[4]. Moreover, a submerged water jet through a nozzle and/or an orifice can generate
the cavitation bubbles. Note that aggressive intensity of the cavitation impacts was
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Fig. 1. Visualization of impact at bubble collapse by observing aspect of bubble which was
generated by pulse laser. The bubble behavior near solid surface was shown in (a). The stress
distribution at bubble collapse was shown by photo elasticity as black and white pattern of the
acrylic resin in (b).

Water flow

Fig. 2. Aspect of cavitation in Venturi tube. The water flowed from left to right. The white
bubbles in narrow region were cavitation bubbles. The dim white bubbles in the straight part of
the tube were residual bubbles after cavitation bubble collapse.

(a) Venturi type nozzle (b) Step type nozzle

Water flow 

In Water
Water 
flow

In Water

Fig. 3. Aspect cavitation through (a) Venturi type nozzle and (b) Step type nozzle. (a) Cavitation
in narrow region was shed into water. (b) Cavitation was generated in vortex core of shear layer
around the jet.
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strongly affected by the nozzle geometry especially the shape of the downstream part of
the orifice [14–16]. Figure 4 reveals typical aspect of cavitating jet in water and in air
for cavitation peening. For both cases, the step type nozzle was used for the high speed
water jet. When the injection pressure was increased the vortex cavitation near nozzle
(see Fig. 3(b)) were combined together and produced cloud cavitation which was
clearly shown in Fig. 4(a). The shedding of the cloud cavitation is periodical phe-
nomenon and the similarity law of the shedding frequency was obtained from exper-
imental observation of the jet [41]. In the case of the cavitating jet in air, the aggressive
intensity of the jet depended on the injection pressure of the high and low speed water
jet [26, 27], and the nozzle geometry [28]. The frequency of the wavy pattern of the
low speed water jet was the same frequency of the cloud shedding of the high speed
water jet. Note that the cavitating jet in water can introduce compressive residual stress
in deeper region and the cavitating jet in air can introduce large compressive residual
stress near surface [3].

2.2 Comparison Between Water Jet Peening and Cavitation Peening

Although a high speed water jet is used for both water jet peening and cavitation
peening, peening mechanisms of water jet peening and that of cavitation peening are
different. During water jet peening, water column impacts are used for producing
plastic deformations. On the other hand, cavitation impacts are used for making the
plastic deformation pits during cavitation peening. Even though the water jet is sub-
merged in water jet peening, the water column impact can generate the pits.

In order to classify the water jet peening and cavitation peening, Soyama proposed
a classification map using cavitation number r and the standoff distance s [10]. In the

(a) Cavitating jet in water   (b) Cavitating jet in air

Fig. 4. Aspect of cavitating jet in water (a) and in air (b). A high speed water jet was injected
into a water filled chamber in (a), and a high speed water jet was injected into a low speed water
jet which was injected into air without a water filled chamber in (b).
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case of cavitating flow, the cavitation number r is the most important parameter. The
cavitation number r through an orifice is defined by the upstream pressure of the orifice
p1, the downstream pressure of the orifice p2 and vapor pressure pv as follows [38].

r ¼ p2 � pv
p1 � p2

� p2
p1

ð1Þ

Note that the pressures in Eq. (1) are absolute pressures. When the relationships
between p1, p2 and pv are p1 » p2 » pv, such as a cavitating jet, r can be simplified as in
Eq. (1).

In the case of cavitation peening, cavitation cloud is developed and collapsed, thus
a certain distance is required to utilize cavitation impacts. Soyama collected over 150
data and then proposed the distinguished line to classify between cavitation peening
and water jet peening. When the treatment is carried out at the distance s which is larger
than the following line, it is cavitation peening [11]. If the distance s is smaller than the
following value, it is water jet peening [11]. Here, d is nozzle throat diameter.

s
d
¼ 1:8 r�0:6 ð2Þ

In order to demonstrate the difference between cavitation peening and water jet
peening, Fig. 5 reveals peening intensity as a function of standoff distance s which was
distance from the nozzle to the target [25]. The peening intensity was shown by the
inverse of curvature 1/q which was obtained from arc height of treated band steel 1 mm
in thickness. As the treated area was narrow near the nozzle and it was wide at far from
the nozzle, the band steel width 5 mm was used at s � 100 mm and that of 50 mm
was used at s � 100 mm [25]. Namely, the width of the main treatment area at
s � 100 mm was about 5 mm due to water column impact, and that of 50 mm caused
by cavitation impacts was about 50 mm at s � 100 mm [25]. As shown in Fig. 5, two
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Fig. 5. Peening intensity as a function of standoff distance at p1 = 40 and 60 MPa. The peening
intensity was revealed by inverse of curvature obtained from the arc height of band steel.
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peaks are shown. The peak near nozzle, i.e., 1st peak, was produced by water column
impact, i.e., water jet peening [11]. On the other hand, there are peaks at s = 140 mm in
Fig. 5(a) and s = 200 mm in Fig. 5(b). These peaks were generated by cavitation
peening, as cavitation bubbles developed and then collapsed far from nozzle.

Figure 6 shows the processing capability of the jet at various injection pressure for
water jet peening (see Fig. 6(a)) and cavitation peening (see Fig. 6(b)). The processing
capability was calculated from the peak value of the inverse of curvature at each
injection pressure considering the width of the band steel and the treatment area [25].
As shown in Fig. 6(a), the processing capability of water jet peening increased with the
injection pressure, as water column speed increased with the injection pressure. On the
other hand, the processing capability of cavitation peening had a maximum at
p1 = 40 MPa at the present condition. This result shows that the peening intensity of
cavitation peening decreases at high injection pressure. Note that the processing
capability of cavitation peening at p1 = 40 MPa was 1.4 times larger than that of water
jet peening p1 = 60 MPa, although the jet power at p1 = 40 MPa was nearly half of
that at p1 = 60 MPa.

3 Experimental Facilities and Procedures

In order to investigate the comparison between the improvements of the fatigue
strength by cavitation peening, water jet peening, shot peening and laser peening,
stainless steel was treated and fatigue properties were examined by a displacement
controlled plane bending fatigue tester. The tested stainless steel was austenitic stain-
less steel Japanese Industrial Standard JIS SUS316L. The thickness of the specimen
was 2 mm. The spec-imen was treated by cavitation peening, water jet peening, shot
peening and submerged laser peening. Figure 7 illustrates schematic diagram of

(a) 1st peak (water jet peening) (b) 2nd peak (cavitation peening)
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Fig. 6. Processing capability of water jet peening and cavitation peening. The processing
capability was obtained from the inverse of curvature considering the treated area and the width
of the specimen.
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submerged water jet system which was used for water jet peening and cavitation
peening. For both case, the injection pressure was 30 MPa and nozzle throat diameter
was 2 mm. At water jet peening, the standoff distance was chosen as 70 mm and it was
222 mm for cavitation peening by measuring the arc height of band steel of 1 mm in
thickness changing with the distance s [33]. Namely, 70 mm and 222 mm are the
optimum distance for water jet peening and cavitation peening, respectively.

In the case of shot peening, recirculating shots accelerated by a water jet was used
[42]. The used shot was made of stainless steel JIS SUS440C, and the diameter and
number of shot were 3.2 mm and 500, respectively. The conditions were optimized by
measuring the arc height of the plate changing with the number of shots [42]. The
injection pressure of the water jet was 12 MPa. Note that the water jet without shot at
the same conditions did not introduce compressive residual stress into the stainless
steel.

For the submerged laser peening, Nd:YAG laser with Q-switch was used. The wave
length, the maximum energy, the beam diameter, the pulse width and the repetition
frequency of the laser pulse were 1,064 nm, 0.35 J, 6 mm, 6 ns and 10 Hz, respec-
tively. Although at conventional submerged laser peening without the tape, the wave
length and the maximum energy of the laser pulse were 532 nm and 0.2 J at second
harmonic of Nd: YAG laser was used, at the present submerged laser peening, the
fundamental harmonic, i.e., 1,064 nm and 0.35 J were chosen to use bubble impact
after laser ablation.

4 Results

In order to find optimum coverage, Fig. 8 shows the fatigue life of stainless steel at
ra = 400 MPa as a function of coverage for shot peening SP, cavitation peening CP,
laser peening LP and water jet peening WJP. For each case, the coverage was described

Nozzle

Plunger pump Pressure gage 

Specimen Partition plate 
with holes 

Chiller 

Overflow 

Header tank

Scanning 

Base

Fig. 7. Schematic diagram of submerged water jet system for water jet peening and cavitation
peening.
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by normalized coverage. It was obtained by normalized processing time per unit length
or pulse density, which had a maximum fatigue life at ra = 400 MPa. It was 8 s/mm
for cavitation peening, 8 s/mm for water jet peening, 0.88 s/mm for shot peening and
4 pulse/mm2 for laser peening. In the case of the fatigue life at ra = 400 MPa, shot
peening had a maximum.

Fig. 8. Fatigue life of stainless steel JIS SUS316L as a function of coverage for shot peening SP,
cavitation peening CP, laser peening LP and water jet peening WJP.

Fig. 9. Improvement of fatigue strength of stainless steel JIS SUS316L by shot peening SP,
cavitation peening CP, laser peening LP and water jet peening WJP.
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In order to investigate the fatigue strength, the specimen was treated by each
peening methods at optimum coverage, and tested by a plane bending fatigue test.
Figure 9 reveals S-N curve. In Fig. 9, the applied stress was normalized by the fatigue
strength of non-peened specimen. When the fatigue strength at N = 107 was calculated
by Little’s method [43], it was 279 MPa for the non-peened specimen, 296 MPa for
water jet peening, 303 MPa for laser peening, 325 MPa for shot peening and 348 MPa
for cavitation peening. Therefore, it was found that cavitation peening can improve
fatigue strength of stainless steel by about 25%.

5 Conclusions

In order to treat the metallic materials by cavitation peening at optimum condition, the
fundamental of cavitation peening was explained comparing with water jet peening.
The correlation on the improvement of fatigue strength of stainless by cavitation
peening, shot peening, laser peening and water jet peening was investigated by using a
plane bending fatigue test using specimens made of stainless steel JIS SUS316L.

It was revealed that the improvements in fatigue strength at N = 107 compared with
the non-peened specimen were 25% by cavitation peening, 6% by water jet peening,
9% by laser peening and 16% by shot peening.

In the future work of cavitation peening, the research work will be concentrated
into the aluminum alloy and/or titanium alloy. Because the great advantage of cavi-
tation peening is realized by treatments of rather soft metallic materials such as alu-
minum alloy and titanium alloy, although cavitation peening can improve mechanical
properties of hard materials such as carbonized steel and tool steel alloy.
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Abstract. Additive manufacturing (AM) of metallic materials is attractive
processing for biomedical implants and aviation components. However, fatigue
life of AM parts are remarkably weak. Mechanical surface treatment such as
cavitation peening, shot peening and laser peening can improve the fatigue life
of AM parts. In the present paper, in order to demonstrate the fatigue life
enhancement of AM parts by various peening methods, titanium alloy Ti6Al4V
manufactured by electron beam melting EBM was treated by cavitation peening,
shot peening and laser peening, and then tested by a plane bending fatigue test.
And also, in order to make clear mechanism on the fatigue life enhancement of
AM parts, mechanical properties such as residual stress, yield stress and hard-
ness were evaluated, and the correlation between the mechanical properties and
the fatigue life was investigated. Note that the yield stress was evaluated by an
inverse analysis using an indentation test. It was concluded that the fatigue life
of Ti6Al4V manufactured by EBM was proportional to a parameter defined by
residual stress, yield stress, surface roughness and hardness.

Keywords: Cavitation peening � Laser shock peening � Shot peening �
Additive manufacturing � Fatigue strength � Residual stress

1 Introduction

Additive manufactured AM metallic materials are attractive materials for biomedical
implants and aviation components, as complex shapes are directly produced from
computer aided design system. Unfortunately, fatigue strength of AM parts are
remarkably weak comparing with bulk materials [1]. Mechanical surface treatment such
as shot peening (SP) is one of methods to improve fatigue strength of AM parts [1–3].

Most popular mechanical surface treatment is SP. In these days, novel mechanical
surface treatments such as laser peening (LP) [4–7] and cavitation peening (CP) [8, 9],
in which shots are not required, have been developed. As well known, the surface of
AM parts are very rough because of particles of metallic materials. The peening
mechanism of LP and CP is a kind of shock wave process, and the shock wave might
reach the valleys of surface asperities, then it can introduce work hardening and
compressive residual stress.
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The mechanical surface treatments such as SP, LP and CP produce local plastic
deformations on the metallic surface by impacts due to solid/liquid collision and/or
shock wave (see Fig. 1). These plastic deformations affects mechanical properties such
as roughness, residual stress, hardness, yield stress etc. and micro structures. In most
cases, the mechanical surface treatment and its conditions are decided by trial and error.
Thus, surface mechanics design considering individual mechanical properties has been
proposed [10]. In few cases, the relation between fatigue life and mechanical properties
was revealed [11, 12], but it is insufficient to understand the effect of fatigue life on AM
parts.

In the present paper, in order to establish mechanical surface treatment to enhance
fatigue strength of AM metallic materials, the improvement of fatigue strength of
titanium alloy Ti6Al4V manufactured by electron beam melting EBM was demon-
strated by using CP, SP and LP. And also, in order to understand the effects of
influential factors on the improvement of fatigue life by mechanical surface treatments,
the mechanical properties such as surface residual stress, surface hardness, surface
roughness and yield stress were evaluated, and the relation between the fatigue life and
mechanical properties was investigated. Note that the yield stress of samples was
evaluated by an inverse analysis using an indentation test [13, 14], as conventional
tensile test cannot show the yield stress of surface modified layer.
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Fig. 1. Surface mechanics design for the improvement of fatigue strength by using mechanical
surface treatment.
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2 Experimental Facilities and Procedures

In order to demonstrate the improvement of fatigue properties of Ti6Al4V manufac-
tured by EBM by using mechanical surface treatments, the specimen was treated by
CP, SP and LP, and then tested by a displacement controlled plane bending fatigue test.

Figure 2 illustrates the CP system. A high speed water jet whose injection pressure
was 30 MPa was injected through a nozzle of 2 mm in diameter. The distance from the
nozzle to the target was 222 mm [15]. The processing time per unit length by CP was
10 s/mm.

Figure 3 shows the used SP system [16]. In the system, shots were accelerated by a
water jet whose injection pressure was 12 MPa. The material of shot was stainless steel
JIS SUS440C, and the diameter and number of shot were 3.2 mm and 500, respec-
tively. The processing time per unite length was 1 s/mm.
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Fig. 2. Schematic diagram of CP system. The injection pressure was 30 MPa, the nozzle throat
diameter was 2 mm, and the standoff distance was 222 mm.

Pressurized water jet 

Discharged water 

Nozzle 
Drain hole 

Shot 
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Chamber 
Water flow  
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Fig. 3. Schematic diagram of recirculating SP system. The shots were accelerated by a water jet
whose injection pressure was 12 MPa.
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Figure 4 illustrates schematic diagram of submerged LP system. The standoff
distances in air sa and in water sw were optimized by measuring arc height of metallic
plate. The used pulse laser was a Q-switched Nd:YAG of fundamental harmonic, i.e.,
1064 nm. The maximum energy, the beam diameter, the pulse width and the repetition
frequency of the laser pulse were 0.35 J, 6 mm, 6 ns and 10 Hz, respectively. The
pulse density was 5 pulse/mm2.

Figure 5 shows the geometry of a specimen for a plane bending fatigue test. The
specimen was manufactured by EBM. The averaged diameter of used Ti6Al4V powder
was about 75 lm. The spot size of electron beam for selectively melting was 0.2 mm in
diameter, and stacking pitch was 90 lm. The stacking direction of EBM was width
direction. The solution heat treatment was carried out at 1,208 K at vacuum condition
for 105 min then argon gas cooling. After that, aging treatment was done at 978 K at
vacuum condition for 2 h then argon gas cooling. In order to avoid initiation of crack at
the edges, the edges of all the specimens were polished using rubber whetstone of #80
and #180 by hand. The stress ratio at the fatigue test was R = −1.

The yield stress was evaluated by the inverse analysis using an indentation test. The
grid for the numerical simulation was shown in Fig. 6. The surface hardness was
measured by Vickers hardness tester with applied force of 1.96 N. The surface

swsa

Specimen Stage

Water

Ablation
Laser cavitation

Laser
Convex lens

Glass chamber

Fig. 4. Schematic diagram of submerged LP system. The pulse laser was focused on the surface
of the specimen.

90 mm

20 mm 30 mm

2 mm65 mm

Fig. 5. Geometry of a plane bending fatigue specimen. The thickness was 2 mm.
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roughness was measured by a needle contact type profilometer. The residual stress of
the surface was evaluated by a two-dimensional XRD (2D-XRD) method. The used X-
ray was Cu Ka X-rays from a tube operated at 35 kV and 40 mA through a 0.8 mm
diameter collimator. Diffractive X-ray from the Ti (2 1 3) lattice plane was detected by
a two-dimensional position sensitive proportional counter.

In order to make clear the factors on fatigue life, the following equation to estimate
fatigue life Nf est at ra = 400 MPa was proposed from residual stress rR, yield stress ry,
surface Vickers hardness HV and surface roughness Ra [17]. The residual stress rR,
yield stress ry, surface Vickers hardness HV and surface roughness Ra were normalized
by those of non-peened values, and these were revealed by r0R, r0y, H0

V and R0
a,

respectively. Then, the constants a, b, c and d were obtained by optimizing by a least
square method.

Nf est ¼ 10
c1� 400þ a�r0

Rð Þ
c2 � r

0b
y � H0c

V

R0d
a

ð1Þ

Here, c1 and c2 were obtained by s-N curve of non-peened specimens. The
experimental fatigue life Nf exp at ra = 400 MPa was calculated from experimental data
of ra � 400 MPa, as the displacement controlled fatigue tester was used at the present
experiment.

3 Results

Table 1 shows the experimental data of surface residuals stress rR, yield stress ry,
surface Vickers hardness HV, surface roughness Ra and fatigue life of experiment Nf exp

at ra = 400 MPa for non-peened (NP), CP, SP and LP. Table 2 reveals obtained data
of surface residuals stress r0R, yield stress r0y, surface Vickers hardness H0

V , surface

1 mm

1 mm

Axisymmetric

Spherical indenter

Fig. 6. Schematic diagram of recirculating shot peening system. The shots were accelerated by a
water jet whose injection pressure was 12 MPa.
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roughness R0
a for the calculation of estimated fatigue life Nf est at ra = 400 MPa. The

calculated Nf est at ra = 400 MPa was also revealed in Table 2 from using Eq. (1) by
optimizing the constants a, b, c and d. The constants were shown in Table 3.

By CP, SP and LP, surface compressive residuals stress was increased comparing
with NP surface. The surface compressive residual stress was increased about 430 MPa
by CP, 230 MPa by LP and 130 MPa by SP. At the present study, in the case of surface
residual stress, yield stress and surface Vickers hardness, the values of as built spec-
imens were used those of as machined specimens, as the surface roughness of as built
specimens were too large to obtain the values. As shown in Table 1, the surface
roughness of as built specimen was drastically decreased by SP from 19 lm to 5 lm,
as shots deformed the un-melted particles on the surface. On the other hand, the surface
roughness of as built specimen was scarcely decreased by CP and LP. In the case of as
machined specimen, the surface roughness was increased by CP and SP. The yield
stress was increased from 196 MPa to 967 MPa by SP, namely, the SP increased the
yield stress about 5 times. As shown in Table 1, in the case of as machined specimen,
the fatigue strength at 400 MPa became about 3 times larger by CP and 2 times by
SP. In the case of as built specimen, the fatigue life was enhanced by 2 times by CP, 4
times by SP and 3 times by LP. Namely, the fatigue life of titanium alloy Ti6Al4V
manufactured by EBM was drastically improved by the peening techniques.

Table 1. Experimental data of mechanical properties and fatigue life

Process Peening rR MPa ry MPa HV Ra lm Nf exp

As machined NP −220 196 344 0.220 106,444
CP −648 418 367 0.530 295,423
SP −348 967 386 0.320 191,179

As built NP −220 196 344 19.274 41,783
CP −648 418 367 17.819 96,895
SP −348 967 386 4.658 163,912
LP −450 592 338 19.102 124,707

Table 2. Obtained mechanical properties and estimated fatigue life

Process Peening r0R r0y H0
V R0

a Nf est

As machined NP 0 1 1 1 105,899
CP 428 2.13 1.07 2.41 280,588
SP 128 4.93 1.12 1.45 215,785

As built NP 0 1 1 87.6 39,447
CP 428 2.13 1.07 81.0 129,129
SP 128 4.93 1.12 21.2 119,467
LP 230 1.72 1.72 86.8 84,205
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In order to demonstrate the proposed estimation method of fatigue life by
mechanical properties, Fig. 7 shows the relation between the experimental fatigue life
and the estimated fatigue life. The estimated fatigue life was roughly proportional to
that of experimental fatigue life. The correlation coefficient r was 0.935. From the
correlation coefficient for these 7 points, the probability of non-correlation is less than
0.2%. Namely, it can be concluded that the relation between the experimental fatigue
life and the estimated fatigue life is highly significant. This result reveals that the
fatigue life of titanium alloy specimen manufactured by EBM can be estimated by
Eq. (1) using the surface residual stress, the surface roughness, the surface Vickers
hardness and yield stress.

Table 3. Obtained constants by optimization

a b c d

0.224 0.955 0.221 0.258

Fig. 7. Relation between experimental- and estimated fatigue life at ra = 400 MPa
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4 Conclusions

In order to demonstrate the improvement of additive manufactured metallic by
mechanical surface treatment and to make clear the important factors on the
enhancement, the titanium alloy Ti6Al4V manufactured by electron beam melting
EBM was treated by cavitation peening, shot peening and laser peening. The results
obtained can be summarized as follows.

(1) The fatigue life was improved by cavitation peening, shot peening and laser
peening.

(2) As the fatigue life of as machined specimen was larger than that of as built
specimen, the surface roughness was an important factor of the fatigue life of
Ti6Al4V manufactured by EBM.

(3) The fatigue life of tested Ti6Al4V can be estimated by considering the surface
residual stress, the surface Vickers hardness, yield stress and the surface rough-
ness. Thus, it can be concluded that these are important factors of the enhance-
ment of fatigue strength by the mechanical surface treatments.

Acknowledgements. This work was partly supported by JSPS KAKENHI Grant Number
17H03138 and 18KK0103.
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Abstract. Magnesium (Mg) alloy is an attractive biodegradable implant
material in orthopedic fixation applications. Compared with the permanent
metallic implant material, such as titanium alloy and stainless, the Young’s
modulus of Mg alloys is close to human bone, and it can be gradually absorbed
in the human organism. The problems such as stress shielding and secondary
surgery operation can be avoided by using Mg alloy. However, the corrosion
speed of Mg alloys is too fast for actual medical application. In order to solve
this problem burnishing process, which is a kind of surface finishing process,
was tried to improve corrosion resistance of Mg alloys in this research. Bur-
nishing experiments were done using a newly developed ball burnishing tool on
annealed Mg-Al-Zn alloy AZ31 plates. In order to determine how the param-
eters of burnishing process affect the microstructure and corrosion properties,
the experiments were designed based on Taguchi orthogonal array L9, in which
three parameters (burnishing force, tool path interval, and feed speed) are varied
at three different levels. For each processing condition, the microstructure near
the surface and thickness of layer affected by burnishing process were evaluated
by microscope. The experimental results indicated that after the burnishing
process the grain size is refined. In addition, corrosion test was carried out and
the mass loss of each sample was evaluated. The result shows that burnishing
process is effective to improve the corrosion resistance.

Keywords: Magnesium � Burnishing � Corrosion property � Microstructure

1 Introduction

In the treatment of bone fractures, implant such as bone plates and bone screws are
used to fix the broken bones. Usually the implants are made of Titanium alloys and
stainless for their high stability and biocompatibility. However, such material can
hardly dissolve in human body due to the high corrosion resistance, so a secondary
surgery is necessary to remove the bone plates after healing. Another problem is stress
shielding may occur due to the high stiffness of the permanent implant material. For
example, the Young’s modulus of titanium alloy is about five times higher than the
human bones. During the treatment, fractured bones need proper stimulation to get
strong. If stress shielding occurs, bones cannot receive enough stimulation. As a result,
even after healing, the healed bones are still week and would break again easily.
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Recently, magnesium alloys received increasing attention in the application of
orthopedic fixation. Because magnesium alloys can be gradually absorbed in the human
body, and it has similar Young’s modulus to human bone, the problems of titanium
alloys and stainless can be avoided if magnesium alloy can be used to make implant
[1]. However, due to the poor corrosion resistance of magnesium alloys, they may
dissolve and disappear before bone recovers completely.

In industrial application, there are many methods to improve the corrosion resis-
tance of magnesium alloys, such as alloys contained with REE (rare earth element),
surface coating, and mechanical surface enhancement. In the above methods, REE and
surface coating introduce other elements rather than magnesium, and such elements
may be poisonous to human body. Therefore, in this research the approach of
mechanical processing is tried to improve corrosion resistance of magnesium alloys.

Burnishing process is a kind of surface finishing process to improve the surface
property. As shown in Fig. 1, a rigid ball or roller is used to deform and draw material
from the peaks of the surface into valleys due to elastic-plastic contact. After this
process, the change of surface roughness, grain size and crystal orientation will lead to
the improvement of corrosion resistance. Generally, after burnishing grains will
become small, and small grain may increase corrosion resistance [2, 3]. In this research,
Mg-Al-Zn alloy AZ31 was chosen as the test material, and burnishing experiments
were carried out. The grain size, the thickness of work-hardened layer and corrosion
properties of the processed sample were evaluated and discussed.

2 Methodology

2.1 Burnishing Experiment

The raw materials in this research are AZ31 sheets made by hot rolling. In order to
eliminate the influence of hot rolling on the surface of sheets, the top surface of the sheets
was removed by amilling process, surface roughness Ra after milling process is 0.23 µm.
After that, the sheets were annealed in vacuum at 500 °C for 1 h to release the residual
stresses, induce grain growth and induce crystal orientation to random distribution.

Fig. 1. Schematic of ball burnishing process
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In the previous research, a new ball burnishing tool, which could precisely control
the burnishing force was designed and fabricated [4]. A tungsten carbide (WC) ball
with a diameter of 5 mm, is used as the burnishing ball to contact and press the
workpieces. In the burnishing experiments, this tool was fixed on a 3-axis CNC milling
machine, the trajectory of the burnishing tool is scan line as shown in Fig. 2. No
llubrication fluid is used in this experiment to prevent the reaction of the material and
the lubrication fluid.

In order to evaluate the influence of each parameter on surface properties and
corrosion resistance of Mg alloy AZ31, the experiment was designed using Taguchi
method [5]. Taguchi method is usually used to find the most influential parameter for
optimizing process condition by calculating S/N ratio (Signal/Noise ratio) of each
parameter. S/N ratio is calculated by Eq. 1.

S=N ¼ 10 log
1
n

Xn

i¼1
y2i

� �
ð1Þ

Here y is measured value such as grain size under different levels, n is number of
experiments. In this equation, larger S/N ratio means larger value.

In this research, using orthogonal table a L9 experiment was designed with three
main parameters of burnishing process: burnishing force F, tool path interval I, and
feed rate S which were varied at three different levels. The sample number and pro-
cessing condition are shown in Table 1, in which sample No. 0 is the sample without
burnishing.

Fig. 2. Diagram of burnishing process and burnishing parameters.
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2.2 Microstructure Observation

After burnishing experiment, the processed areas and an area without burnishing
process were cut off and then cut from middle in order to let cross-sections expose.
Cross-sections were polished until no scratch remains using a polishing disk with 2-µm
abrasive grains. The polished sample were etched by etching solution, which is made of
4.2 g picric acid, 10 ml acetic acid, 10 ml distilled water and 70 ml 95% ethanol, for
6 s to make grain boundaries visible. Finally, these samples were observed by
microscope to evaluate the work-hardened layer thickness and grain size.

2.3 Corrosion Test

In this research, immersion test was carried out to evaluate how burnishing process
influences the corrosion resistance of Mg alloy AZ31. The samples after immersion
were evaluated by mass loss and surface observation.

The samples were carefully prepared in order to guarantee that in each sample only
the processed surface contacts the solution, and the contact areas in each sample are
same. As shown in Fig. 3, firstly the top surface was cut by milling machine with an
area of 10 mm � 10 mm left. Then the samples were embedded in cold-setting
embedding resin EpoFix, with top surface covered by pieces of tape to avoid it is
stained by resin. After the resin is cured, samples were polished until the tape is
exposed. After pealing the tape, samples with only 10 mm � 10 mm area exposed
were finished.

Before the immersion test, the samples were marked and weighed by a precision
electronic balance with the resolution of 0.1 mg for three times, and the average value
was taken as the original weight of each sample. Then each sample was put into a little
bottle which was filled with 5 wt% NaCl solution. In order to keep solution at a certain
temperature, 10 bottles were put into water bath, whose temperature was kept at 37 °C.
The samples were taken out and dried after 7 days immersion.

Table 1. Number of samples and processing conditions.

No. Burnishing force
(N)

Path interval
(mm)

Feed rate
(mm/min)

0 – – –

1 100 0.1 100
2 200 0.1 200
3 50 0.1 50
4 100 0.05 50
5 50 0.05 200
6 200 0.05 100
7 100 0.15 200
8 200 0.15 50
9 50 0.15 100
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In this corrosion test, the main corrosion products are Mg(OH)2, MgO and MgCl2.
Among these corrosion products, Mg(OH)2 rarely dissolves in water, and it clings on
the surface of samples tightly [7]. In order to measure the mass loss and observe the
surface correctly, Mg(OH)2 was removed by putting the samples in etching solution for
15 min. The constituent of the etching solution is 4.2 g picric acid, 10 ml acetic acid,
10 ml distilled water and 70 ml ethanol (95%), this solution can only dissolve Mg
(OH)2 without reacting with Mg. Finally, the samples are carefully washed and dried.
The weight of samples was measured again, and surfaces of samples were observed.

3 Result and Discussion

3.1 Work-Hardened Layer Thickness

The micrographs of the cross section of sample No. 0 and No. 9 are shown in Fig. 4. In
Fig. 4, left side of each micrograph shows the surface of the sample, right side is the
interior of the sample. Comparing two micrographs, it can be found that the grains of
the sample after burnishing are smaller than the sample without burnishing. On
micrograph of sample No. 9, it can be observed that the left side is dark, and grains are
hard to be seen. This is because samples were sank into etching solution entirely for
same time and the area close to the surface was influenced more by burnishing so it has
different properties compared with the area beneath, as a result, left side is hard to be
seen.

In the case of sample No. 9, because the material received more influence from
burnishing process, the grains near surface is smaller than the grains beneath the
surface. Theoretically, the smaller the grains are, the higher corrosion resistance would
be achieved because of less intermetallic compounds [6]. In addition, the higher the

Fig. 3. Preparation for corrosion test.
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work-hardened layer thickness are, the longer lifespan of bone plate would be.
Therefore, in order to control the absorption rate of bone plate, the size of grains and
work-hardened layer thickness should be controlled.

Work-hardened layer thickness is estimated by the change of grain size. As shown
in Fig. 4, the grains beneath the surface have bigger size. When the depth reaches a
specific value, the sizes of grains do not change much. Therefore, where the grain size
stops changing is considered as the bottom of work-hardened layer. Using this method,
work-hardened layer thickness of the processed samples were measured, and the results
are shown in Table 2.

In order to find out the most influential parameter and the influence of each
parameter, S/N ratio of each parameters was calculated.

Calculated average S/N ratios for each factor are shown in Fig. 5. It can be detected
that burnishing force is the most influential factor, stronger burnishing force leads to
thicker work-hardened layer.

Sample No.0                           Sample No.9

Work-hardened 
layer 

Fig. 4. Micrographs of cross-section of sample No. 0 and sample No. 9.

Fig. 5. S/N ratio of work-hardened layer thickness.

Table 2. Work-hardened layer thickness.

No. 1 2 3 4 5 6 7 8 9

Thickness (mm) 0.81 0.94 0.81 1.34 0.60 0.94 0.93 1.07 0.59
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3.2 Grain Size

Because grains near surface are hard to be observed according to Fig. 4, to evaluate the
grain size of each sample, the average size of grains at where the depth is 0.5 mm
beneath the surface were measured by drawing a vertical line at where depth is 0.5 mm,
as shown in Fig. 6, then grain size was calculated by Eq. 2.

d ¼ l
n

ð2Þ

Here d represents grain size, l represents length of draw line and n represents the
number of grains contact draw line. The results are shown in Table 3. S/N ratio was
calculated by Eq. 1 as well. The result is shown in Fig. 7. The small value means small
grain size. It can be found that just like work-hardened layer thickness, burnishing force
is the most influential factor as well. Grains became smaller with stronger burnishing
force.

Fig. 6. Micrograph of sample No. 9 at depth of 0.5 mm.

Table 3. Grain size at where depth is 0.5 mm.

No. 0 1 2 3 4 5 6 7 8 9

Grain size (µm) 56.3 19.4 13.2 28.7 26.4 41.3 17.4 27.5 16.5 33.0

Influence of Burnishing Process on Microstructure and Corrosion Properties 103



3.3 Corrosion Test

Mass loss of each sample is measured three times and the average value is shown in
Table 4. Mass loss of the sample without burnishing is 24.2 mg and it is higher than
samples after burnishing except No. 8, whose mass loss is 25.6 mg. Sample No. 6 has
the least mass loss, which is 8.8 mg. From this result, it can be considered that cor-
rosion resistance of Mg alloy AZ31 is increased after burnishing process. S/N ratio of
mass loss was calculated as well, the results are shown in Fig. 8. It can be found that
path interval has the biggest influence on entire corrosion resistance.

The surface pictures of sample No. 0, No. 6 and No. 8 before and after immersion
test are shown in Fig. 9. From these results, it can be found that the surface of sample
No. 0 after immersion was corroded entirely and uniformly. On the contrary, corrosion
of other processed samples is not uniformly distributed. It can be noticed that some
areas were not corroded, especially in the case of sample No. 6, the marked areas are
still very flat. However, the surface of processed samples had some big pits which were
extremely damaged due to corrosion.

Table 4. Mass loss of each sample.

No. 0 1 2 3 4 5 6 7 8 9

Mass loss (mg) 24.2 23.9 19.2 18.1 16.5 17.7 8.8 18.3 25.6 22.4

Fig. 7. S/N ratio of grain size.

Fig. 8. S/N ratio of mass loss.
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Because AZ31 is the alloy of Mg, Al and other components, intermetallic com-
pounds are distributed everywhere. For the different corrosion potential of intermetallic
compounds and pure Mg, if the alloy is put into electrolytic solution, primary battery
will form and lead to local corrosion which can accelerate the corrosion process. As a
result, a lot of small pits can be found on the surface of sample No. 0.

However, in the case of the samples which were processed by burnishing process,
surfaces show a different pattern. In burnishing process, surfaces were pressed by
burnishing ball, as a result grains on the surfaces became smaller and higher amount of
lattice defects formed at the same time. Intermetallic compounds can dissolve into the
lattice defect so local corrosion could be suppressed [8]. Therefore, some areas of
processed samples stay flat.

On the other hand, some big pits can be found on the processed samples, while
there is no big pit on sample No. 0. This phenomenon is considered as the result of
unevenness of corrosion resistance which was caused by the friction changing between
tool and samples during the burnishing process. The areas have bigger grain show
lower corrosion resistance. Just like local corrosion caused by intermetallic compounds,
area with lower corrosion resistance would be corroded early than other areas, as a
result, big and shallow pits form. As surfaces were corroded, metal below surface was
less influenced by burnishing process so it has furthermore low corrosion resistance.
Therefore, pits acted as anode so became bigger and deeper, which can be found in
both sample No. 6 and sample No. 8.

No.0                                   No.6   No.8

Before

After

Fig. 9. Surface of sample before and after corrosion test.

Influence of Burnishing Process on Microstructure and Corrosion Properties 105



Theoretically, small grain size can lead to high corrosion resistance. While in this
research crack and flaking caused by burnishing may occur and cause some areas have
lower corrosion resistance than surrounding. And some other factors may influence
corrosion resistance as well, therefore, S/N ratio of mass loss does not show a similar
trend to S/N ratio of grain size.

4 Conclusions

In this research, the microstructure and corrosion properties of Mg alloy AZ31 pro-
cessed by ball burnishing process is studied. The Taguchi’s orthogonal array method is
used to design the experiment. The grain size, work-hardened layer thickness were
measured and evaluated. The corrosion properties were investigated by immersion test
and evaluated by mass loss and surface observation. The main findings are summarized
as below.

1. After burnishing process, the grains close to the surface are refined. The work-
hardened layer can be achieved up to about 1 mm. Burnishing force is found to be
the most influential factor to grain size and work-hardened layer thickness.

2. An immersion experiment process to quantitatively evaluate the mass loss of the
burnished samples was designed. The experimental results show that burnishing
process is effective to increase the corrosion resistance of Mg alloy AZ31.
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Abstract. Machine hammer peening (MHP) is a dynamic process to smoothen
tool surfaces, increase hardness and introduce residual compressive stresses into
the surface layer. Additionally, MHP can be used to apply surface textures that
act as lubricant pockets onto tools with specifically shaped hammer heads.
These surface textures have proven to minimize friction and decrease wear and
tear of sheet metal forming tools. As of now, the wear behavior of these surface
textures has not yet been investigated sufficiently in stamping processes.
This paper focuses on the application of surface textures byMHPonto stamping

tools used for shear cutting operations on a mechanical press. Within the experi-
mental investigations, different textures are applied on the shell area of the
stamping tools. During the cutting process, the resulting cutting force ismonitored.
Based on the forcemonitoring of the tools the forces are compared after 10000 and
20000 strokes and a correlation analysis between the stroke count as well as wear
of the stamping tool, characterized by their functional volumes is conducted.
It is shown that MHP induced surface textures are not only capable of

reducing wear and tear, but also that the process condition can be monitored by
characteristic process values and inline measurements. This allows for an
improved tool construction with adapted surface textures and, taking the cor-
relation of the process monitoring data and the wear of the tools into consid-
eration, longer and more plannable maintenance intervals and higher process
reliability can be achieved.

Keywords: Surface texture � Machine hammer peening � Shear cutting
Nomenclature

d (hammer) head diameter
a distance of indentation
f MHP frequency
I MHP intensity
s step over distance
v feed rate
h stroke
FTI force-time integral
Vmp peak material volume
Vvv dale void volume
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1 Introduction

Forming processes and their reliability are heavily affected by the surface integrity of
the tools used. Therefore, high effort is put into the finishing of tool surfaces [1].
Machine hammer peening (MHP) is commonly used for smoothing technical surfaces
[2] and introducing residual compressive stresses [3] as well as causing strain hard-
ening in the surface layer of the components treated [4]. By using specially shaped
hammer heads, surface textures, which serve as lubricant pockets, can be applied onto
the surface in the same process step [5]. The aforementioned effects are caused by an
oscillating hammerhead that is deterministically guided over the surface by an indus-
trial robot or a machining center [6].

Within the modern industrial environment, mainly electro-magnetic [7] or pneumatic
[8] systems are used, whereas piezo-electric [9] actuators are used in current research
applications. Primarily, MHP is used in the tool and mold making industry to ensure the
surface integrity of the tools that will be put in production processes such as deep drawing.
It has been shown that micro textures can lower the friction coefficients by about 30%
compared to manually polished surfaces [5]. Also, wear phenomena and locations
change, as particles that would be able to move in process direction are being caught by
the micro textures and prevented from causing further abrasive wear on the tool [10].

Not only forming processes, but also cutting processes benefit from textured sur-
faces. Kitamura et al. show that micro dimples applied on a fine blanking stamp by a
laser can improve the tribological conditions [11]. Therefore, an additional process step
is necessary, compared to the use of mechanical surface finishing and simultaneous
texturing by MHP.

In order to provide guidelines for the application of micro textures on cutting
stamps by MHP, the general behavior of the micro textures during cutting processes
will be investigated. Following the investigations of [12] and [13], it can be seen that
the wear occurrence is significantly higher on the stamp, or more precisely, on the shell
surface of the stamp, than on the die. Therefore, this paper focuses on the wear
phenomena of the shell surface of the stamp influenced by the MHP process.

Due to the fact that sensors integrated in stamping tools have reached increased
capability in recent years, the opportunity rises to expand the monitoring systems and
differentiate between sufficient or insufficient process conditions [14]. The improve-
ments achieved in the monitoring systems lead to a benefit in productivity [15]. Using
those further developed monitoring systems, the tribological behavior of the tools can
be assessed during the process. Based on the investigations performed within the scope
of this paper, correlations between several process parameters during both the MHP
process affecting the surface integrity of the stamping tools as well as the stamping
process itself are deducted. This leads to further process understanding and reduces
wear related maintenance delays.

2 Approach

To investigate the characteristic behavior of micro textured cutting stamps, the
parameters for the mechanical surface treatment of the tools have to be determined first.
Based on previous investigations within the area of surface textured drawing tools
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[5, 10], four different surface states will be investigated in this paper: One stamp treated
by MHP without any surface texture, and three stamps with either a low, medium or
high density of micro textures on the surface. All tools are treated with the same
hammering parameters, only the step over distance and the feed rate is varied to reach
different percentage areas of the textures on the surface. One stamping tool without any
additional surface treatment serves as a reference and is, like all of the above, a state of
the art cutting stamp. In the following, the initial surface characteristics of the stamps
are measured by means of confocal white light microscopy and the cutting tools are put
into test. The test setup is a mechanical press that is equipped with several load sensors,
as presented in Fig. 1. The tools and workpieces are evaluated regarding their process
characteristics by means of an analysis of the process data gathered from the different
sensors and optical measurements after 0, 100, 1000, 5000, 10000 and 20000 strokes.
The workpiece material used is a cold rolled low carbon steel for cold forming with a
thickness of 2 mm (DC03, material number 1.0347, SAE CS3). This sheet metal is
used with an initial lubrication from the previous rolling process of 1.07 g/m2.

3 Experimental Setup

The experiments are performed on a high speed press Bruderer BSTA 810. The tool
setup is depicted in Fig. 1. For measuring the process force in the top tool, a load
washer Kistler 9051A is integrated (a). Additionally, the forces are measured by three
symmetrically arranged force washers (Kistler 9047C) beneath the bottom tool plate
(d). Four Kistler 5073A charge amplifiers are applied for the force measurements.
A National Instruments CompactRio is used as measuring amplifier. The sampling rate
is set to 100 kHz. All signals are processed by Matlab 2016b. Furthermore, the optical
measurements are performed with a confocal white light microscope (nanofocus µSurf)

c 

a 

d 

b 

Fig. 1. Setup of the stamping tool: (a) force measuring ring Kistler 9051A, (b) Keyence laser
sensor LK-H027, (c) stamp, (d) die
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to investigate the wear mechanisms on the shell surface of the stamps. The local
displacement measurement is realized by a Keyence laser sensor LK-H027 between the
bottom and top tool plate.

The stamping process is commonly monitored by the resulting process parameters
as it is shown in [16–18]. The observed parameters can be examined for the stamp-,
push- and withdraw-phase.

The cutting stamps and dies are made of M2 high speed tool steel (material number
1.3343, SAE SKH9) and hardened to 55 HRC (Dayton Progress Type BPX 13 1971
P6.0). The composition of the material allows for a good combination of toughness,
wear resistance, and hardness. The stamp diameter is 6 mm and the clearance is
0.15 mm. The test series are performed with a stroke rate of 300 spm and a stroke of
35 mm. After a distance of 0.5 mm from the cutting edge, the MHP treatment starts, so
the cutting edge is not blunted accidentally. The original surface of the tool is shown as
a topography measurement with the confocal white light microscope (nanofocus µSurf)
in Fig. 2.

The original surface of the tools has a roughness Rz of 2.68 µm. The surface is
turned and the resulting groves are clearly visible. All measurements are taken with a
magnification factor of 20 if not indicated differently. The color range reaches from
−30 µm to +30 µm.

An electro-magnetic hammering system (Accurapuls) is used for the MHP treat-
ment of the tools. Using this hammering system, the hammering frequency f and the
intensity I are controllable during the process. A spherical hammerhead with a diameter
of 20 mm as primary hammerhead geometry is used for all hammering operations. The
hammering frequency is constantly held at 180 Hz, the stroke is set to 0.4 mm and the
stroke intensity I remains constant at 90%. In order to obtain micro textures on the
surface after the hammering process, a hammerhead with a micro tip (Fig. 3) as sec-
ondary geometrical feature is used for the MHP treatment of the textured tools.

4.8 mm
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+30 μm 0 -30 μm   

Fig. 2. Original surface of the cutting tools as delivered
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To reach a variation in the percentage area of the secondary geometrical structures,
the feed rate v, which results from the turning speed of the cylindrical stamp and its
diameter, and the step over distance s, is changed. Thus, four different surface
topologies with no, low, medium, and high share of textures are created. In Fig. 4(a),
the hammered tool surface with no textures is shown. All MHP-treated surfaces have
approximately the same roughness as the hammerhead diameter is comparatively large
(20 mm) in contrast to the micro tip (30 µm).

The MHP-treated area has a roughness Rz of 1.82 µm (stamp 1), hence it is 32%
smoother than the initial surface. The feed rate v is set to 716 mm/min or 38 rpm,
accordingly. This leads to a theoretical distance of the indentations of 67 µm. The same
parameter setup is used for the MHP process of the stamping tool with a medium
percentage area of the secondary geometrical textures (stamp 3) leading to the same
roughness. The textured surface is presented in Fig. 4(b). Caused by deviations of the
turning speed of the stamping tools during the MHP-process, the resulting distance of
the indentations is measured at 60 µm. The textures have a dimension of 30 µm in
process direction.

As a result of the distance of indentation not being a whole-number multiple of the
circumference of the cutting stamp, the textures do not line up straight and cover the
whole lateral surface of the tool in the direction of the stamping process. In order to
detect whether or not the percentage area of the textures has an influence on the
tribological behavior of the tool surface during the experiments, two more texture
patterns are created and described in the following.

A lower percentage area of the textures can be achieved by increasing the feed rate
to 829 mm/min or 44 rpm. The calculated distance of the indentations at 180 Hz is
77 µm, whereas the measured distance is 70 µm.

To reach a higher density of the secondary geometric textures on the surface, the
feed rate is lowered to 641 mm/min or 34 rpm respectively. The theoretic distance of
indentations thus is 60 µm. The surface textures depicted in Fig. 4(d) show a vertically
measured distance of 53 µm.

The geometry of the textures with the high and medium percentage areas of textures
does not appear in even rectangles on the surface which is caused by the indentation of
the hammerhead of the next impact and creates crescentic textures. Due to the larger
distances of the indentations, the pockets on the surface (Fig. 4(c) remain near their
original shape. Thus, material in the surface layer is plasticized and shifted in radial
direction from the center of the impact towards the existing textures. This effect can be
observed when the impact energy of the hammerhead causes an indentation with a

30 μm

7μm

Fig. 3. Micro tip on the hammer head to apply surface textures
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larger radius than the distance of two following indentations. The dependency of the
diameter of indentation and impact energy is shown in [19]. The area percentage of the
micro textures projected in process direction is 13% (stamp 2), 19% (stamp 3) and 24%
(stamp 4). Taking the surfaces shown as a basis, the experimental matrix can be
arranged. Each stamp is put into operation after the MHP process and located in the
tooling system as presented in Fig. 1. The characteristic process forces are monitored
using the setup described above.
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0.6 mm

Stamp 1

d) High text.c) Low text.

b) Med. text.a) No text.

MHP treated

Stamp 4Stamp 2

Stamp 3

Fig. 4. MHP-treated surface of the cutting tools with (a) no textures, (b) medium textures,
(c) low textures and (d) high textures (percentage area)
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4 Results and Discussion

In this section, the results of the force measurements and the confocal surface mea-
surements after distinct stroke numbers are presented and discussed. The force signals
can be divided into three main sections: The stamp section (a), the push section (b) and
the withdraw phase (c). Depicted in Fig. 5, one can clearly determine these sections
and their different behavior, as initial wear of the stamping tools occurs. Figure 4
illustrates the force signals after 10,000 strokes, the displacement is measured in mm
and the force is measured in kN.

It can be stated that there is no variation in the maximum stamp force of the four
different tool surfaces. During the push and withdraw section, a difference in the forces
can be seen. Stamp 4 (high texture density) shows the highest push and withdraw
forces, followed by stamp 2 (low texture density) and stamp 3 (medium texture den-
sity). Stamp 1 (no textures) shows almost no change in the force signals compared to
the initial condition. These force signals are correlated with characteristic surface
values by means of their functional volume according to standard ISO 25178. For each
stamp, the peak material volume (Vmp) and the dale void volume (Vvv) are evaluated.
These values describe the function of a surface based on the excess (Vmp) or missing
(Vvv) volume of material. As the wear phenomena are not evenly partitioned around
the circumference of the stamp, four sides are measured (Fig. 6).
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Fig. 5. Force signals of the investigated tools after 10,000 strokes
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The characteristic functional volume parameters confirm the assumption that can be
derived from the force signal measurements. Adhesive as well as abrasive wear phe-
nomena can be correlated with the characteristic process data. The wear mostly occurs
on the side of the cutting stamp that is heading towards the intake direction of the sheet
metal (see Fig. 9). This can be seen looking at the error bars in the diagram (Fig. 8),
where the maximum and minimum values of the functional volumes are in evidence.

The stamp has to overcome a distance of 2 mm until it initially touches the sheet
metal. After 20,000 strokes, the characteristic values are evaluated again (Figs. 7 and 8).

Furthermore, the force signals after 20,000 strokes can be correlated with the
functional volumes again. The force signals after 20,000 strokes are shown in Fig. 7.

Taking the force-displacement values into consideration, it can be noticed that the
cutting tools show different wear behavior, depending on their initial surface texture.
Stamp 2 (low texture density) clearly shows the highest push and withdraw forces
while the force values of stamp 1 and 4 can be located in the midrange. Stamp 3
(medium texture density) shows almost no change in its force signal. This is also
confirmed by the functional volume parameters and can be seen in Fig. 8. Here, the
increase in the parameters Vmp and Vvv and the irregularity of the wear phenomena
become evident.

It can be stated that there is a good correlation between the force signals (see Fig. 7)
and the functional volumes (Fig. 8). The reasons for the detected effects can be seen in
the differing surface power density that is caused by the different feed rates of the MHP
process needed to create different texture densities. It can be realized that the hammered
shell surface (stamp 1) and the medium textured surface of stamp 3 show an advantage
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Fig. 6. Functional volumes of the cutting stamp surface after 10,000 strokes
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Fig. 8. Functional volumes of the cutting stamp surface after 20,000 strokes
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Fig. 7. Force signals of the investigated tools after 20,000 strokes
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regarding stamps 2 and 4. The advantage in wear comparing stamp 1 and stamp 3 can
only be a result of the micro textures applied, as the stamps are treated with the exact
same MHP parameters regarding the stroke, frequency, stepover distance and feed rate.

This phenomenon also confirms the findings in [5], where surfaces with texture
coverage of 20% result in the lowest friction coefficients compared to 15% and 25%
area percentage. Furthermore, there is an optimum in the coverage of surfaces with
micro textures where two different effects occur. Firstly, the capability of providing
lubrication in the contact zone increases when the percentage area of the textures is
rising. Secondly, due to the decreasing contact area at high texture densities, the contact
normal pressure is increasing, causing higher friction coefficients and thereby higher
wear. This effect occurs when the contact normal pressure reaches a critical amount
resulting in excessive wear and tear. For non-critical contact normal stresses, the
friction coefficient could also decrease with less contact area.

To give an example for highly abrasive and adhesive wear, the four shell surface
sections of stamp 2 are displayed in Fig. 9.

The asymmetry of the wear phenomena can be explained by slight deviations in the
stamp position by the press superimposed by wear caused by the relative movement of
the sheet metal due to strip tension. Taking all stamping tools as a reference, side 3 and
4 always show the least wear and tear. Therefore, side 3 and 4 represent the lower
edges of the error bars in the Figs. 6 and 8, whereas sides 1 and 2 represent the upper
edges of the error bars.

As the wear of the stamps obviously does not have an influence on the maximum
stamp force, a change in the maximum stamp work cannot be detected, which confirms

+30 0 [μm]   -30

Stamp 2

4.4 mm

side 1

side 2

side 3

side 4

1

2

3
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Intake
direction

Fig. 9. Wear locations on stamp number 2 after 20,000 strokes and sheet metal intake direction
(cutting edge on the left side)
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the findings in [14]. The push and withdraw section show a clear differentiation in their
characteristic values. The push work and the withdraw work as force-time integrals
(FTI) are therefore identified as decisive factors and presented in the following figures
(Fig. 10).

The first increase in the push work can be detected at 5,000 strokes for the stamp
with a low percentage area of micro textures on the surface (stamp 2). The FTI then
rises until 8,000 strokes are reached, after which it declines to 500 (FTI) at 10,000
strokes. Most probably this effect is caused by a material built up by adhesive wear on
the stamp shell, which breaks off the surface. This effect can repeatedly be noticed for
all FTI-curves showing wear.

The push work values can be correlated with the functional volumes at 10,000 and
20,000 strokes with stamp 1 showing the most distinct wear, stamp 1 and 4 at similar
levels and stamp 3 with the best wear resistance over all 20,000 strokes. This finding
corresponds well with the results of [5], where the best surface integrity is achieved
with a similar surface texture. The same behavior regarding the tribological effects of
the MHP surface treatment can be seen for the withdraw work (Fig. 11). Here, how-
ever, the effects are not as pronounced.

The data presented allows for the assumption that the medium texture density of the
machine hammer peened surface leads to an optimized wear behavior under the
boundary conditions in the case at hand.
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Fig. 10. Force-time integrals of the push work over the number of strokes
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5 Conclusion and Outlook

It is shown in the paper presented, that it is possible to monitor the process condition of
a stamping process with state of the art monitoring systems. At the same time machine
hammer peened surface textures can be applied on stamping tools, leading to an
increased wear resistance. Thus, not only more plannable maintenance intervals but
also tribological optimized tool surfaces can be achieved.

To gain further insights regarding the application and functional principle of MHP
induced surface textures under different boundary conditions, more experiments will be
performed.

As the wear phenomena occur unevenly on the shell surface of the stamp, not only
the vertical loads, but also the horizontal loads on the cutting tool will be considered in
future works. As a result, an even more precise evaluation of the process condition is
feasible. Also, the effects of tool wear on the produced goods will be evaluated and a
wear threshold considering the quality of the sheet metal products will be defined.

Acknowledgements. The authors would like to thank their industrial partners for the support
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Abstract. Wire + Arc Additive Manufacturing (WAAM) is a technology
potentially offering reduction of material wastage, costs and shorter lead-times.
It is being considered as a technology that could replace conventional manu-
facturing processes of Ti-6Al-4V, such as machining from wrought or forged
materials. However, WAAM Ti-6Al-4V is characterized by coarse b-grains,
which can extend through several deposited layers resulting in strong texture
and anisotropy. As a solution, inter-pass cold rolling has been proven to promote
grain refinement, texture modification and improvement of material strength by
plastically deforming the material between each deposited layer. Nevertheless,
with the increased interest in the WAAM technology, the complexity and size of
the deposited parts has increased, and its application can be hindered by the low
speed and complex/costly equipment required to perform rolling at this scale.
Therefore, Machine Hammer Peening (MHP) has been studied as an alternative
cold work process. MHP can be used robotically, offering greater flexibility and
speed, and it can be applied easily to any large-scale geometry. Similarly to
rolling, MHP is applied between each deposited layer with the new ECOROLL
peening machine and, consequently, it is possible to eliminate texturing and
reduce the b-grains size from centimeters long to approximately 1 to 2 mm. This
effect is studied for thin and thick walls and no considerable change in grain size
is observed, proving the applicability of MHP to large components. The yield
strength and ultimate tensile strength increases to 907 MPa and 993 MPa,
respectively, while still having excellent ductility. This grain refinement may
also improve fatigue life and induce a decrease in crack propagation rate. In this
study, it has been shown that MHP is a suitable process for WAAM Ti-6Al-4V
applications, can be applied robotically and the grain refinement induced by
very small plastic deformations can increase mechanical properties.

Keywords: Wire plus arc additive manufacturing �Machine hammer peening �
Titanium � Grain refinement � Mechanical properties
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1 Introduction

Wire + Arc Additive Manufacturing (WAAM) is a process suitable for production of
medium to large components with medium complexity. It promises a reduction of
production time, material wastage and overall cost of equipment and manufacturing [1].
For these reasons, industrial sectors have been showing an increasing interest in this
technology. Particularly the aerospace industry sees the potential of applying WAAM to
high strength materials, such as Ti-6Al-4V, which are difficult and costly to manufacture
when using conventional manufacturing processes [2]. WAAM technology has been
widely reported for the deposition of Ti-6Al-4V alloy [2–4], but its industrial application
is limited by the lower and anisotropic mechanical properties in the as-deposited con-
dition, which while being above the Additive AMS 4999 specification are lower than
wrought alloys. This is a result of the typical macrostructure of WAAM Ti-6Al-4V that
is characterized by coarse columnar prior-b grains, which can extend several centimeters
in the building direction (vertical direction). The preferential growth of prior-b grains
results in a higher yield and ultimate tensile strength and lower elongation in the hor-
izontal direction when compared with the vertical direction [2]. Also, the microstructure
of Ti-6Al-4V WAAM is a crucial factor, affecting the fatigue life of the components. In
the last deposited layer of a WAAM built wall, the microstructure is predominantly
composed of fine Widmanstätten a, while the remaining wall shows coarser Wid-
manstätten a. This coarse lamellar microstructure of as deposited WAAM Ti-6Al-4V
has been reported as beneficial for a decrease in the fatigue crack growth [5, 6]. It is also
shown that the decrease of the lamellae size increases the strength of the material [7].

Martina et al. [7] shows that the application of inter-pass cold rolling induces
microstructural changes to Ti-6Al-4V WAAM material. This process consists of
applying a defined load on the top surface of each layer through a roller and rede-
positing a subsequent layer. This procedure is repeated until the desired geometry is
obtained. The combination of the applied plastic strain and heating the material above
the recrystallization temperature induces grain refinement of the initially columnar
prior-b grains into very small equiaxed grains. The grain size varies according to the
load applied and roller design but ranges from approximately 139 to 6 µm for loads of
50 and 75 kN, respectively. This is compared to the unrolled grain size of a few to tens
of mm. In the same study, it was also observed that there was a decrease of a lamellae
thickness with an increase of applied load. Both changes in the microstructure resulted
in isotropic properties and increased strength. Qiu [8] also does a preliminary study of
the fatigue crack propagation rate of inter-pass rolled samples and concludes that there
is an improvement of fatigue crack growth properties when compared with unrolled
WAAM and wrought materials. Isotropic properties are also achieved.

With the development of the WAAM technology, there is an increasing demand for
more complex and larger components which precludes the use of a rolling process. For
inter-pass rolling, a stiff gantry is required in order to apply loads of up to 100 kN,
which is costly and limits the design freedom of WAAM applications [9, 10]. Also, the
rolling speed reported ranges from 3 to 7 mm/s [7, 11], which may increase signifi-
cantly the production time of the WAAM components. Machine Hammer Peening
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(MHP) has been previously studied as an alternative to this technology [11–13]. It is
shown that MHP has the capability of refining the previously columnar b grains and
that it can be applied robotically, guaranteeing the flexibility and repeatability required
to employ this technology to WAAM components. The MHP speed is also 18 mm/s
[11], which is much greater than rolling, although the transformed area is not as wide as
with rolling. In another study [13], it is also reported that an increase in tensile
properties and grain refinement is achieved, but the methodology used for MHP and
deposition is unclear.

This paper aims to further understand the capability of MHP as an alternative or aid
to the already established cold rolling process. The microstructure changes are studied
for thin and thick walls and linked with an observed increase of tensile properties and
prediction of fatigue behavior.

2 Experimental Work

2.1 Manufacturing and Setup of WAAM Samples

The as-deposited and inter-pass MHP samples are built using a robotic arm, with an
integrated plasma transferred arc torch with wire feeder and an MHP ECOpeen-C tool,
as shown in Fig. 1. After each deposited layer, the robotic arm is rotated 90° to obtain a
vertical position for the ECOpeen-C tool. This rotation is repeated every layer to
perform inter-pass MHP and inverted again for deposition.

To deposit Ti-6Al-4V wire, an EWM T552 Tetrix Plasma power source is used.
The wire is supplied by Perryman and its composition is shown in Table 1. For all
samples, the substrates of the same alloy are cut to a dimension of 90 � 350 � 8 mm.
To prevent oxidation of the deposited material, a local shielding device is employed
with a gas flow rate of 70 l/min of pure-shield argon (99.99%) [14]. Two different wall
geometries are produced – thin and thick walls. For thin walls (<10 mm), single bead

Fig. 1. Experimental set-up (a) ready for deposition and (b) after a 90° rotation to vertically
position the ECOpeen-C tool and apply MHP
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tracks are deposited for a length of 315 mm up to a height of 130 mm which consisted
of 110 layers. The thick walls are deposited using an oscillation strategy, which con-
sists of moving the torch in a squared zig zag pattern with the oscillation width
determining the width of the wall (*20 mm) and a step advancement in the direction
of the length of the wall of 4 mm. 10 layers are deposited for this condition giving a
wall height of approximately 25 mm. A dwelling temperature of 140 °C is kept for as
deposited and inter-pass MHP samples. This control is carried out with a touch probe
sensor applied between each layer in the center of the wall. Further deposition
parameters are in Table 2.

The ECOpeen-C is an electro-driven MHP tool developed by ECOROLL AG,
which allows a variable impact energy range from 50 to 700 mJ and has the capability of
adapting to uneven surfaces up to 4 mm (stroke). In this initial study, an energy of
700 mJ is used and this tool has proven to be able to adapt to the slight uneven WAAM
top layers both in thin and thick geometries, providing a consistent MHP pattern. For
this energy level, the tool frequency of 225 Hz is used to obtain an indentation distance
of 0.5 mm (distance between each impact of the tool into the material – Fig. 2), the
travel speed of the robotic arm is set at 112.5 mm/s. The diameter of the tool insert has a
radius of 10 mm. For thin walls, a single peening line is employed, as shown in Fig. 2(a)
and (b) and highlighted in blue. For thick walls, a MHP squared pattern is used for a
length of 5 mm (Fig. 2(c)).

Table 1. Wire composition [WT%]

Ti Al V Fe O C N Others

Balance 6.14–6.15 3.91–3.94 0.17–0.18 0.15 0.021 0.007–0.008 0.0172

Table 2. Welding parameters for thin and thick (oscillated) walls

Deposition parameter of: Thin walls Thick walls

Current [A] 145 170
Wire feed speed [m/min] 2.4 3
Travel speed [mm/s] 5 6.2
Wire diameter [mm] 1.2 1.2
Work piece distance [mm] 8 8
Dwelling temperature [°C] 140 ± 10 140 ± 10
Plasma gas flow [l/min] 0.8 0.8
Shielding gas flow [l/min] 8 8
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2.2 Material Characterization and Testing

For each condition tested, a cross section is cut in the perpendicular direction to the
MHP path (vertical cut), hot mounted in conductive resin, grinded and polished. For
optical microscopy and Scanning Electrode Microscope (SEM) analysis, etching with a
diluted solution of hydrofluoric acid is applied. Eight SEM images are captured using a
backscatter detector for higher contrast imaging of a lamellae size. To measure the size
of the prior b-grains, a contour is drawn to outline the shape and size of each grain,
which was after measured in both the vertical and horizontal directions. Only grains
under the MHP paths are measured in three different locations.

To obtain a microhardness profile, a Zwick/Roell ZHV hardness machine is used
with a load of 1 kg and a dwell time of 15 s. For thick walls, 10 parallel lines spaced
0.2 mm from each other are measured from the top peened layer until the substrate. The
spacing between each measurement in the same line was also 0.2 mm. For thin walls,
the same spacing is used but only 5 parallel lines are measured, due to the width of
impact of the single path of MHP applied.

Tensile testing is carried out for both as deposited and inter-pass MHP conditions
of thin walls. The orientation of testing is shown in Fig. 3(a), where five coupons in the
vertical (build direction) and horizontal (deposition direction) directions are extracted
following the dimensions in Fig. 3(b).

Fig. 2. Thin wall with (a) top layer MHP with a peening line (blue colored) and tool paths for
(b) peening line of thin walls and peening square of oscillated thick walls. A 0.5 mm indentation
distance is kept for all directions.

Fig. 3. Tensile specimens (a) position and (b) dimensions of the coupons (all in mm)
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3 Results and Discussion

3.1 Effect of MHP on Grain Refinement

The b grain refinement achieved by applying inter-pass MHP is shown in Fig. 4. Fig-
ure 4(a) shows the contrast between the long columnar grains of the as deposited
condition and the refined grains after applying inter-pass MHP in thin walls. This effect
is explained by Donoghue et al. [15] in which it is suggested that exposing the plastically
deformed material to temperatures above b transus activates grain refinement. The
average b-grain size is approximately 1 mm but with a large variation of size, ranging
from 200 µm to more than 2 mm long, as is evidenced in Fig. 4(b). Interestingly, similar
grain sizes are achieved in a study by Hönnige et al. [11], even though a much lower
energy impact tool is used. The grain size is still larger than the one achieved by inter-
pass cold rolling [7]. However, the ideal beta grain size for industrial applications is still
unknown and the grain size achieved by MHP could be enough. Figure 4(c) shows the
grain refinement from as deposited to inter-pass MHP samples of an oscillated thick
wall. The MHP pattern is only applied at the center of the deposited material so the
grains in the center are refined but there are still columnar beta grains at the edges of the
wall. Figure 4(d) shows a magnified image of the central area for both as deposited and
MHP conditions of oscillation strategy. An average grain size of approximately 1.4 mm
is measured for the MHP condition, with a similar variation of size for the thin wall.
Although for oscillated deposition the material is exposed to higher temperatures for a
longer period, no considerable changes of grain size are observed when comparing with
thin walls. Similarly to what is reported in Hönnige et al. [12], grain refinement is
observed where there was no strain measured. Nevertheless, in general, the beta grain
size is in the order of the layer height. Thus, to obtain grain refinement, the magnitude of
MHP or the deposition strategy are not controlling parameters.

3.2 Effect of MHP on Mechanical Properties

Microhardness
The measurements of microhardness show a visible increase of hardness for the inter-
pass MHP samples when compared with the as deposited condition. Near the top
surface, the hardness magnitude is similar for the thin and thick inter-pass MHP
samples, but it is detected a change of depth of work hardening effect by the drop of
magnitude in the hardness profiles between the thin and thick walls of inter-pass
MHP. For the thick inter-pass MHP sample, an impact of approximately 2 mm is
detected while for thin inter-pass MHP it is approximately 1 mm (Fig. 5). This is
possibly achieved by the combination of two factors. Firstly, by applying a peening
pattern to the thick walls instead of only one peening line of the thin walls, the
magnitude of cold work increased and, as a result, there is a visible increase of the
depth of the MHP impact. Also, due to the increased thickness of the material of the
thick walls, the deformation into the material is more laterally constrained and is acting
mainly downwards into the material [15]. Further testing of the plastic strain induced
should be carried out with different methods to complement the microhardness profile
presented.
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Fig. 5. Micro-hardness profile of MHP and as deposited thick and thin walls

Fig. 4. Macrostructure of (a) thin walls as deposited and after inter-pass MHP, (b) an amplified
grain size of the MHP sample, (c) oscillated thick walls as deposited and inter-pass MHP and
(d) amplified macrostructure for grain size inspection.
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Tensile Properties
For the as deposited samples, anisotropic properties are obtained. In the horizontal
direction, higher strength and lower elongation are observed, when compared to the
vertical direction. This is explained by the preferential vertical growth of the prior-b
grains and agrees with the literature [2, 9, 16]. For both directions of the inter-pass
MHP, there is an increase of ultimate tensile and yield strength with a corresponding
decrease in elongation of 9% in the vertical direction, but it is not critical as the
elongation is still is above 10% (Fig. 6). The preferential direction of elongation for the
vertical direction with a decrease in strength is eliminated and isotropic properties are
achieved through the grain refinement induced by inter-pass MHP. Similar properties
have been reported in Byun et al. [13].
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Fig. 6. Tensile properties of as deposited and inter-pass MHP of thin walls

Fig. 7. Comparison of horizontal and vertical tensile properties of inter-pass MHP obtained in
the current study and reported inter-pass cold rolling properties [16].
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To compare the properties of MHP in this work with the published inter-pass cold
rolling from Martina [16], Fig. 7 is plotted. The properties obtained with MHP are
lower when compared to cold rolling loads of 75 kN and similar to 50 kN. Slightly
lower elongation is obtained compared to rolling but it is still above 10%, which is the
reference value of the Wrought AMS 4928 standard.

3.3 Strength and Fatigue from a Lamellae Size and Prior-Beta
Refinement

Similar a lamellae thickness is observed for both as deposited and inter-pass MHP thin
wall samples, as shown in Fig. 8. This is observed not only in these SEM images but in
all acquired images. Martina et al. [4] reported a decrease of a lamellae thickness as the
load of cold rolling increased. It is expected that the size of the inter-pass MHP samples
showed a lower effect but still a decrease in thickness. It is possible that this divergent
result from [4] is due to the different procedure of applying cold work. In [4], rolling is
only applied when the component is at room temperature, while the as deposited
condition is continuously deposited until the desired geometry is achieved. In the
present study a stabilized dwelling temperature at 140 °C is used for both the MHP and
as deposited samples. The different starting temperatures of subsequent deposition, for
as deposited and cold rolled specimens, changes the cooling rate for each condition and
can promote a lamellae size growth for the lower cooling rate of the as deposited
condition [17]. However, in [4] it is possible to observe also a decrease in a lamellae
thickness between 50 and 75 kN, which suggests that cold work still had an important
role in the thickness of the a lamellae. It is possible that the MHP process does not
apply deformation with enough magnitude and/or depth to promote a finer a lamellae
[5], but further studies are required to achieve a firm conclusion. As the a lamellae
microstructure is similar for both as deposited and inter-pass MHP samples, it is likely
that the microstructure transformation that leads to the strength increase of MHP
samples was the prior-b refinement.

Fig. 8. SEM images of as deposited and inter-pass MHP of thin walls
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It is possible that the fatigue properties of the as deposited and inter-pass MHP
samples will be similar, once there is no significant change of a lamellae size. The
fatigue properties for as deposited Ti-6Al-4V WAAM walls when compared with
wrought material are widely reported in the literature [2, 18–21]. The fracture tough-
ness proved to be similar for the WAAM material compared to the wrought material
but still has anisotropy [18], while the fatigue crack growth rate of the WAAM material
is lower than the wrought material due to the propagation through a tortuous path along
its lamellar structure [19, 20]. Fatigue life is also improved for WAAM Ti-6Al-4V [2].

Lorant [21] shows the importance of avoiding large columnar beta grains for crack
propagation. It was shown that when the crack is aligned with a columnar b grain, the
path followed the prior-b grain boundary. Qiu [8] studied the effect of inter-layer cold
rolling on the fatigue crack growth rate and achieved improved and isotropic proper-
ties. However, the cause of such improvements is not conclusively correlated with the
microstructural changes of the cold rolled material, due to the small sample size tested.

4 Conclusions

The main conclusions redrawn from this study are:

1. Similar grain refinement is achieved by inter-pass MHP of thin walls and oscillated
thick walls. This is achieved by the activation of grain refinement of the prior beta
grains.

2. An increase of tensile properties and isotropy was achieved by inter-pass
MHP. These properties are close to the ones reported for inter-pass cold rolling
with 50 kN.

3. Similar a lamellae thickness was obtained for as deposited and inter-pass MHP
samples.

The present study has proven that MHP can be used as an aid or replacement for
cold rolling for WAAM components. Although the properties of as deposited WAAM
can be already used for some industrial applications, by applying inter-pass MHP the
improvement in flexibility and properties increases the application scope of this novel
technology.

Acknowledgments. The authors would like to thank Alfred Ostertag, Marco Nischkowsky,
Karsten Roettger and Stefan Zenk of ECOROLL AG for providing the ECOpeen-C MHP tool
and for the operational support, as well as, to Flemming Nielsen, Nisar Shah and Steve Pope for
the technical support throughout the experiments carried at the WELPC, Cranfield University.
The authors gratefully acknowledge the funding received from the European Union’s Horizon
2020 research and innovation program in the project LASIMM (Large Additive Subtractive
Integrated Modular Machine) under the grant agreement No 723600. The authors are also
grateful for the funding of the Engineering and Physical Sciences Research Council (EPSRC)
through New Wire Additive Manufacturing (grant number EP/R027218/1) and Open Architec-
ture Additive Manufacturing (grant number 113164) research program.

130 L. Neto et al.



References

1. Williams, S.W., Martina, F., Addison, A.C., Ding, J., Pardal, G., Colegrove, P.: Wire + Arc
additive manufacturing. Mater. Sci. Technol. 32(7), 641–647 (2016)

2. Wang, F., Williams, S., Colegrove, P., Antonysamy, A.A.: Microstructure and mechanical
properties of wire and arc additive manufactured Ti-6Al-4V. Metall. Mater. Trans. A 44(2),
968–977 (2013)

3. Wang, F., Williams, S., Rush, M.: Morphology investigation on direct current pulsed gas
tungsten arc welded additive layer manufactured Ti6Al4V alloy. Int. J. Adv. Manuf.
Technol. 57, 597–603 (2010)

4. Martina, F., Mehnen, J., Williams, S.W., Colegrove, P., Wang, F.: Investigation of the
benefits of plasma deposition for the additive layer manufacture of Ti–6Al–4V. J. Mater.
Process. Technol. 212, 1377–1386 (2012)

5. Lütjering, G.: Influence of processing on microstructure and mechanical properties of (a+ b)
titanium alloys. Mater. Sci. Eng. A 243(1–2), 32–45 (1998)

6. Schroeder, G., Albrecht, J., Luetjering, G.: Fatigue crack propagation in titanium alloys with
lamellar and bi-lamellar microstructures. Mater. Sci. Eng., A 319, 602–606 (2001)

7. Martina, F., Colegrove, P.A., Williams, S.W., Meyer, J.: Microstructure of interpass rolled
wire + arc additive manufacturing Ti-6Al-4V components. Metall. Mater. Trans. A 46(12),
6103–6118 (2015)

8. Qiu, X.: Effect of rolling on fatigue crack growth rate of wire and arc additive manufacture
(WAAM) processed Titanium. MSc Thesis, Cranfield University (2013)

9. Colegrove, P.A., Donoghue, J., Martina, F., Gu, J., Prangnell, P., Hönnige, J.: Application of
bulk deformation methods for microstructural and material property improvement and
residual stress and distortion control in additively manufactured components. Scripta Mater.
135, 111–118 (2017)

10. McAndrew, A.R., et al.: Interpass rolling of Ti-6Al-4V wire + arc additively manufactured
features for microstructural refinement. Addit. Manuf. 21, 340–349 (2018)

11. Hönnige, J.R., Colegrove, P., Williams, S.: Improvement of microstructure and mechanical
properties of wire + arc Additively Manufactured Ti-6Al-4V with Machine Hammer
Peening. Proc. Eng. 216, 8–17 (2017)

12. Hönnige, J., Colegrove, P., Prangnell, P., Ho, A., Williams, S.: The effect of thermal history
on microstructural evolution, cold-work refinement and {\alpha}/\b {eta} growth in Ti-6Al-
4V wire + arc AM. Ph.D. thesis, Cranfield University (2018). Chapter

13. Byun, J.G., Yi, H.J., Cho, S.M.: The effect of interpass peening on mechanical properties in
additive manufacturing of Ti-6Al-4V. J. Weld. Join. 35(2), 6–12 (2017)

14. Ding, J., Colegrove, P., Martina, F., Williams, S., Wiktorowicz, R., Palt, M.R.: Development
of a laminar flow local shielding device for wire + arc additive manufacture. J. Mater.
Process. Technol. 226, 99–105 (2015)

15. Donoghue, J., Antonysamy, A.A., Martina, F., Colegrove, P.A., Williams, S.W., Prangnell,
P.B.: The effectiveness of combining rolling deformation with wire-arc additive manufacture
on b-grain refinement and texture modification in Ti–6Al–4V. Mater. Charact. 114, 103–114
(2016)

16. Martina, F.: Investigation of methods to manipulate geometry, microstructure and
mechanical properties in titanium large scale Wire + Arc Additive Manufacturing. Ph.D.
thesis, Cranfield University (2014)

17. Donachie Jr., M.: Titanium: A Technical Guide, 2nd edn. ASM International, Materials Park
(2000)

Mechanical Properties Enhancement of Additive Manufactured Ti-6Al-4V 131



18. Zhang, X., Martina, F., Ding, J., Wang, X., Williams, S.W.: Fracture toughness and fatigue
crack growth rate properties in wire + arc additive manufactured Ti-6Al-4V. Fatigue Fract.
Eng. Mater. Struct. 40(5), 790–803 (2017)

19. Zhang, J., Wang, X., Paddea, S., Zhang, X.: Fatigue crack propagation behaviour in wire +
arc additive manufactured Ti-6Al-4V: effects of microstructure and residual stress. Mater.
Design 90, 551–561 (2016)

20. Nalla, R.K., Ritchie, R.O., Boyce, B.L., Campbell, J.P., Peters, J.O.: Influence of
microstructure on high-cycle fatigue of Ti-6Al-4V: bimodal vs. lamellar structures. Metall.
Mater. Trans. A 33(3), 899–918 (2002)

21. Lorant, E.: Effect of Microstructure on Mechanical Properties of Ti-6Sl-4V Structures Made
by Additive Layer Manufacturing. MSc thesis, Cranfield University (2010)

132 L. Neto et al.



An Automated Deposition Procedure for Cold
Spray Additive Manufacturing Process

Modeling Based on Finite Element Simulation

Sabeur Msolli1(&), Zhi-Qian Zhang1, Junyan Guo1,
Sridhar Narayanaswamy1, Reddy Chilla Damodara1, Zheng Zhang2,

Jisheng Pan2, Boon Hee Tan3, and Qizhong Loi3

1 Institute of High Performance Computing,
A*STAR, Singapore 138632, Singapore
msollis@ihpc.a-star.edu.sg

2 Institute of Materials Research and Engineering,
A*STAR, Singapore 138634, Singapore

3 Advanced Remanufacturing and Technology Centre,
A*STAR, Singapore 637143, Singapore

Abstract. The present paper presents modeling of the Cold Spraying Process
using a progressive build-up technique. This technique is based on the modeling
features dedicated to the Additive Manufacturing Process. It has the major
advantage in saving computational cost while maintaining reasonable numerical
accuracy compared to other finite element solutions that involve realistic impact
simulations for thousands of particles. The new approach uses the database
obtained from one-time finite element simulations performed with the Eulerian
scheme by computing the corresponding thermomechanical fields averaged over
a gauge length. This is inserted into the progressive build-up model with a pair of
subroutines for the definition of initial stresses and equivalent plastic strains. The
material addition has been performed in the finite element analysis by progres-
sively activating the elements that take the values of the averaged thermome-
chanical fields at the moment of activation. To undergo element activation,
another pair of subroutines are used to locate the elements that are within a sphere
of a fixed radius and belonging to the deposition toolpath or segment. The
deposition segments considered in the modeling are an event series presenting the
element status with respect to the tool coordinates and time. The deposition input
parameters have been specified using a table collection. The progressive build-up
procedure has been used to determine the thermomechanical fields such as
temperature in the coating and residual stress in the structure.

Keywords: Cold spray � Additive manufacturing � Elements activation

1 Introduction

Cold spraying process is an emerging manufacturing technique for depositing coatings
in different kinds of substrate and repairing damaged parts. It consists on impinging
high velocity metallic or non-metallic particles upon the target material to achieve a
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strong bonding between the deposit and the substrate. Contrary to thermal spraying
process where deposition is performed at high temperature [1, 2], cold spraying does
not require increased heating of particles or substrate to achieve material adhesion.
Nevertheless, the mechanical properties of the coating and its adhesion to the substrate
are strongly dependent on several process parameters such as deposition velocity,
impact angle, material combination, particle diameter, rough-ness of the substrate
surface, etc. [3–5]. Importantly, the particle reaching a critical velocity is key for
achieving strong bonding between the substrate and the deposition material [6, 7]. This
critical velocity leads to large plastic deformations and shear instability at the
particle/substrate interface where the materials melt selectively and promote a kind of
mechanical scouring of the surfaces, favorable to their adhesion [8, 9]. The residual
stress generated after cold spraying also is a considerable concern that should be
precisely evaluated using simulations.

The numerical simulations of cold spray are usually based on dynamic analysis
using nonlinear finite element modeling for collision of a single particle or a few
particles using the Eulerian method, that has proved simulate experimental observa-
tions [10]. Nevertheless, finite element modeling of cold spraying is challenging,
because it is computationally expensive, especially for thick coating involving thou-
sands of particles impacting a substrate. Arising from this need, we have in this paper,
identified strategies previously adopted for simulation of fusion and extrusion depo-
sition additive manufacturing to simulate the cold spraying process. Element activation
is among used techniques to simulate 3D printing in additive manufacturing process
and appears as a realistic way to describe progressive layer build-up. By fully or
partially activating elements, it is possible to control the initial and computed ther-
momechanical fields from predefined ones. The automated model is presented to show
the application of the modeling tools and the effect of the partial element activation on
the distribution of the residual stress.

2 Progressive Build-Up Technique

2.1 FE Simulation of Cold Spraying Process Using Eulerian Method

The Eulerian simulations presented hereafter are based on a 3D configuration of the
cold spraying process. The finite element model consists of 150 Aluminium Alloy
6061-T6 particles of 60 microns diameter and moving with an initial velocity of
600 mm/s, impacting a large Aluminium Alloy 6061-T6 substrate of 1.8 mm � 2.4
mm at an angle of 90° with respect to surface plane. Both the substrate and the particles
are considered as deformable bodies. 8-node thermally coupled linear brick, multi-
material, reduced integration elements with hourglass control have been adopted for the
Eulerian mesh. The volume fraction of the elements has been set to 1. To produce
periodic conditions on the substrate sides, non-reflecting Eulerian boundary conditions
have been applied to the impact-free surfaces of the substrate. The total time of the
simulation is 5 � 10−3 s including spraying and relaxation (load-free) time. The
simulations are adiabatic, so there is no thermal energy dissipation outside the system.
To represent adequately the viscoplastic behavior of the constitutive materials involved
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in the cold spraying process, the Johnson-Cook viscoplastic law has been adopted as it
permits to describe accurately the strain rate and temperature dependent effects. The
Johnson-Cook law is expressed as follows

r ¼ AþBenp
h i

1þCln
_ep
_e0

� �� �
1� T � T0

Tm � T0

� �m� �
ð1Þ

where r, ep, and T are the equivalent stress, the plastic strain and the temperature,
respectively. _ep is the equivalent plastic strain rate. A, B, C, n, and m are material
parameters. Tm is the melting temperature and T0 is the reference temperature.

The material parameters of the Johnson-Cook model are chosen depending on the
couple of materials composing the substrate and the coating. In these simulations,
aluminium Alloy 6061-T6 grade has been chosen as the material for the model parts.
The material parameters for Al6061-T6 are given in Table 1. The purpose of these
simulations is to compute the thermomechanical fields of stress, strain and temperature
required for the equivalent model. As shown in Fig. 1, the particles are initially ran-
domly distributed on the space and projected toward the substrate with an initial
velocity of 600 mm/s. After the impact, the particles are severely deformed and stacked
on the substrate surface forming a coating layer of about 0.4 microns. The database
obtained from these Eulerian simulations has been stored to be used as input in the 3D
equivalent coating model.

The obtained mapping of the stress, equivalent plastic strain and temperature are
presented in the Fig. 1. It clearly shows the high amount of plastic strain in the coating
compared to that in the substrate. The deposited particles were severely flattened and
their interfaces particularly present higher plastic deformation as a localized shear
mechanism is occurring during high velocity impact. This plastic deformation is mainly
related to the kinetic energy of the particles and therefore, to the initial velocity
explaining the effect of the input process parameters on the produced deformation.
Since the cold spraying process has been considered as adiabatic in these simulations,
all the plastic work was totally dissipated into heat, leading to a high temperature in the
coating layer. The temperature at the particle/substrate interface is higher as the sur-
faces involved in the impact was subjected to heat transfer that diffuses almost uni-
formly towards the entire surface of the substrate and the surrounding particles.

Table 1. Material parameters used for Johnson-Cook model [11].

A (MPa) B (MPa) C n m _e0 (s−1) E (GPa)

324 114 0.002 0.42 1.34 0.001 68
Tm (K) T0 (K) q (kg m−3) m Cp (J Kg

−1 K−1) k (W m−1.K−1) a

880 298 2700 0.3 896 0.0071 16 � 10−6
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2.2 Variable Extraction and Averaging

The progressive build-up procedure for coating deposition has been developed based
on the previous results of the Eulerian simulations. This 3D automated implicit model
has been conceived to reduce the computational cost, by using the element activation
technique.

The extracted numerical database from the Eulerian simulations, serving as input in
the automated model, is composed of the stress components, the equivalent plastic
strain, and the temperature distribution in the substrate and the coating. These variables
have been volume averaged before being implemented. The variable averaging has
been performed according to the following strategy: all the thermomechanical fields
including stress, plastic strain and temperature has been extracted for both the substrate
and the particles in some specific paths. For the substrate, four paths have been chosen
along the deposition direction, so the variables are averaged over these paths at a fixed
time point corresponding to the end of the spraying process. At the end of the averaging
operation, a mean profile of the relevant variable as a function of the substrate depth is
obtained assuming that the variable is uniform along the substrate width. The latter
assumption is justifiable as the particles are uniformly impacting the substrate leading
to evenly distributed fields along the substrate width.

As for the coating, the thermomechanical fields averaging has been performed
using different sizes of a square unit cell as shown in Fig. 2(a). The unit cells include
the lowest elements of the first particles impacting the substrate to capture the variation
of the variables at the end of the spraying process. No relaxation step was taken into
account since the considered state represents the immediate end of the spraying

Fig. 1. The distribution of stress (left), equivalent plastic strain (middle) and temperature (right)
at the end of the deposition process.
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process. The extraction and the variable averaging have been carried out using a Python
script. The averaged values have been stored in a separate file for the upcoming
automated build-up simulations.

Figure 2(b) shows the dependence of the average temperature on the unit cell size.
It can be seen that the temperature is almost constant over the coating thickness at
around an average value of 465 K, and thus the effect of the unit cell size is not
distinguishable. Figure 2(c) shows the variation of the average Von Mises stress
against the unit cell size. The stress decreases about half when the unit cell size is equal
to the coating thickness. The decrease of stress is related to the temperature changes in
the coating. As previously shown, the adjacent particle layers close to the substrate
surface are subjected to the first impact wave. They were impacting substrate with a flat
surface at room temperature. Plastic deformation is severe in this area leading to more
heating followed by a progressive cooling. As the cooling begins to occur, compressive
stresses increase in these layers leading to a more prestressed particles/substrate
interface. On the other hand, the particles coming from the second wave and above and
freshly deposited on the top of the coating have higher temperature and therefore,
present lower stress. In fact, the particle/particle impact seems quite different from the
particle/substrate impact. Since less stress generates for the particle/particle impact due
to high temperature, the average stress value is decreasing with increased unit cell size,
and then becoming unchangeable at about 130 MPa from a unit cell size of 100 µm. It
comes to the conclusion that beyond 100 µm of unit cell size, the average stress value
of 130 MPa represents well the homogenized behavior of the coating. For coating
thickness below 100 µm, it is better to consider a certain dependence of the stress to the

(a) (b)

(c) (d)

Fig. 2. Averaged values of stress, equivalent plastic strain and temperature and their dependence
to the size and location of the unit cell chosen for the averaging operation. (a) unit cell definition
in the coating, (b, c, d) temperature, stress and equivalent plastic strain.
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deposited coating thickness rather than an averaged stress computed from a repre-
sentative volume element (RVE), as the value of the stress is strongly dependent on the
particle location. Finally, the average equivalent plastic strain has been extracted and
illustrated in Fig. 2(d).

The particles deform severely when impacting the substrate at room temperature
generating a domain with high strain localization. The particle/particle impact is
slightly different as the shear mechanism combined to particles sliding generate smaller
amount of plastic deformation compared to the first layer of particles. The average
plastic strain becomes almost constant from a unit cell size of 100 µm.

2.3 Heat Transfer Analysis

The geometric model for the finite element model consists of AA 6061-T6 coupon
which has the dimensions of 76 mm � 19 mm � 3 mm coated with AA 6061-T6
layer of 0.365 mm thickness. Both the coupon and the coating have been meshed using
structured 8-node linear heat transfer bricks DC3D8. The coating thickness is com-
posed of 8 mesh layers. The coupon is tied to the coating using a tie mesh constraint.
The average temperature of the particles has been imported from the Eulerian simu-
lations into the coating layer as an initial predefined temperature. The toolpath depo-
sition pattern has been provided by the cold spraying device from the history of the
nozzle movement. The cold spraying process has been described by activating elements
which are supposed to represent the homogenized behavior of a coating block. The
element and material activation process has been monitored using a couple of sub-
routines. The first utility routine calls the segment in which the element should be
activated. The second subroutine activates the element belonging to the segment and
included in a cylinder of radius R and height H. The activation of the elements can be
either fully or partially performed. Full activation of the element is automatically
released when the element centroid belongs to the scanning domain. The number of
coating mesh layers is equal to the number of spraying scans performed to obtain the
final coating thickness. Therefore, each scan activates its associated element layer.
Contrarily to the full activation, partial activation is possible with intermediate value of
the element volume fraction ranging between 0 and 1. We have considered partial
activation technique hereafter to model the deposition process. In order to fully exploit
the capability of the partial element activation, a single coating mesh layer has been
considered whose size is equal to the coating thickness. The partial activation enables
the volume fraction of the element to increase progressively until reaching a maximal
value of 1 in certain locations at the end of the entire cold spraying process. The
volume fraction of the elements has been computed using a continuous function of
space coordinate of the deposition spot. Therefore, elements located far from the
scanning geometry would have no volume fraction. To match experimental observa-
tion, nonlinear profile of the element volume fraction has been described by a normal
distribution which assumes that for a fixed time domain, the volume fraction is max-
imal in the centerline of the scanning area and nonlinearly decreases into the edges.
Therefore, the volume fraction added in each time increment, is simply determined
knowing the scanning orientation and the shape of the particles distribution (normal
distribution for the case of partial activation, for instance).
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The nozzle patterns have been formatted as event series representing the location of
the nozzle with respect to time and space coordinates. The width and height of the
deposited coating, the number of passes, and the nozzle velocity have been entirely
introduced using a table collection that permits to extract these input data if needed. It
represents also a convenient way to remotely control these parameters and evaluate
their effect on the deposition process. The input process parameters as defined
experimentally are summarized in Table 2.

For partial activation, the volume fraction of the element increases nonlinearly for
every pass. Figure 3(a) illustrates cumulated volume fraction obtained for each pass,
followed by a quiet period where there is no volume fraction cumulated. As the volume
fraction is nonlinear over space, it has been found to be heterogeneous on the coupon
surface and tends to form straight and periodic lines of high volume fraction elements,
see Fig. 3(b). At the end of the spraying operation, the entire volume fraction has been
recovered for the elements crossing the nozzle centerline.

Temperature distribution has been also extracted in Fig. 4. It is shown that several
peaks of temperature have been reached for each performed scan. Temperature rise has
been observed at the moment of element activation as initial temperature has been
assigned to the elements. It can be seen that the transient regime is short and rapid
cooling occurred in the element as high conductivity material has been selected.
The computed average temperature in the coating showed steady state temperature that

Table 2. Experimental input parameters for the cold spraying process.

Coating width
w (mm)

Coating height
H/pass (mm)

Number
of passes

Spray
time (s)

Coating
velocity (mm/s)

Total path
length (mm)

1 0.091 4 63 400 25200

Fig. 3. (a) Volume fraction cumulated during spraying (partial activation) process in element
located on the scanning trajectory. (b) Volume fraction map over different spraying passes for
partially activated elements.
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increases continuously in stairs. Transient regime lasts longer in the case of partial
element activation. Initially, temperature of the element after partial activation is
slightly higher than that of a fully activated element. This is related to the scaling of the
material properties of a partial activated element by its volume fraction leading to
higher temperature in the transient regime. In addition, an important aspect is the trend
of the steady state temperature which is similar to that of the full activation case. It has
to be noticed that a mixture law is used to compute thermomechanical fields in a
partially activated element. This constitutes a major difference compared to the full
activation.

2.4 Structural Analysis

Stress distribution in the coupon and the coating is among the needed outcomes of the
thermomechanical simulations. Residual stress is related to the part deflection and
therefore monitors the final shape of the coated part and constitutes a major precursor
for crack initiation and part failure. Initial stress fields in the coating and the coupon
have been considered based on the original particle impact model. They have been
accounted for using a couple of subroutines for stress and equivalent plastic strain
initialization. These subroutines permit a better control of the initial stress and plastic
strain mapping over the whole part volume. Contrary to the thermal analysis, not all the
entire coupon has been coated but only a band of 3 mm width in the center has been
coated. In addition, the cold spraying operation has been reduced to 4 passes in order to
save computational time. Element activation has been applied for both coupon and
coating. Initial state of stress is present in a thin layer of the coupon. Consequently,
only that thin layer has been partially activated. Figure 5(a) shows the stress and
displacement distribution in the whole part at the end of the coating process. Residual
stress has been generated on the coupon leading to the plate bending (Fig. 5(a)). Large
values of residual stress observed in this area are due to a fast cooling rate generating
thermal gradient and leading to part deflection. Largest deflection values are located
along Z-axis and situated at the middle of the coated part of the coupon (Fig. 5(b)).

Fig. 4. Temperature evolution during in the coating during the cold spraying process.
Temperature in the element partially activated and located in the same area as the fully
activated elements.
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Figure 6(a) shows the progressive increase of the element volume fraction over time.
The increase of the volume fraction is due to both the number of scan undergone by the
element during the spraying process and the number of overspraying time which
slightly contributes to the increase. The accumulation of the volume fraction is linked
to the increase of the stress as demonstrated in Fig. 6(b).

The stress exhibits jump every time the element volume fraction is updated. The
initial value of stress recorded from the original particle model is scaled by the volume
fraction in the partially activated element which explains the relatively small value of
stress at the beginning of the element activation compared to the imposed initial stress.
As for the temperature, the stress is updated in the activated elements following a
mixture rule to ensure smoothness of the solution in the element.

Profile of the residual stress after the deposition process along the structure depth is
shown in Fig. 7. The stress trend is similar to the one observed in some other additive
manufacturing processes such as extrusion and fusion deposition.

Fig. 5. (a) Stress and (b) displacement maps in the structure using partial activation.

Fig. 6. Partial activation of elements. (a) volume fraction increase with the number of scans over
the element. (b) Associated stress evolution in the element.

An Automated Deposition Procedure for Cold Spray Additive Manufacturing Process 141



Compressive values of the stress (100 MPa) are predominant in the top thin layer of
the coupon as this part is subjected to a fast cooling while tension stress exists in the hot
coating layer (80 MPa).

3 Conclusion

A progressive build-up technique is developed to model the cold spray process thereby
addressing the limiting aspects of high computational cost and excessive model size.
Based on the element activation technique, the model describes the temperature
changes, the residual stress profile and the amount of deflection in the structure. Partial
element activation further improves computational time by choosing a bigger element
size at full activation but at the same time maintaining reasonable accuracy in the
results. Further investigations are needed to compare and correlate the experimental
results for stress and deflection with that numerically determined.
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Abstract. Cold spray is an emerging additive manufacturing technique with
potential applications in surface functionalization, bulk component production
and restoration/repair. During the cold spray process, metallic powders are
accelerated to supersonic velocities by the carrier gas of high pressure and tem-
perature and impact on the substrate to form layers of coating throughdeformation-
induced bonding. However, the coating fabricated by this process suffers from low
cohesive strength and weak interfacial bonding. Therefore, process optimization
through numerical simulation is much needed. Here we employ finite element
simulation with Johnson-Cook plasticity and dynamic failure model to numeri-
cally predict the temperature distribution within single particle, and they show
good agreement with experimental observation using SEM. This provides a val-
idated description ofmicroscopic phenomena using numerical simulation, hence it
can be employed further to study the bonding strength of the metal cold spray
coating. Through microstructural analysis, we propose a semi-empirical rela-
tionship between the nodal temperature profile and local bonding strength, hence
identified that the increase of the localized bonding area in a single splat is the
determining factor for the increase of the bonding strength.

Keywords: Metal cold spray � Finite element simulation �
Interfacial bonding strength

1 Introduction

Metal Cold Spray (MCS) is an emerging additive manufacturing technology with great
potential in coating and repair. The solid powders are accelerated to supersonic
velocities by the carrier gas of high pressure and temperature created from the
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convergent-divergent nozzle, and hit on the prepared substrate to form layers of coating
through intensive plastic deformation. One advantage of the cold spray technique is to
keep the powder and substrate temperatures below the melting point so that the initial
physical and chemical properties of the material can be retained. The metallic bonding
formed at the particle/substrate interface in cold spraying process is attributed to
“adiabatic shear instability”, which was proposed by Assadi et al. [1]. Furthermore,
when the particle is impacting on the substrate at a velocity above the critical velocity,
the contact process is so quick that the heat generated by the plastic deformation greatly
increases the local temperature and softens the material. As a result of the thermal
softening, the rate of strain hardening is reduced while the strain and the temperature
are abruptly increased at that region. This secondary jump in temperature and strain (as
compared with the initial temperature jump due to particle’s first contact with the
substrate, which is universal across all particle contact areas) can be obtained using
finite element analysis, and it is one of the unique features of the metal cold spray
process. In this work, we attempt to quantitatively link this characteristics with the
interfacial bonding strength, which provides a valuable predictive tool for the process
engineers to carry out virtual parametric study.

2 Methodology

2.1 Finite Element Simulation

The method of constructing the finite element (FE) model used in this paper has been
described in detail in previouswork [2]. It is provided briefly here again for completeness.

Taking into account the experimental configuration, a three dimensional FE model
has been developed with ABAQUS/Explicit to simulate the impact between a single
sprayed power particle and the substrate (Fig. 1). Accordingly, 8-node hexahedral
elements with reduced integration and stiffness hourglass control (C3D8R) were
employed with meshing size gradually increases from 0.3 µm at the impact center to
1.0 µm at rest of the part. The diameter of the spherical particle is set to be 30 µm
which is taken from the average diameter of the powder particle used in the experi-
ments. The Johnson – Cook plasticity and dynamic failure model is applied to simulate
the plastic deformation, strain hardening and progressive damage of both the particle
and substrate. The material properties and the parameters of the Johnson – Cook model
for Ti-6Al-4V are applied to both the particle and the substrate in the FE model
according to previous literature [3].

Up to this point, the bonding at the contact surface has not been well defined in the
model. The particle is still allowed to bounce back which makes the simulation results
invalid after the separation. Therefore, the normal behaviour of the interaction property
has to be set in a way that there is no separation or penetration allowed at the interface
during the whole impact process. The more precise but complicated and laborious way
to define the bonding is to employ the user-defined subroutine. At this stage of study, a
much more simplified but robust way can be found in ABAQUS/Explicit, which uses
the over-closure dependent pressure to tie the two contact surfaces together. The details
of the numerical settings are provided in the literature [2] as well.
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Although using animation of the impact process can show no separation or pene-
tration at the contact surface. The effect of using “softened” contact has to be evaluated
quantitatively to validate this new model. We employ the velocity of the top node on
the particle as an indicator and plot it against time in Fig. 2 for two different contact
models. The two velocity trends share the same path before decreasing to 0. After the
particle tends to bounce back, the non-separation constraint in “softened” contact
model “pulls” the particle back and the node velocity returns and stays at 0, as shown in
Fig. 2.

Fig. 1. 3D model for metal cold spray single particle impact (normal).

Fig. 2. Velocity trends of the top node on particle for models for two different contact models.
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2.2 Experimental Setup

Ti-6Al-4V Grade 23 powder with average particle size of 30 µm was employed as the
feedstock and the substrate was Ti-6Al-4V Grade 5 block with mirror–like top surface
finish. The experimental setup follows previous work [4] with powder feed rate 30 g/min
and transverse scan speed 500 mm/s. After the spray, mini-tensile test coupons were cut
out from the block, which is illustrated in Fig. 3. Following the work of Tan WY [5],
mini-tensile tests were carried out by pulling the samples with in-house designed jig until
sudden rupture occurred at the interface. The UTS (Ultimate Tensile Strength) can be
obtained from this exercise by dividing the maximum load with the nominal cross section
(as for this brittle interface). The fracture surfaces were further examined by SEM (JSM-
IT300, JEOL Ltd., Tokyo, Japan) to identify the particles of interest.

3 Results and Discussion

3.1 Single Particle Impact Model Validation

Since the fraction of the bonding nodes for the two different contact models are distinct
from each other, it is necessary to compare the results with the surface morphology of the
single particle splat in the coating. As compared in Fig. 4, the temperature contours of the
bottom surface on the deformed particle shows high similarity with the surface mor-
phology of the single particle in the coating fracture surface. The large outer ring area of
the particle is identified as the bonding region, which corresponds to the high temper-
ature region in the simulation. Conversely, the center region of the particle bottom is very
smooth, showing no sign of bonding. This corresponds to the low temperature region in
the simulation, which is of the same size as in the SEM. This comparison further
reinforces the validity of the model using the Johnson – Cook plasticity and damage
model and non-separation constraints to bond the particle and substrate together.

coating

substrate

interface

Coating 

interface

substrate

Material thickness: 9mm
50 mm

50 mm

5 mm

Fig. 3. Mini-tensile test dog-bone samples preparation
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3.2 Derivation of the Bonding Stress from the Nodal Temperature Profile

The additional/second temperature jump which indicates the onset of adiabatic shear
instabilities and bonding is termed as “secondary jump”, as there will always be a
temperature jump at the initial stage when the particle land on the substrate at the
beginning of the impact process. In a temperature history plot, “secondary jump” is
characterized by the second obvious increase of the slope of the temperature history
line, which is circled in red in Fig. 5. Figure 5 provides an example of the temperature
profiles of individual bonding nodes due to adiabatic shear instability. Although many
previous studies have suggested the link between the phenomenon of temperature
secondary jump and the surface bonding in cold spray [1, 6, 7], none of them have
actually provided this correlation numerically. In this work, a numerical model is
developed below with a few assumptions.

Fig. 4. Comparison between simulated temperature contour and surface morphology at the
bottom of the deformed particle.
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First, the rate of temperature change T 0 is the local slope of the temperature history
plot. The onset of the “jump” phenomenon corresponds to the change of the local slope,
which can be expressed as derivative of the slope T 0ð Þ0, and it is equal to the second
derivative of temperature over time T 00. Therefore, with this approach, the “secondary
jump”, which is the sudden increase of temperature rising rate, should be sensed
automatically by detecting a big value of T 00. This is to identify the nodes that have
bonding in the model automatically using one single value. Moreover, we can indirect
validate the proposed criterion by running the model at different impact speeds and plot
the T 00 contour, as shown in Fig. 6. It can be seen that with increasing speed, the bonding
area within one particle increases accordingly. It can be validated by the SEM analysis
of the fracture surface of the residual of a single particle splat on the substrate. Figure 7
highlights different bonding areas in single particle splat with different impact speeds.
The donut rings cover the bonding area of a single particle splat with characteristic
rough fracture surface. The area percentage increases with the increasing speed as well.
The center of the particle is still smooth, indicating no bonding at that area, also same as
in the Fig. 6. In this way, we can state that the increase of the localized bonding area is
the determining factor for the increase of the bonding strength.

y 
/ μ

m

500 m/s

730 m/s

600 m/s

800 m/s

700 m/s

850 m/s

x / μm

Fig. 6. Contour plots of the simulated T 00 values in the contact surface at different speeds
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Furthermore, for those bonded nodes, the bonding strength should, naturally, be
determined by T 00 as well. According to the literature, the bonding between the particles
and the substrate only happens when the impact velocity exceeds some critical values
[6, 7]. The deposition efficiency can increase dramatically with the increasing the
impact velocity after the critical value is reached. However, the deposition efficiency is
observed to be saturated once the impact velocity reaches certain ceiling value [7].
According to this, it is assumed in this paper that bonding will only happen when T 00 is
higher than some critical value and the bonding stress (r) will reach maximum value
(rmax) after reaching ceiling impact speed. To model this assumption mathematically,
the following function is proposed:

r ¼ 188� 1
1þ e�1:0�10�17� T 00�8:3�1018ð Þ ð1Þ

In this equation, 188:0MPa is rmax. 1:0� 10�17 and 8:3� 1018 are some constants
which best fit the Ti-6Al-4V data. The fitting can be done automatically using a series
of Matlab-driven ABAQUS simulations, where least square fitting was carried out in
the Matlab to match experimental data. Table 1 provides the best fitted simulation
results with the experimental data.

700 ºC, 700 m/s 800 ºC, 730 m/s

900 ºC, 760 m/s 1000 ºC, 800 m/s

~ 40% area bonded ~ 60% area bonded

~ 70% area bonded ~ 80% area bonded

Substrate - Magnification ~3000 
Fig. 7. The SEM images of fracture surfaces of a single particle at different impact speeds
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Therefore, the local bonding stress can be calculated as a function of its T 00 value
using the equation above and the total bonding force of a single particle can be
calculated by integrating the bonding stress over the bonded area. Then the interfacial
bonding strength can be obtained by dividing the total force by the average footprint of
a single particle in the experiment. Using this equation, we can running single particle
impact model at different conditions to predict their bonding strength at the interface.

4 Conclusion

In this study, finite element simulation of single particle normal impact process has been
carried out to predict the macroscopic coating bonding strength. Temperature secondary
jump, which has direct association with the adiabatic shear instability and bonding, has
been represented by the value of second order derivative of the temperature history
curve. Such value is also associated with the interfacial bonding strength through a
Sigmoid function. Such function provides a valuable tool for the metal cold spray
community to link the manufacturing process with the coating property directly, which
makes the numerical prediction of the bonding strength possible.
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Abstract. Mirror finish surface products are widely used in many industries
such as aerospace, optics, semiconductor and biomedical device manufacturing.
The surface texture of mirror finish products is usually measured by off-line
instruments such as coherence scanning or phase shifting interferometers.
However, most commercial interferometers are expensive and must be operated
in a clean and vibration-free laboratory environment. In order to achieve both in-
situ surface quality control and automated tool changing for the polishing
process, fast and non-contact surface texture measurement are required. To
address these in-situ measurement challenges, a surface texture measuring
system based on fringe pattern illumination method is proposed in this paper. By
analyzing the luminance contrast ratio of the fringe pattern reflection image and
comparing to the measurement results from the referenced coherence scanning
interferometer, the experimental results showed that the proposed system was
able to measure different mirror finish surfaces with Sa and Sq values in the
range of 15 nm to 120 nm and 30 nm to 160 nm respectively. In addition, the
luminance contrast ratio was also correlated with directions of the machining
marks and the projected fringes at different measurement angles. The surface
texture aspect ratio parameter Str which provides information about the strength
of the machining marks was experimentally evaluated and compared with
luminance contrast change. In conclusion, the proposed measuring system was
able to measure surface texture with a relative error less than 10% at mea-
surement angle between 20° to 160°, and indicate machining pattern effects on
the mirror finish surface.
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1 Introduction

According to ASTM standard A480 [1], mirror finish is a highly reflective, smooth
finish typically produced by polishing with successively finer grit abrasives and finally
with buff polishing. In recent years, mirror finish surface products have become more
widely used in industries such as optical, semiconductor and medical device manu-
facturing resulting in new measurement challenges [2, 3]. Consequently, research and
development work has been undertaken to measure the surface roughness of mirror
finish surface products in order to achieve in-situ surface quality control and automated
tool changing for the polishing process [4, 5]. Contact based techniques (i.e. stylus
profilometer) are not suitable for mirror finish surface measurement because the stylus
tip may scratch the surface [6]. For mirror finish surface measurement, optical tech-
niques such as confocal microscope [7], coherence scanning interferometer [8] and
phase shifting interferometer [9] have great potential due to their non-contact mecha-
nism to avoid both surface damage and contamination. However, they typically suffer
from relatively low measurement speed and are difficult to integrate into the surface
polishing process [10]. Recently, patterned area illumination method [11] was devel-
oped to evaluate the specular reflection and study the relationship between the surface
roughness and gloss evaluation. It can be a potential solution to achieve fast and non-
contact inspection and send measurement results in situ to the polishing operator to
make decision for further processing.

In this paper, the developed patterned area illumination system and the referenced
coherence scanning interferometer were used to measure the surface roughness of
sixteen samples and the measurement results were compared and analysed. The
experimental results showed the developed patterned area illumination system was able
to do in-situ measurement of the mirror surface finish surface and also indicate
machining pattern effects.

2 Materials and Method

2.1 Test Samples

For roughness measurement, a set of sixteen stainless steel samples labelled from 1 to
16 as shown in Fig. 1, were ground and polished using EcoMet 300 Pro (BUEHLER,
Illinois, USA) to achieve surface roughness Sa in the range of 15 nm to 120 nm.

Fig. 1. Test samples for roughness measurement
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2.2 Coherence Correlation Interferometer

Areal surface roughness values of the test samples were accurately measured by using a
coherence correlation interferometer (Talysurf CCI HD, AMETEK Inc, Berwyn, PA,
USA) with 20x objective lens as shown in Fig. 2(a). It employs coherence scanning
interferometry to measure the surface texture and was able to provide a lateral reso-
lution of 1 µm and vertical resolution of 0.1 nm. Each sample was also measured five
times with a measurement area of 2 mm � 2 mm. As an illustration, Fig. 2(b) shows
surface topography measurement results of four samples with different roughness level.
After form removal by third order polynomials, the arithmetical mean roughness Sa,
root mean square roughness Sq and texture aspect ratio Str defined in ISO 25178-2 [12]
were computed using the TalyMap software. The Sa and Sq parameters are the most
widely accepted parameters to characterise surface topography in both academic and
engineering industry. Str is one of the more suitable parameters to characterise the areal
surface texture as it measures uniformity of the surface texture [13].

2.3 Patterned Area Illumination System

A patterned area illumination system was developed using a programmable illumina-
tion source and a monochrome machine vision camera. Figure 3(a) shows the system
configuration. Figure 3(b) shows the configuration of whole inspection unit integrated
on an industrial robot (IRB 140, ABB Group, Zurich, Switzerland) to achieve in-situ
surface roughness measurement. A black and white fringe pattern was generated by the
illumination source (Ipad mini 3, Apple Inc, Cupertino, CA, USA). In specular
reflection, the incidence angle equals to the reflection angle. Hence, while the fringe
patterns are projected on the mirror finish surface, a mirror-like reflected image of the
fringe patterns can be captured by the machine vision camera (TXG50, Baumer
Holding AG, Frauenfeld, Switzerland) and ultra-low distortion lens (M1620-MPW2,
Computar, Cary, NC, USA).

Fig. 2. (a) Talysurf CCI HD; (b) Sample surface roughness measured using Talysurf CCI
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The sharpness of the fringe patterns in the image provides information related to
specular reflection on the surface and surface roughness [11]. Luminance contrast [14]
of the fringe patterns can be used to evaluate the specular reflection on mirror finish
surface. Michelson contrast is widely used for simple periodic patterns where both
bright and dark features are equivalent [15]. The Michelson contrast is defined as:

C ¼ Lmax � Lmin
Lmax þ Lmin

ð1Þ

where Lmax and Lmin are the maximum and minimum luminance in the image. How-
ever, the Michelson contrast is often affected by the ambient lighting changes and
optical noises in the image. In order to reduce the influence of noise, the luminance
contrast C in the developed imaging processing algorithm was defined as:

C ¼ AW � AB
AW þAB

ð2Þ

where AW and AB are the average intensity of the white fringes and black fringes
respectively. After analysing the luminance contrast value of the fringe pattern image
and the areal surface roughness parameters (Sa and Sq), a mathematical correlation can
be determined. In addition, the test samples were rotated from 0° to 180° in increment
of 10°. The luminance contrast difference caused by changing the measurement angles
was compared and analysed with texture aspect ratio parameter Str.

3 Results and Discussion

3.1 Luminance Contrast Measurement

Sixteen test samples with different surface roughness were used for measurement. The
luminance contrast (C) measured by patterned area illumination system and the surface
roughness (Sa and Sq) measured by Talysurf CCI HD are presented as correlation
curve in Figs. 4 and 5.

Fig. 3. (a) Model illustration of the patterned area illumination system; (b) System configuration
for automated surface roughness measurement
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The Sa-contrast curve in Fig. 4 and Sq-contrast curve in Fig. 5 show good feasi-
bility of the proposed system for areal surface roughness measurement. As widely
accepted, the coefficient of determination R2 value demonstrates how well the
regression line fits the measured data points. The closer the R2 value is to one, the
better the linear relationship between two sets of data points. The high R2 value of
0.9707 in Sa-contrast curve and value of 0.9819 in Sq-contrast curve indicate that linear
regression of the data set is reliable.

Based on the Sa (Sq) and contrast values in Figs. 4 and 5, a linear relation can be
modelled by Eqs. (3) and (4) as shown below. These empirical equations are based on
the preliminary measurement results of the sixteen samples. More samples need to be
measured to get additional data points to validate the proposed empirical equations.

Sa ¼ �143:69Cþ 123:57 ð3Þ

Sq ¼ �180:79Cþ 166:56 ð4Þ

Fig. 4. Sa-Contrast curve

Fig. 5. Sq-Contrast curve
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3.2 Surface Uniformity Measurement

According to ISO 25178-2 [12], Str is defined as the ratio of the fastest to slowest
decay to correlation length of the surface autocorrelation function. For evaluating the
surface texture, Str is the most suitable parameter to characterize the surface uniformity.

Sample 2 and sample 8 shown in Fig. 6 were chosen to study the effect of
machining pattern on mirror surface isotropy. These two samples represent two typical
mirror finish surface with unidirectional machining pattern (sample 2) and multi-
directional machining pattern (sample 8). The surface texture parameters (Sa, Sq and
Str) of the two samples are presented in Table 1. They have very close Sa and Sq
values, but the Str value of sample 2 and sample 8 has significant differences. In
principle, Str has a value between 0 and 1. Larger values, say Str > 0.5, indicates
uniform texture in all directions. Smaller values, say Str < 0.3, indicates an increas-
ingly strong directional structure or machining pattern.

Sample 2 and sample 8 are typical examples of surfaces with similar Sq values but
having different surface uniformity. The luminance contrast values at different mea-
surement angles for sample 2 and sample 8 were plotted in Fig. 7. For sample2, the
luminance contrast value at 0° and 180° is much larger than those at the other mea-
surement angles. As a comparison, sample 8 has random and same luminance contrast
value from 0° to 180°. Other samples will be investigated whether they have a similar
trend of Str value close to zero with much higher values at 0° and 180°.

Fig. 6. Machining pattern on (a) Sample 2 and (b) Sample 8

Table 1. Surface texture parameters of sample 2 and sample 8

Sa (nm) Sq (nm) Str

Sample 2 38.6 ± 1.0 59.4 ± 1.5 0.072 ± 0.006
Sample 8 40.4 ± 1.4 60.1 ± 1.8 0.426 ± 0.013

160 S. Fu et al.



Based on above observations, the luminance contrast ratio has correlation with
directions of the machining marks and the projected fringes at different measurement
angles. The surface texture aspect ratio parameter Str which provides information about
the strength of the machining marks was experimentally evaluated and compared with
luminance contrast change.

4 Conclusion and Future Work

In this study, a surface roughness measurement system using the fringe pattern illu-
mination method is developed to address in-situ roughness measurement on mirror
finish surface. By analyzing the luminance contrast ratio of the fringe pattern reflection
image and comparing to the measurement results from the referenced coherence
scanning interferometer, the experimental results showed that the developed system can
measure different mirror finish surfaces with Sa and Sq values in the range of 15 nm to
120 nm and 30 nm to 160 nm respectively. The experimental results demonstrated a
good correlation between the luminance contrast value and the surface roughness
parameters (Sa and Sq). In addition, the luminance contrast ratio was also correlated
with directions of the machining marks and the projected fringes at different mea-
surement angles. The surface texture aspect ratio parameter Str which provides infor-
mation about the strength of the machining marks was experimentally evaluated and
compared with luminance contrast change.

Future work is focus on the development of new fringe pattern to study the two
directional gray-scale contrast change and the surface texture aspect ratio parameter Str.
In addition, more samples with different surface roughness will be fabricated to validate
the proposed patterned area illumination method.

Fig. 7. Contrast value in different measurement angles
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Abstract. The enhancement in process efficiency achievable by additive mixed
electrical discharge machining during the processing of metal/alloy surfaces is a
known facet. Nonetheless, its influence on the surface characteristics of the
material remains scarcely evaluated. Hence, the evolution in tribological
behavior of electrical discharge machined Ti6Al4V surfaces become the focal
point of the present investigation. The process got assisted by silicon carbide
powder (SiC, green, 1–10 lm) dispersed dielectric (de-ionized water) used as an
insulator and the discharge medium. A computerized pin-on-disk tribometer
(PoDT) was used to quantify the wear behavior of the developed surfaces. The
experimentations varied based on distinction in the chosen speed (1.256 ms−1

(V1) and 1.884 ms−1 (V2)) and load (50 N and 100 N) conditions, respectively.
The results depict that the tribological characteristics of the base material were
enhanced by the surface doped heavily alloyed recast layer with secondary hard
phases (SiC). At increased load (100 N), a catastrophic shift in wear mechanism
caused by galling, led to the resultant delamination. The aftermath situation of
implementing hard abrasives for surface modification is that at severe conditions
(load/speed), the spalling of layers can have destructive effects on the mating
surfaces.

Keywords: EDM � Tribo-behavior � Secondary phases � SiC

1 Introduction

The application base of the titanium (Ti) and its alloys are extensive, encapsulating the
fields of aerospace, biomedical, and sporting equipment application domains [1]. The
excellent properties of the material such as low weight to density ratio, biocompati-
bility, and corrosion resistance gave it a cutting-edge advantage over the other light-
weight alloys based on aluminium (Al) and magnesium (Mg) [2, 3]. Among the Ti
alloy series, the Ti6Al4V (Ti64) remains the heavily utilized material covering 50%
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(approx.) of the world production [4]. Nevertheless, the inconsistent tribo-behavior of
the Ti64 led to itself getting sidelined from material to counter-body interactive
applications [5–9].

During EDM, a re-solidified layer (recast layer) develops on the workpiece surface
consisting of materials from the tool, dielectric and the reaction byproducts of the
dielectric breakdown. The appendage layer can also contain fragments of particles
dispersed in the dielectric fluid added as additives to enhance the machining efficiency.
Moreover, the operating and process parametric conditions govern the structure and
thickness of the recast layer. High carbon diffusion is associated with the utilization of
hydrocarbon-based dielectrics compared to the deionized water dielectrics [10]. The
development of secondary discharges during additive mixed electrical discharge
machining (AMEDM) assisted by SiC dispersed water dielectric has been reported to
produce discrete topographical characteristics on the material surfaces [11]. The sus-
pended particles can rush through the developed molten material ensuing discharge
pulses to get integrated within the recast layer. The SiC is commonly used as an
abrasive phase to increase the hardness of the materials. Further, the utilization of SiC
as an additive for ED machining can as well improve the hardness of the subsurface
layers. Consequently, AMEDM can result in an enhancement in the characteristics of
the surface and subsurface zones of the materials. During the surface modification of
Ti64 using ED machining process with SiC as an additive, the increment in powder
concentration and discharge current resulted in the improvement and depletion in SiC
transfer, respectively [12]. The formation of TiC and TiS2 phases resulted in the
enhanced microhardness of the functional material surfaces [13].

An appreciable amount of work has already been carried out using AMEDM for
surface modification of distinct materials. Nonetheless, the utilization of the approach
to enhance the tribo-behavior of the material surfaces are scarce to be found. Moreover,
the low tribo-characteristics of Ti64 pose a great need to formulate advanced methods
for its improvement. Subsequently, in the present work, the influence of AMEDM
assisted by dispersed SiC on Ti64 surfaces has been evaluated. The experiments were
repeated at different load (50 N and 100 N) and sliding speed (1.256 ms−1 (V1) and
1.884 ms−1 (V2)) process conditions. The tribo-behavior of the bare Ti64 (BTi64) and
the electrical discharge machined Ti64 (ETi64) got compared for efficiency testing. The
shift in wear mechanisms was elucidated using field emission scanning electron
microscopy (FESEM) analysis of the worn-pin surfaces.

2 Experimental Methodology

2.1 Materials

The workpiece material used in the present work is Ti64, procured in the form of thin
rods (length = 20 mm, dia. (;) = 6 mm). The material possesses a wide range of
applicability, and its improvement in tribo-behavior can remove the constraints for
being used in interactive environs. For ED machining, the tool material and the
dielectric fluid were chosen as copper and deionized water, respectively. The selection
of the former was due to its high electrical conductivity whereas, the latter for it does
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not favor high carbon deposition. The silicon carbide powder (SiC, green, 1–10 lm)
was dispersed in the dielectric for AMEDM, presuming its capability to impart hard-
ness for the surface and subsurface regions of the functional material. For tribo-testing,
the counter-body surface was chosen as EN 31 steel disk (60 HRC, size: 165 � 8 mm),
for it demonstrates higher hardness than the test material.

2.2 Sample Preparation

The Ti64 rods were hand cut to required dimensions to form two sets of samples (Set-I)
and (Set-II). The Set-I samples were prepared to evaluate the wear characteristic of the
Ti64 in its bare form (length = 33 mm, dia. (;) = 6 mm). A tolerance of 1 mm was left
to grind and polish the surfaces using emery paper (grit size: P1200 and P1500)
fastened onto a polishing machine. Whereas, the Set-II samples were given a tolerance
of 2 mm, chosen as the depth for ED machining to achieve final dimensions of length =
32 mm and dia. (;) = 6 mm.

2.3 Development of ETi64 Sample Surfaces

The external setup for AMEDM fabricated using acrylic sheet consisting of pumps and
valves were properly arranged inside the EDM machine as shown in Fig. 1. The
samples got accurately fastened on the vice; positioned and fixed to the base of the
machining tank using a magnetic chuck. The tool and the workpiece were vertically
aligned so that during machining, their surfaces interact along the horizontal plane. The
dielectric fluid (de-ionized water) dispersed with SiC particles (additive) was supplied
to the tank, and the pump system provided at the base was used to agitate the solution
to prevent settling. The machining of the Set-II samples was carried out up to a
maximum depth of 2 mm at peak process parametric conditions (current (I) = 10 A,
pulse on time (Ton) = 100 ls and servo voltage = 60 V).

Fig. 1. Experimental setup for AMEDM, with external tank fabricated and placed inside the
EDM machine consisting of pumps and valves to maintain dispersibility of the additive in the
dielectric fluid and drainage.
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2.4 Tribo-Test

The Set-I and Set-II samples were subjected to the tribo-characteristic evaluation at
distinct sliding speed (V1 and V2) and load (50 N and 100 N) conditions, respectively.
The experimentation was performed on a sophisticated computerized pin-on-disk tri-
bometer (PoDT) at ambient and dry sliding interactions with the counter-body surface.
The sliding distance was kept constant at 1000 m. An external load cell and linear
variable transducer (LVDT, model: SI-708, non-linearity: ±0.5% of the range or better,
repeatability: ±0.5% of the range or better, resolution: ±0.001 mm, measurement
range: ±2 mm) was used to monitor, measure and record the real-time values of the
frictional force and wear experienced by the pin material. The disk and the pins were
washed and dried using acetone prior to each test. Each experimentation was repeated
thrice and the plots represented are developed using the average values to avoid
ambiguity. The photograph of PoDT testing of the Ti64 sample is as shown in Fig. 2.

3 Results and Discussion

The tribo-behavior of the BTi64 and ETi64 samples tested at distinct experimental
conditions on the PoDT has been quantified in terms of variation in friction and wear
behavior with sliding distance and the morphology analyses of the worn pin surfaces.

3.1 Friction and Wear Behavior

The characteristic plots showing the variation in wear (lm) and coefficient of friction
(CoF) of the BTi64 and ETi64 test samples at variable speed conditions are as shown in
Figs. 3 and 4, respectively. At both sliding speeds, the ETi64 samples demonstrated
better wear characteristics whereas it possessed high CoF values. This can be attributed
to as due to the influence of the SiC particles and the re-cast layer formed on the
functional material ensuing EDM processing. For BTi64, a uniform increment in wear
was observed at sliding speeds of V1 and V2 ms−1, respectively. The high wear
observed with rise in speed can be due to the reduction in yield strength of the alloy due

Fig. 2. PoDT testing of Ti64 samples
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to rise in temperature by frictional heating (FH) [4]. Whereas, for ETi64 the wear
behavior follows an intervening trend at both sliding speeds. Precisely, at V2 ms−1,
observable fluctuations are identified with the wear curve, probably due to the for-
mation and removal of oxide layers. Since the high temperature conditions achieved
due to high speed counter-body interactions will ease the reactions of the debris par-
ticles with the environ leading to oxidation. Conversely, at V1, a stabilizing trend was
identified with progressive sliding since the debris emanating from the functional
material will have more tendency to remain within the wear track regions. The com-
paratively low centrifugal force favors such a phenomenon resulting in debris perfo-
ration into the functional material, resulting in improved hardness. The argument is
supported by the high CoF trend observed for ETi64 surfaces at peak sliding speeds.
Since the oxide appendage layers are developed over the substrate surface, the larger
area of contact is achieved during counter-body interaction leading to high friction. But
the material removed due to wear will be the oxide layers, in the form of fine particles.
The stability and protective action of such layers will depend on its propensity to
recover once removed. Nevertheless, the low influence of oxidation at sliding of V1
resulted in low CoF as the SiC hard phases will create a separation between the mating
surfaces. For BTi64 samples, the CoF maintained a considerably low value of 0.1 and
below at varied sliding speeds.

Fig. 3. Variation in wear with sliding distance of the BTi64 and ETi64 samples slid at distinct
sliding speeds and constant load (50 N) conditions.
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The characteristic curves showing the variation in wear and CoF of the BTi64 and
ETi64 at varied load conditions are as shown in Figs. 5 and 6, respectively. At both
conditions (50 N and 100 N), the BTi64 samples were identified to undergo the
maximum wear but with low CoF. Although so, it is significant to note that during
sliding at 100 N load condition, the curve stabilizes after a sliding distance of 400 m
and follow a steady path with an average wear of 1400 lm (approx.). Whereas, for all
other samples, the wear curve followed an incremental trend. For ETi64, the sample
slid at loads of 50 N and 100 N demonstrated the least wear trend in comparison to the
BTi64. A fluctuating trend is identified at 100 N sliding. It can be due to the high
pressure and temperature build-up at the interface forcing the hard phase debris into the
functional material to drag it along the sliding direction, leading to two body/three body
abrasion. The dip in wear curve observed beyond a sliding distance of 500 m can be
due to the influence of oxide layer formation or the effect of the hard phases, imparting
hardness to the functional material surface. Such effects can lead to shift in wear
mechanisms from material removal caused by abrasion to delamination and fracture.
Besides, all these negative inclinations, the recast layer formed with SiC abrasives is
identified to provide better protective action. For BTi64, the low CoF can be due to the
catastrophic removal of material from the surface, as observable from the wear trend
curves. Unlike the characteristics observed at incremental sliding speeds, the varied
load conditions led to distinctive trends, since the effect of rise in temperature favoring
oxidation will be more in case of high-speed sliding. Moreover, the high pressure
developed at high loads will force the hard phase debris to penetrate the functional
material, if not cleared from the wear track by centrifugal action. This coupled with the
sliding action will lead to ploughing action leading to severe damage.

Fig. 4. Variation in CoF with sliding distance of the BTi64 and ETi64 samples slid at distinct
sliding speeds and constant load (50 N) conditions.
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Fig. 5. Variation in wear with sliding distance of the BTi64 and ETi64 samples slid at distinct
loads and constant sliding speed (V1) conditions.

Fig. 6. Variation in CoF with sliding distance of the BTi64 and ETi64 samples slid at distinct
loads and constant sliding speed (V1) conditions.
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3.2 Surface Morphology Analyses

The morphology of the ETi64 worn-pin surfaces has been investigated to elucidate the
occurrence and shift in wear mechanisms at various states of sliding contact (Fig. 7). It
can be observed that the arguments made based on the variational plots of friction and
wear at distinct sliding conditions can be validated from the SEM metallographic
images of the worn-pin surfaces. The ETi64 pin surface slid at speed = V1, load =
50 N is observed to possess pierced hard phases stuck on the functional material. The
influence and formation of the oxide layer is minimal. At increased speed = V2 and
load = 50 N, the effect of oxidation takes over due to the increment in temperature and
rigorous interaction of the surface and the debris with the environ activated by FH. The
damaged oxide layers in the form of fine fragments can be observed from the FESEM
images. If the recovery of the removed oxide particles does not happen timely, the hard
abrasives/asperities can impinge onto the soft surface. This combined with sliding
motion can lead to abrasion. The resultantly formed abrasive grooves can be observed
at random positions on the surface. At increased load condition, the enforced pressure
and temperature conditions can cause debris penetration and ploughing. This can lead

Fig. 7. The FESEM metallographic images (scale: 10 lm, magnification: �750, electron beam
voltage: 15 kV) of the ETi64 worn-pin surfaces slid against the EN 31 steel counter-body surface
at distinct sliding conditions (a) speed = V1 and load = 50 N; (b) speed = V2 and load = 50 N;
(c) speed = V1 and load = 100 N.
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to severe wear and catastrophic damage. As observable from Fig. 7 (c), the worn-pin
surfaces of ETi64 developed ensuing sliding at speed = V1 and load = 100 N, the
surface is covered with abrasive grooves and various modes of delamination fracture. It
can also be identified that the material has also got removed in the form of plate-like
structures. The surface oxides also play a considerable role in such a state of sliding due
to rise in temperature.

4 Conclusions

Based on the tribo-behavioral evaluation of the BTi64 and ETi64 samples at distinct
sliding speed and load conditions, the following inferences are derived.

• The ETi64 surfaces impart better wear behavior in comparison to BTi64, at all
states of sliding considered under the present study. Nevertheless, compromise has
been made in the case of frictional characteristics.

• The SiC hard phase particles played a significant role in wear reduction by
improving the hardness and thereby stability of the functional material surfaces at a
sliding speed = V1 and load = 50 N.

• The formation of oxides, governed the wear behavior at a sliding speed = V2 and
load = 50 N. Based on the stability and recovery of the oxide layers, abrasive
grooves were identified to be formed at random positions on the functional material
surface.

• The sliding at increased load condition of 100 N, led to the material removal by
abrasion resulting in the formation of grooves and shift in wear mechanism to
delamination and fracture. Consequently, formation of plate-like debris was iden-
tified at distinct positions.

Finally, the energy dispersive spectroscopy (EDAX) and X-ray diffractogram
(XRD) analyses carried out on the worn-pin surfaces can give a detailed insight into the
various oxides formed and the composition of the various elements.
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Abstract. Deep rolling is an established process to induce plastic deformation
on the surface of engineering parts. As a result, a cold worked surface and a
compressive layer of residual stresses are generated in subsurface regions. Thus,
strength can be increased. Although deep rolling is mostly applied to axisym-
metric parts with comparatively low diameters, effect of process parameters on
induced stresses are usually investigated on flat surfaces. However, different
residual stress profiles are expected in depth direction in flat and cylindrical
parts. In the current study, residual stresses induced in deep rolled round EN
AW-6082 aluminum samples with a diameter of 14 mm were measured using
hole-drilling strain-gage method. Hole drilling calibration matrices were derived
using finite element simulations. These matrices were compared with the ones
used for flat specimens. Evaluated residual stress profiles by using these
matrices were compared for both a flat workpiece and cylindrical workpiece.

Keywords: Residual stress � Deep rolling � Cylindrical workpiece

1 Introduction

Deep rolling is a mechanical surface treatment process to enhance surface properties of
workpieces and induce compressive residual stresses in subsurface regions. Depending
on the compressive residual stress level, fatigue strength of workpieces can be improved.
Therefore, subsurface residual stress distribution measurement is an important aspect for
industrial applications [1].

There are several residual stress measurement techniques such as, hole-drilling,
X-ray diffraction or neutron diffraction methods. Among these methods, hole-drilling is
widely used in industry due to its ease of application and low investment requirements.
It is also subject of this study [2, 3].

Determination of the residual stress distribution using hole-drilling method requires
calibration matrices which are formed from strain relaxation coefficients for different
depth increment and loading increment combinations. These coefficients are calculated
using finite element method [2–6]. Calibration matrices in the current ASTM E837-08
standard are determined for flat workpieces. However, most of the parts used in the
industry includes radiuses or curved surfaces. Therefore, evaluation of the residual stress
distribution data becomes erroneous as the radius of curvature decreases. As a result,
newly formed calibration matrices are required for each specific case.
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Calibration matrices in the ASTM E837-08 standard is based on the early works of
Schajer [4, 5]. Since then, computers become more powerful. Therefore, calibration
matrices for flat pieces are derived again in this study by using finer meshed finite
element models and compared with the ASTM coefficients. Calibration matrices for a
cylindrical part are derived and compared with ASTM coefficients as well. These newly
formed coefficients are used to evaluate the subsurface residual stress distribution of
two different workpieces: a deep-rolled flat specimen and a deep-rolled cylindrical
specimen.

2 Derivation of Calibration Matrices

Derivation of calibration matrices is elaborated in multiple previous studies [4, 5, 7–9].
Finite element simulations should be used in these derivation activities. Strain relaxation
coefficients should be evaluated by applying a known stress fields to periphery of the
hole to be drilled. For every combination of the depth increment and loading increment,
simulations should be performed to obtain strain relaxation coefficients Aij and Bij.
Subscripts i and j refers to depth increment and loading increment, respectively.

Following the work of Niku-Lari et al. [7], for a material with Young’s Modulus of
E and Poisson’s Ratio of v, calibration matrix A can be obtained by applying unit
pressure (1 Mpa) to the each loading layer of the hole. Matrix A consists of the
calibration coefficients which are derived from the strain relaxation coefficients Aij due
to hole drilling into an equal-biaxial stress field. Strain relaxation coefficient Aij can be
calculated using following equation:

Aij ¼ eð0�Þþ eð90�Þ
2ð1MPaÞ � E

1þ v
ð1Þ

where ɛ(0°) and ɛ(90°) strains calculated on the locations of strain gages 1 and 3 for
type A strain gage rosette, respectively. Calibration matrix B can be calculated by
applying a normal stress +1cos(2h) and a shear stress −1sin(2h) to the loading layer of
the hole. Matrix B consists of the calibration coefficients which are derived from the
strain relaxation coefficients Bij due to hole drilling into a pure shear stress field. Strain
relaxation coefficient Bij can be calculated using following equation:

Bij¼ e 0�ð Þþ eð90�Þ
2ð1MPa)

� E ð2Þ

After Aij and Bij terms are calculated, calibration coefficients for each increment
combination can be calculated as;

aij = Ai;j � Ai;j�1 ð3Þ

bij = Bi;j � Bi;j�1 ð4Þ
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For a and b values, subscripts i and j corresponds to the row and column number of
calibration matrices A and B, respectively. Then the calibration matrices which are to
be used in the evaluation of residual stress distribution can be formed. Those matrices
are then used to transform measured strain values to residual stresses. In this study, type
A 031-RE size strain gage rosette [6] with a hole diameter of 1 mm was used and
calibration matrices are formed for this type of strain gage rosette.

2.1 Finite Element Models

Finite element models were established in order to derive strain relaxation coefficients
and calibration matrices. Finite element simulations were performed using the com-
mercially available Marc.Mentat 2016.0 software. All analyses performed under the
assumption of linear-elastic analysis. Elastic modulus of 69 GPa and Poisson’s ratio of
0.3 were used. For every depth and loading increment combination, a separate finite
element model was generated.

Flat Pieces. For flat pieces, in order to calculate the coefficients Aij, an axisymmetric
model with axisymmetric loading described above was established. Model consists of
around 11000 (changes as the depth increment changes) 4-noded elements with full
integration. This model can be seen in Fig. 1. For the calculation of the coefficients Bij,
an axisymmetric part with non-axisymmetric loading described above was established.
3-D model consists of around 67000 8-noded elements with full integration. This
model can be seen in Fig. 2. Hole and loading increments of 0.05 mm, 0.1 mm,
0.15 mm, 0.2 mm, 0.25 mm, 0.30 mm, 0.35 mm and 0.40 mm were used in the
calculations.

Cylindrical Pieces. For cylindrical pieces, calculation of the coefficients Aij is not a
case of axisymmetric model anymore. Therefore; for both Aij and Bij, 3-D models were
used with around 215000 8-noded elements with full integration. Model can be seen in
Fig. 3. In this study, a cylindrical part with a diameter of 14 mm (7 mm radius of
curvature) was considered. Loadings described above was applied. For a cylindrical

Fig. 1. Axisymmetric model with axisymmetric loading for flat piece
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piece, determination of hole depth or loading involves ambiguity, since the hole
reaches to its maximum diameter (in this case 1 mm) later than the first contact of drill
and part. Luo et al. [10] considered the effective depth after the hole reaches its
maximum diameter and accepted this point as ‘zero’ position in their study. This
approach was not used in the current study and the position of first contact of drill with
surface was considered as ‘zero’ depth. Because the curved segment of the drilled hole
contributes to the strain data gathered during the testing as the hole depth increases. For
7 mm radius of curvature, hole reaches its maximum diameter at *0.018 mm depth.
For the evaluation of calibration constants, hole and loading increments of 0.068 mm,
0.118 mm, 0.168 mm, 0.218 mm, 0.268 mm, 0.318 mm and 0.418 mm were used in
the calculations.

Fig. 2. Axisymmetric model with non-axisymmetric loading for flat piece

Fig. 3. Model with radius of curvature of 7 mm
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2.2 Derived Calibration Matrices

In this section, derived A and B matrices for flat and cylindrical specimens were
compared with the ASTM matrices. Bivariate interpolation scheme described by
Schajer [5] was used to evaluate strain relaxation coefficients at different depth and
loading increment combinations (i.e. 0.068 mm depth and loading increment). In the
tables, each row corresponds to a certain hole depth for different loading depths and
each column corresponds to a certain loading depth for different hole depths. H rep-
resents the loading depth, h represents the hole depth and both are in mm.

As seen from Table 1, difference between derived A matrix and ASTM A matrix is
not significant and around 4 percent for the extreme case. Difference for B matrix is
more apparent and around 6 percent for the extreme case. This is expected because
determination of strain relaxation coefficients Bij are more sensitive to numerical cal-
culation [5] (Table 2).

Table 1. Comparison of derived matrix A with ASTM values for flat specimen (in %)

h H .050 .100 .150 .200 .250 .300 .350 .400

.050 2.2

.100 1.5 2.7

.150 0.7 1.7 1.1

.200 0.8 0.1 1.3 0.4

.250 0.9 0.7 0.0 0.2 −0.9

.300 0.8 0.4 0.2 −0.9 −1.2 −3.2

.350 0.6 0.3 0.0 −0.9 −2.2 −2.8 −3.2

.400 0.7 0.2 0.0 −1.1 −2.2 −3.8 −1.7 −0.3

Table 2. Comparison of derived matrix B with ASTM values for flat specimen (in %)

h H .050 .100 .150 .200 .250 .300 .350 .400

.050 −0.68

.100 0.10 0.51

.150 0.67 1.34 0.06

.200 1.74 0.98 1.65 0.06

.250 2.33 2.25 1.24 0.85 −0.65

.300 2.74 2.52 2.38 0.91 0.11 −2.10

.350 3.15 2.90 2.77 1.77 0.02 −0.96 −3.89

.400 3.46 3.13 2.99 2.04 0.75 −1.12 −2.80 −6.14
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As seen from Tables 3 and 4, for cylindrical part, both A and B matrices shows
significant difference when compared to ASTM matrices.

3 Residual Stress Measurements

Residual stress measurements were performed on a flat and a cylindrical part. Both of
them were subjected to deep-rolling process with rolling force of 500 N and feed rate
of 0.1 mm/rev or 0.1 mm/step. Material was EN-AW-6082 aluminum alloy. Results
obtained by using ASTM coefficients and using derived coefficients were compared.
Measurements was done in CNC-milling machine with a precision of 1 µm. Rotational
speed of 15000 rev/min and feed rate of 1 µm/second was used to prevent inducing of
additional residual stresses due to drilling operation. Centering of the hole on strain-
gage rosette was done with the help of 2 cameras which were directed in perpendicular
directions. Experimental setup can be seen in Fig. 4. In Fig. 5, optical microscope
image of the drilled hole on strain-gage rosette can be seen. It can be seen that the hole
was centered successfully.

Table 3. Comparison of derived matrix A with ASTM values for cylindrical specimen (in %)

h H .068 .118 .168 .218 .268 .318 .418

.068 −12.0

.118 −10.2 6.1

.168 −9.4 7.0 8.1

.218 −8.1 6.8 9.3 9.8

.268 −7.2 8.4 8.9 10.6 10.6

.318 −6.6 9.1 9.7 10.2 11.3 10.4

.418 −5.7 10.2 11.0 11.4 12.7 15.7 10.2

Table 4. Comparison of derived matrix B with ASTM values for cylindrical specimen (in %)

h H .068 .118 .168 .218 .268 .318 .418

.068 −11.2

.118 −9.1 5.5

.168 −7.8 7.4 7.2

.218 −6.3 8.0 9.4 8.7

.268 −5.2 9.9 9.7 10.4 9.7

.318 −4.3 11.1 11.5 11.1 11.3 10.1

.418 −3.1 12.6 13.2 13.4 13.3 11.9 9.8
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3.1 Measurement of Flat Workpiece

Evaluated residual stress distributions using both the ASTM matrices and derived
matrices was shown in the Fig. 6. As seen from the Fig. 6, use of derived matrices
reduced the oscillations in the residual stresses as the depth increases. For the region
close to the surface, there is no significant difference between ASTM and derived
matrices.

3.2 Measurement of Cylindrical Workpiece

Evaluated residual stress distributions using ASTM, derived flat and derived cylindrical
matrices were shown in Fig. 7. As seen from the Fig. 7, using derived matrices for flat
part yielded approximately same results with the ASTM matrices and difference
between them is negligible. But use of the derived matrices for cylindrical part yielded
observable difference in the results compared to ASTM matrices. After the depth of
0.093 mm, there is a difference margin of *60 MPa between the cylindrical-derived
matrix results and ASTM matrix results for rx and a difference margin of *30 MPa
for ry.

Fig. 5. Drilled hole through strain-gage rosette

Fig. 4. Experimental setup for hole-drilling measurement
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Difference between results is important because in a design stage of a structure,
safety can be achieved by more accurate results obtained from the specific cylindrical
model matrices.

4 Summary

It has been shown that calibration matrices for specific geometries can be formed with
the use of finite element procedures. These calibration matrices has a significant effect
on the evaluated residual stress distributions.
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Fig. 6. Evaluated residual stress distributions for flat workpiece

-600

-500

-400

-300

-200

-100

0

0.043 0.093 0.143 0.193 0.243 0.293 0.343 0.393 0.443

R
es

id
ua

l S
tre

ss
 [M

Pa
]

Depth [mm]

σx-astm
σx-flat derived
σx-cyl.derived 
σy-astm
σy-flat derived
σy-cyl. derived

Fig. 7. Evaluated residual stress distributions for cylindrical workpiece

180 M. O. Görtan et al.



For flat parts, matrices were formed again, compared with ASTM matrices; and
results obtained from these matrices showed that there can be improvement in the
evaluated residual stress distributions by using newly formed matrices.

For cylindrical parts, it was demonstrated that specific matrices formed for the
cylindrical structure has significantly changed the evaluated residual stress distribu-
tions. This feature is important because safer structures and systems can be built by
using the more accurate results obtained from the evaluations with newly formed
specific matrices.
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Abstract. Nickel based superalloy IN718 specimens were subjected to laser
peening and shot peening. The residual stress and work hardening introduced by
laser peening and shot peening were characterized using neutron diffraction
method and electron backscattered diffraction (EBSD). A modified set up in
reflective mode was utilized during neutron diffraction to optimize the spatial
and temporal resolution to perform in-situ residual stress measurements at pre-
determined cycle. Residual stress relaxation was only observed in the direction
of loading while the residual stress in the transverse direction remained at a
similar magnitude. Residual stress relaxation was observed to be most promi-
nent in the first cycle of fatigue at R ratio = 0.1 with little stress relaxation in
subsequent fatigue load cycles. Under tensile-tensile loading, stress relaxation
occurs when the superposition of tensile residual stress and applied loading
exceeds the localized yield strength of the material. Stress relaxation was found
to be well correlated with the magnitude of work hardening. Residual stress
relaxation as a function of depth and number of cycles were also recorded to
illustrate the changes in residual stress during the cyclic loading.

Keywords: Surface treatment � Residual stress � Work hardening �
Cyclic loading

1 Introduction

Fatigue is one of the common failures in engineering components. Fatigue life
enhancement could be achieved with the use of compressive residual stress and work
hardening at the surface. Surface treatments such as laser peening and shot peening
which introduces compressive residual stress and work hardening simultaneously are
commonly used to enhance the fatigue life [1–3]. Slower crack propagation rate has
been observed with the presence of compressive residual stress [3–5]. On the other
hand, work hardening has been linked to the increase in fatigue crack resistance and
crack growth retardation [6–8].
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Residual stress relaxation or redistribution is an occurrence which could reduce
achievable benefits of compressive residual stress. Under the first few cycles of cyclic
loading, stress relaxation occurs when the difference in plasticity between the plasti-
cally deformed layers and the bulk of the material arises [9]. The difference in plasticity
occurs when the sum of the applied stress and the residual stress exceeds the material
yield strength. This causes inhomogeneous yielding where the bulk is deformed
plastically while the work-hardened layer remains elastic [10].

The strengthening of metals in surface treatments is achieved by the increase of
dislocation generations due to the plastic deformation. Nonetheless, such mechanism
increases the propensity of residual stress relaxation by dislocations recovery, espe-
cially at thermal condition. A higher work hardening could lead to accelerated stress
relaxation due to the high level of stored energy [11, 12]. The higher work hardening
could also indicate a greater extent of Bauschinger effect where the compressive yield
strength is depreciated due to the increase of the tensile yield strength. The Bauschinger
effect influences the stress relaxation where the reduced compressive yield strength
could be exceeded by the superposition of applied compressive loading and com-
pressive residual stress [13].

In this study, residual stress relaxation of laser shock peened and shot peened
surfaces of a Ni-based superalloy was investigated. While Bauschinger effect has been
mentioned in many studies under compressive loading [13], it is of interest of this study
to determine the stress relaxation behavior under tensile-tensile loading. The residual
stress of the laser peened and shot peened specimens were measured at the predeter-
mined cycle. The residual stress measurement was conducted at a neutron facility,
ANSTO, KOWARI beamline. An alternative set up of reflective method was utilized to
optimize the temporal and spatial resolution of the measurement. Neutron diffraction
allows a more consistent acquisition of residual stress in a non-destructive manner and
eliminates random artefacts due to the use of multiple specimens.

2 Materials and Methods

2.1 Materials and Specimen Preparation

Flat bars of IN718 produced via vacuum induction melted were used in this study. See
Table 1 for the chemical composition determined via X-ray fluorescence method. The
material was solution annealed at 954 °C for 2 h, precipitation heat treated at 718 °C
for 8 h and furnace cooled to 621 °C followed by air cooling for 8 h.

The flat bars were then machined into fatigue specimens according to the standard
ASTM E466. For the shot peening process, cast steel shots of 0.6 mm diameter at a

Table 1. Inconel 718 composition

C Mn Fe S Si Cu Ni Cr
.03 .05 18.35 .001 .06 .03 53.46 18.46
Al Ti Co Mo Ta B Nb P
.51 .98 .13 3.03 .003 .004 5.33 .007
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flow rate 3 kg/min was used, resulting in Almen intensity of 0.200 mmA. For the laser
peening process, Nd:YAG laser with wavelength 1064 nm at a frequency of 5 Hz was
utilized. 2 mm beam spot size and 5 J of beam energy was used for the process.

2.2 Work Hardening Characterization

A JEOL JSM 7600F Field Emission Scanning Electron Microscope equipped with
Oxford Instruments’ backscattered electron detector was used. The EBSD tool (Aztec
Software) was employed to assess the extent of work hardening by analyzing the grain
orientation spread (GOS).

2.3 Residual Stress Measurement

The diffraction measurements were conducted at ANSTO using KOWARI strain
scanner. Prior to the in-situ experiment, the measurement was conducted on a reference
specimen without surface treatment to determine the d0 spacing of the material. Using
the d0 spacing obtained, ex-situ residual stress mapping was performed on 5 specimens,
which included the pristine, shot peened, laser peened, shot peened fatigued at 10,000
cycles and laser peened fatigued at 10,000 cycles. The gauge volume used was
0.2 mm � 0.2 mm � 10 mm, see Fig. 1. This dimension of gauge volume was
selected to achieve a spatial resolution up to 90 microstrain to capture the steep residual
stress gradient of a typical surface treated materials while not sacrificing great amount
of time for measurement. The depth penetration per gauge volume is 0.282 mm and 25
overlapping gauge volume steps were conducted across the thickness of the specimens
for the determination of d0.

A modified reflective mode setup was used for the measurement to optimize the
temporal and spatial resolution, see Fig. 1. High spatial resolution is required for the
measurement procedure to resolve the steep residual stress gradient near surface. In this
setup, the spatial resolution is directly determined by the gauge volume as the gauge
volume was designed to be parallel with the top and bottom surface (the x2 x3 plane).
Also, the high penetration ability of neutron beam offers a better representation of the
subsurface residual stress gradient at a reasonable time scale in a non-destructive manner.
Usual laboratory X-ray diffraction with limited penetration depth would normally require
material removal via electropolishing to measure the subsurface residual stress.

Fig. 1. Schematics of alternative reflective method set-up for in-situ diffraction measurement.
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The fatigue cycling was conducted on an INSTRON stress rig at 10 Hz using R
ratio = 0.1. For the in-situ experimentation, the fatigue cycling was interrupted at the 0th,
1st, 10th, 10000th and 50,000th cycles for the diffraction measurement. The measure-
ments were done at specific steps of depth using gauge volume of 3 mm � 3 mm
0.2 mm for residual stress depth profiling. The first in-situ measurement was targeted on
the surface and each subsequent depth-specific data is shifted by steps of depth from the
surface. This dimension of gauge volume was used for optimum temporal and spatial
resolution of the measurement at each predetermined cycle. Measurements were taken
across the thickness of the specimen to obtain a full residual stress depth profiling.

3 Results

3.1 Work Hardening

GOS is a parameter in EBSD defined by the average deviation in orientation between
each point in a grain and the average orientation of the grain. It is used in this study as
an indication of work hardening as it could be correlated to dislocation density. When
dislocations are formed in the material, the residual or plastic strain is manifested as
local variations in lattice orientation [14]. In area subjected to work hardening or work
hardening, local orientation differences are observed within deformed grains where
individual grains with zero strain will largely display a constant orientation.

Laser peened specimen possessed a greater depth of work hardening as observed
from the higher value GOS that are still scattered to around 2° even at the depth of
500 µm, see Fig. 2. For shot peening specimen, depth of work hardening is only
evident up to 50 µm. However, at 50 µm from the surface, shot peened specimen has a
higher value of GOS at 0.80° as opposed to 0.44° possessed by laser peened specimen.
The higher value of GOS observed in shot peened specimen near surface could be
attributed to the repeated impact of a high volume of shots that generates a greater
amount of dislocation when compared to the laser peening process with considerable
lesser number of impacts by the laser shock waves.

Fig. 2. GOS graph and illustration, (a) - laser peening, (b) - shot peening.
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3.2 Stress Profiles and Relaxation

From Fig. 3, it could be seen that laser peened specimen has a higher magnitude of
compressive residual stress at −700 MPa and tensile residual stress at 400 MPa. Laser
peened specimen also has greater depth of compressive residual stress up to 1000 µm
subsurface. On the other hand, shot peened specimen has a relatively lower magnitude
and shallower depth of influence of compressive residual stress. The maximum com-
pressive residual stress of shot peened specimen is observed to be at −400 MPa and the
depth of compressive residual stress is approximately 500 µm beneath the surface.

Figure 4 illustrates the individual ex-situ measurement of fatigued laser peened and
shot peened specimens at 10,000 cycles. It is observed that relaxation only occurs in the
direction of the loading, which is the transverse direction. At the 50 µm near surface,
laser peened specimen experiences lesser stress relaxation of around 100 MPa when
compared to 200 MPa in the shot peened specimen. Significant stress relaxation was
observed to occur at shot peened specimen up to a depth of 800 µm in contrast to laser
peened specimen with relaxation only up to 400 µm. For the in-situ measurement,
stress relaxation is significant but is only limited in the first cycle, see Fig. 5. Further
cycling observed minimal relaxation as the residual stress remained at similar mag-
nitude up to 50,000 cycles, see Fig. 6.

Fig. 3. Ex-situ residual stress profiles, (a) - laser peening, (b) - shot peening.

Fig. 4. Ex-situ residual stress profiles at 10000 cycles, (a) - laser peening, (b) - shot peening.

186 K. S. Chin et al.



4 Discussion

In contrast to stress relaxation described by Bauschinger effect (often observed in
negative R ratio fatigue cycling due to the reduction of compressive yield strength
caused by tensile work hardening), the stress relaxation in this study was attributed to
the superposition of tensile applied and residual stresses resulting in local plastic
yielding. The mechanical stress relaxation is better explained in terms of the need for
the material to reduce the misfit between the deformed layer and the elastic bulk [13].
The stress relaxation is the most prominent in the first cycle as the need for the material
to reduce the misfit is the greatest. Further cycling shows only minimal relaxation as
the misfit has already been greatly reduced by the relaxation during the first cycle.

In spite of the greater depth and magnitude of compressive residual stresses, laser
peened specimens retain compressive residual stresses better than shot peened speci-
mens. It is suggested that stress relaxation correlates better with the magnitude of work
hardening rather than depth of work hardening. For example, the narrow (50 µm) and
highly work hardened shot peened surface signifies the steeper misfit between the
deformed layer and the bulk. This large misfit which occurs over a narrow plastically
deformed layer will increase the propensity for mechanical stress relaxation. As a result

Fig. 5. In-situ residual stress profile at 0th and 1st cycle, (a) - laser peening, (b) - shot peening.

Fig. 6. In-situ residual stress profile at 1st, 10th, 10000th, and 50000th cycles, (a) - laser peening,
(b) - shot peening.
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of the large misfit, the highly work hardened layer and the elastic bulk will undergo
different magnitude of yielding [13]. Thus, the elastic bulk layer will be affected and
result in a greater stress relaxation even at a depth where the effect of the work
hardening is not observed.

5 Conclusion

The deep penetration ability and non-destructive nature of neutron diffraction allow the
acquisition of stress relaxation data from one specimen. The use of a single specimen
eliminates the random artefacts and inconsistencies due to the use of multiple coupons
and relatively small probing area by other conventional methods. A modified reflective
mode setup was used for the neutron diffraction measurement to achieve a balance
between spatial and temporal resolution.

It is postulated that magnitude of work hardening plays a bigger role in mechanical
relaxation rather than the depth of work hardening. Greater stress relaxation will occur
when the difference in the misfit between the deformed layer and the bulk is larger. The
stress relaxation is most significant in the first cycle and occurs in the direction of the
loading only. The Bauschinger effect is deemed insignificant under positive R ratio
circumstances. The stress relaxation under tensile-tensile loading could be attributed to
the superposition of applied tensile loading and tensile residual stress.

Future work can be expanded to thermo-mechanical loading to investigate how the
role of work hardening affects the stress relaxation mechanism. It would be crucial to
understand the interaction between work hardening and residual stress under the
combined effects of thermal exposure and mechanical loading.
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Abstract. Shot peening is one of surface enhance method and is used in the
automotive industries and aerospace industries. The compressive residual stress
induced by shot peening greatly improves the fatigue strength. Also, it is been
important to induce compressive residual stress from the surface to the inside in
order to improve the fatigue strength. Therefore, it is important to understand the
residual stress distribution of the products. In general, product evaluation in the
shot peening process is destructive inspection by sampling.
From the viewpoint of quality control, product evaluation of shot peened

products should be 100% inspection. Furthermore, it is best to be able to
evaluate from the surface to the inside. Therefore, we propose the inspection
system for shot peening in production site. We report the features of inspection
method in this system and the examination results assuming inspection of
production line.

Keywords: Shot peening � Quality control � X-ray � Eddy current

1 Introduction

Shot peening is applied to improve fatigue strength of metal parts such as gears and
springs. The compressive residual stress induced by shot peening greatly improves the
fatigue strength [1]. In general, maximum compressive residual stress and deep residual
stress distribution are necessary to increase the fatigue strength of the product.
Therefore, it is important to understand the residual stress distribution of the product.

In general, in the case of measuring residual stress induced by shot peening, X-ray
diffraction method is used to measure the residual stress. In this method, penetration
depth of X-ray is 10 lm from the surface. Therefore, residual stress distribution is
inspected destructively by electro polishing to remove the surface. For this reason, In
the case of quality control of shot peening, process control of shot peening conditions
and product control by sampling inspection are performed, and all of shipping product
cannot check quality of product. The quality control for shot peening is desirable to do
100% inspection in actual products. The ideal production process can be established by
inspecting the products at production site with adjusting to the cycle time.

We propose the inspection system of shot peening at production site. We report the
features of each inspection method in this system and the examination results which
simulated inspection of production line.
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2 Quality Control of Shot Peening

2.1 Conventional Quality Control Method for Shot Peening

The quality of shot peening is determined by the processing conditions such as media
diameter and air pressure. In addition, process control is performed by measuring the
intensity of the shot peening by the Almen arc height for confirming the actual pro-
cessing capability in JAPANESE automotive industry [2]. However, process control
using Almen arc height is the method to confirm the process capability of shot peening
machine. Therefore, quality control of actual products has been performing by mea-
suring the residual stress for sampling products.

2.2 Subject and Countermeasure of Quality Control

The sin2w method using the X-ray diffraction method
is widely used in order to measure the residual stress.
In the case of sin2w method, X-ray is irradiated from
several angle (see Fig. 1) [3–5]. The residual stress is
calculated from the change in the peak shift of X-ray
diffraction curve detected by the 0D or 1D sensor.
Therefore the sensor which detects the X-ray diffrac-
tion is necessary to move precisely. This method can-
not apply to ideal inspection process which adjusts to
the cycle time of production. Because, measurement
time is very long.

On the other hand, in the case of cos a method,
X-ray is irradiated from single angle only (see Fig. 2)
[6, 7]. Residual stress is calculated by detecting many
information of the entire X-ray diffraction. Therefore,
the measurement time is fast. Moreover, faster X-ray
measurement device were developed to apply for actual
production site. This device can calculate the residual
stress by using only the points A and B of X-ray
diffraction ring shown in the Fig. 2.

Schematic of the device is shown Fig. 3. The col-
limator was used to limit the irradiation range to
1.5 mm. The specimen is irradiated with characteristic
X-rays from a Cr target through a collimator, and dif-
fracted X-rays from aFe (211) are acquired. In this case,
the diffracted X-ray of Cr-Ka ray is obtained around
h = 156.4°. In order to obtain diffracted X-rays within
the usable range of the sensor, the distance from the sample to the sensor was set to
D = 25 mm and the X-ray irradiation angle to w = 35°.

Fig. 1. sin2w method

Fig. 2. cos a method
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In case of the X-ray diffraction method,
penetration depth of X-ray is approximately
10 lm from the surface. The depth of com-
pressive residual stress induced by shot peening
is approximately 200 lm at maximum. There-
fore, 100% inspection of shot peening products
to understand the residual stress distribution is
impossible with X-ray diffraction method only.
For this reason, we have developed nonde-
structive inspection for shot peening products
using eddy current measurement. Schematic
diagram of eddy current is shown in Fig. 4.
Eddy current is a current generated in a con-
ductor by a time-varying magnetic field. The penetration depth of the eddy current can
be changed by changing the frequency of the eddy current. In addition, ferromagnetic
materials such as steels is changed their magnetic properties due to changing in the
metallographic structure by the application of stress and plastic strain.

In the next chapter, X-ray and eddy current methods by measurement were
examined.

High-speed X-ray stress measurement method is evaluated the repeatability in
comparison with the sin2w method. And we examined whether incorrect product had
error on the surface can be detected.

The eddy current measurement method examined the internal evaluation of the shot
peened specimen which varied internal quality by varying shot peening conditions.

3 Experiment for the Application of Inspection of SP
Products

3.1 High-Speed X-ray Stress Measurement Method

Repeatability. In order to incorporate the X-ray residual stress measurement device at
production site, the repeatability of the measurement value is important. Therefore, this
measurement method is evaluated the repeatability in comparison with the sin2w

Fig. 3. Experimental setup

Fig. 4. Schematic diagram of eddy current
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method. The detail of specimen is shown in Table 1. The specimen was measured 20
times continuously without moving the measurement point. The measurement condi-
tions are shown in Table 2. The result of repeatability is shown in Fig. 5. The
repeatability of the device is almost equivalent to the sin2w method device.

Detection of Incorrect Product by Surface Residual Stress. When the same shot
peening condition was performed the specimen have different hardness, development
device was confirmed whether it can evaluate the difference surface residual stress. The
specimen is SK85. One of the specimens was heat treated normally, and the other
specimen was decarburized to vary the surface hardness. Table 3 shows the detail of
the specimen. The specimens were shot peened under the same conditions. The surface
residual stress on specimen was measured 20 times continuously without moving the
measurement point in development device. Measurement result is shown in Fig. 6.
Development device can detect the difference in residual stress on the surface. As a this
result, we confirmed that it is possible to detect difference in the surface residual stress
between the correct product and incorrect product.

Table 1. Specimen states

Symbol Material Heat treatment SP

IRON Iron powder – –

SCM JIS SCM420 Carburizing ◯

Table 2. Measurement condition

Development device sin2w method device

Tube voltage [kV] 30 40
Tube current [kA] 1.6 40
X-ray Cr-Ka Cr-Ka
Diffraction plane aFe (211) aFe (211)
Irradiation diameter [mm] U1.0 U1.0
The diffraction angle 2h [deg] 156.4 156.4
Measurement time [sec] 10 900

Fig. 5. The result of repeatability

Incorporation of Evaluation Technology into Shot Peening Equipment 193



3.2 Eddy Current Measurement Method

Experimental Method

Specimen. The specimen is JIS SCM420 of chromium-
molybdenum steel. And the material was machined to the
specimen shown in Fig. 7. Chemical composition of the
material is shown in Table 4. The heat treatment for the
specimen is vacuum carburizing, quenching and tem-
pering. The effective case depth of the carburizing is
0.5 mm, and the surface hardness is 760 HV. The shot
peening conditions were adopted conditions which vary
the media diameter to vary the peak depth of maximum
compressive residual stress and the value of it. Shot
peening conditions are shown in Table 5.

Residual stress was measured by X-ray diffraction method. Specimen surface is
removed by electro polishing after each measurement to measure the depth direction of
residual stress distribution.

Table 3. Specimen states

Symbol Material Heat treat SP Hardness [HV] Notes

Correct product JIS SK85 QT ◯ 460–490 –

Incorrect product JIS SK85 QT ◯ 360–400 Decarburizing

Fig. 6. Residual stress of surface that is measured

Fig. 7. Shape and dimension
of specimen

Table 4. Chemical composition of used materials [mass %]

C Si Mn P S Ni Cr Mo Cu

0.2 0.33 0.83 0.015 0.011 0.11 1.01 0.15 0.08
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Measurement Method of Eddy Current and the Evaluation. In this experiment, a coil
was manufactured in accordance with the shape and size of the specimen. Schematic of
the experimental device shown Fig. 8.

The eddy current detection method is used the single system of penetration type self-
induction coil, and the measurement was performed using a commercially available
impedance analyzer. The test frequency was decided so that the penetration depth of
eddy currents becomes 5 lm–150 lm.
Test specimen were placed in the coil
under these measurement conditions.
Then the impedance of the coil was
recorded. The impedance of the coil
changes with the relative permeability of
the specimen to be placed. Therefore, in
order to obtain the change in relative
permeability of the shot peened speci-
men, the ratio of the impedance before
and after shot processing was taken. And,
the reaction of the eddy current according
to the shot peening processing state
inside the specimen was evaluated.

Measurement Result and Discus-
sion. The residual stress distribu-
tions are shown in the Fig. 9. The
maximum compressive residual
stress of shot peening conditions
with a media diameter of 0.05 mm
is −1715 MPa. And maximum
compressive residual stress of the
other shot peening conditions is
−1300 MPa. The depth of com-
pressive residual stress induced by
shot peening were deep with
increasing the media diameter. The
results of eddy current measurement

Table 5. Conditions of shot peening

SP① SP② SP③
Shot method Direct pressure
Diameter [mm] 0.05 0.3 0.6
Hardness [HV] 700 700 700
Air pressure [MPa] 0.3 0.3 0.3
Coverage [%] 300 300 300
Arc height 0.275 [mm N] 0.240 [mm A] 0.497 [mm A]

Fig. 8. Experimental setup

Fig. 9. Residual stress distribution
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are shown in the Fig. 10. The vertical axis shows the ratio of impedance change from
the untreated material to the shot peened material (hereinafter referred to as Z1/Z0).
The horizontal axis shows the penetration depth. Z1/Z0 of all specimen is higher than 1
in all penetration depth of 0–150 lm (see Fig. 10). Therefore, the inductive reactance
component increased. The peak value of Z1/Z0 increased with increasing media
diameter. And peek depth of Z1/Z0 is 5 lm in SP①, 20 lm in SP②, 30 lm in SP③.
The range from the surface to the depth where Z1/Z0 becomes 1 has a tendency to
spread deep as the shot particle size increases. This device repeatability is ±0.002 or
less in impedance change ratio. Therefore, the change of Z1/Z0 in Fig. 10 is indicated
as the change by each SP condition.

As a result, this eddy current system can inspect the difference in internal quality for
shot peened parts. However, the reaction strength of the eddy current cannot inspect the
relative relationship with the maximum residual stress. For the reason, we considered to
be that the relative permeability increased by the process-induced martensitic trans-
formation by shot peening of retained austenite contained in the carburized material,
and the eddy current reacted.

From these things, it is possible to inspect the processing condition inside the test
piece SP by the eddy current measurement method. Therefore, processing status inside
the shot peened specimen can inspect in eddy current measurement method. However,
the reaction strength of the eddy current affects the metallographic structure changed by
shot peening. Therefore, Eddy current measurement methods cannot measure the
residual stress inside all materials. However, in the case of inspection of shot peening
in a production process, the actual product is inspected at fixed process processing
conditions. Therefore, Eddy current measurement is considered to be effective enough
for inspection application to evaluate the inside of shot peened products.

Fig. 10. Inductive reactance ratio of penetration depth
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4 Conclusion

In this paper, two inspection methods are examined as inspection of shot peening at the
production site. As a result of examination, we found that the two methods can be
applied to the inspection of the surface and inside of shot peened products at the
production site. Based on this result, we have developed an inspection device using this
method. We assume that the ideal manufacturing process could be realized by com-
bining 100% inspection of actual products at the manufacturing site and process
control.
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Abstract. High strength steels like AISI 4140 are commonly used in many
technical areas in which the mechanical properties of materials have to meet
special requirements, for example, in the case of dynamically loaded parts. In
the automotive industry increasing requirements due to lightweight design or
energy efficiency lead to increasing demands on the mechanical and dynamic
material strength. In response to this development, optimized machining pro-
cesses are capable of improving the mechanical properties like fatigue perfor-
mance by influencing the surface integrity of the machined components. In this
paper, the influence of the single-lip deep hole drilling process on the surface
integrity of quenched and tempered AISI 4140 specimens is analyzed in detail.
Under variation of one of the main process parameters, the feed rate, the process
output parameters such as cutting forces and the resulting condition of the
machined surface and subsurface are determined. In combination with the
analysis of the resulting hardness, microstructure and surface conditions of the
machined surface, a magnetic Barkhausen noise (MBN) analysis with a custom-
built sensor is applied and further developed. With this non-destructive tech-
nique, the surface integrity of the bore wall and the fatigue damage over the
lifecycle of the part can be analyzed. The correlation of the surface integrity
produced by the single-lip deep hole drilling process with the results from the
micro-magnetic measurements are used to improve the possibility of predicting
a components fatigue performance.

Keywords: Fatigue life enhancement � Single-lip deep hole drilling �
Residual stress

1 Introduction

The determination and prediction of the fatigue strength of components have become
increasingly important in recent years. As a result, the requirements for the technical
production of reproducibly high fatigue performance and for the methods of non-
destructive testing of the dynamic strength of components have also increased. In the
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case of dynamically loaded components, a number of influencing variables on the
fatigue strength must be taken into account, such as geometry and size, mean stress,
type of stress, multi-axiality, surface layer conditions (surface topography, residual
stresses, microstructure and hardness), temperature, corrosive media, etc. The influence
of these variables is complex and can only be described very roughly by multiplying
influencing factors [1]. Some of these properties are set by the manufacturing process
of the components. The functional properties of machined parts are influenced in
particular by the quality of the surface and subsurface produced. Modern manufac-
turing processes and tools often allow an increase in productivity through higher
achievable maximum cutting speeds and feed rates while complying with the set
quality requirements. This development also results in an increased influence on the
surface integrity of the manufactured components [1]. Single-lip deep hole drilling is a
manufacturing process with a particularly large influence on the properties of the
machined surface. As a result of the asymmetrical design of the tools, the cutting forces
are transferred to the bore wall via the tool’s guide pads. The guide pads are used to
guide the tool in the bore and thus ensure that a relatively low straightness deviation of
the bore can be achieved. At the same time, the pressure of the guide pads mechanically
influences the bore wall and smoothens the surface, resulting in enhanced surface
quality. An increase in the forces transmitted via the guide pads result in a stronger
influence on the surface and subsurface of the bore. This area of the part is decisive for
the dynamic strength of machined components since crack formation and propagation
under dynamic loading of the components are known to be initiated from the machined
surface [2, 3]. Residual compressive stresses introduced into the bore wall by a
machining process can counteract loads in the later application of the components and
prevent or decelerate crack formation and propagation.

Particularly in the case of components that are exposed to dynamic loads from
internal pressure during their component life cycle, such as pipes and pumps in
hydraulic systems, post-treatment processes such as autofrettage are used to increase
the fatigue performance. Autofrettage is a local surface strengthening procedure, where
a single hydraulic pressure overload, which is much higher than the subsequent
operating pressure, is applied to the component to induce compressive residual stresses.
This pressure causes plastic deformations in the highly stressed regions of the surface.
After releasing the autofrettage pressure, compressive residual stresses remain in the
surface which counteract the tensile stresses caused by the subsequent operating
pressures [4]. As described above, single-lip deep hole drilling also causes a
mechanical load on the bore wall. By a systematic analysis and adaptation of the
drilling process parameters, this mechanical influence is to be increased to the extent
that, similar to autofrettage, the microstructure is plastically deformed and compressive
residual stresses are induced into the bore wall (see Fig. 1). For this purpose, the main
parameters of the single-lip deep hole drilling process are varied in this study and the
influence on the surface and subsurface is investigated. The main focus is on the output
factors that have an influence on the fatigue strength of the components: the surface
roughness, the microstructure and the residual stress condition of the bore wall. These
criteria can be summarized under the term surface integrity [5].
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Recent investigations on the influence of drilling operations on the surface integrity
were carried out by Girinon et al. [6, 7]. Their work focused on the influence of the
lubrication mode on the residual stress state when twist drilling the materials AISI
316L, Inconel 718 and 15-5HP [6]. They also published a numerical strategy to sim-
ulate the residual stresses that are induced into the bore wall by the twist drilling
process. The influence of different drilling strategies conventional (twist) drilling,
conventional (twist) drilling plus pre-drilling and helical milling was investigated by
Rasti et al. [3]. Since the influence of the single-lip deep hole drilling process on the
surface integrity and the corresponding fatigue strength is still unexplored, it is the
focus of this research project. Due to the process characteristics, the high drilling
quality that can be achieved and the transmission of the forces into the bore wall,
single-lip deep hole drilling offers a special potential to positively influence the surface
integrity of the bores.

The influencing process parameters on the surface integrity and their impact on the
resulting fatigue strength of deep drilled components are analyzed in this research
project. In the first project phase, the influence of the tool design was investigated. For
this purpose eight different tool variants were used, which differed in the arrangement
of the guide pads, the grinding of the cutting edge and the coating. It was shown that a
radius cutting edge geometry with a large external cutting edge leads to an increase in
the forces transmitted into the bore wall via the guide pads. By selecting a circum-
ferential shape with a reduced contact zone between the tool and the bore wall, the
surface pressure can be increased, which in turn results in a higher mechanical impact
on the drilled surface. The selection of the reference tool was based not only on the
drilling quality produced (straightness deviation, surface roughness and roundness of
the bore) but also on the maximum increase in hardness achieved in combination with a
refinement of the microstructure in the bore edge zone. In the second project phase, the
influence of the cutting speed on the bore edge zone was investigated [9]. In addition to
productivity, the cutting speed has a particular influence on the temperature generated
in the machining process. If the thermal energy transferred into the bore wall during the
drilling process is too high, the residual stress state in the bore surface may be

Fig. 1. Schematic sketch of the autofrettage [8] and single-lip drilling process.
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negatively affected as the formation of tensile residual stresses may be promoted [6,
10]. The results obtained from these first two work packages were used to select a tool
design and a reference cutting speed from which the greatest possible positive influence
on the bore edge zone is expected. For the following drilling tests these parameters
were kept constant. The results presented in this publication concentrate in particular on
the influence of the feed rate during single-lip deep hole drilling process on the surface
integrity. In addition, the further development of the non-destructive analysis of the
condition of the bores subsurface microstructure using the magnetic Barkhausen noise
(MBN) analysis is presented.

2 Experimental Setup

The single-lip deep hole drilling tests were carried out on an Ixion TLF 1004 deep
drilling machine. As lubricant, the drilling oil Petrofer Isocut T 404 with a viscosity of
m = 10 mm2/s was supplied at a pressure of plub = 100 bar via the internal cooling
channel of the tool. For the drilling tests, the cutting velocity was kept constant at
vc = 65 m/min. Specimens of the quenched and tempered steel 42CrMo4+QT (AISI
4140, 1.7225) with a diameter of d = 48.5 mm and a length of l = 140 mm were
clamped using a fixture with prism jaws (see Fig. 2). The material has a tensile strength
of Rm = 960 MPa and a hardness of 316 HV10. The sulphur content of the material,
S = 0.011 wt.%, is relatively low compared to conventional 42CrMo4. A lower Sul-
phur content reduces the number and size of manganese sulphide inclusions in the steel,
which has a positive effect on the fatigue strength of the material. The materials
chemical composition can be found in the Table 1. After piloting, a through bore hole
was drilled into the center of the sample with the single-lip deep drill with a diameter of
d = 5 mm. The feed force Ff and drilling torque Md generated during the single-lip
deep hole drilling process were measured at a frequency of 2000 Hz using a piezo-
electric dynamometer from Kistler.

The analysis of the surface integrity is focused on the surface roughness, the
hardening in the bore surface and the subsurface microstructure. The roughness was

Fig. 2. Machine tool and experimental setup.
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measured tactilely with a MarSurf XR20 roughness measurement station including a
GD120 feed unit from Mahr. As the Rz values take strong defects, which can promote
the crack formation and propagation under dynamic loading, more into account as the
Ra values, the Rz values were used to evaluate the surface quality [11]. For the
digitalization of the drilled surfaces, a confocal white-light microscope Nanofocus
µsurf was used.

The micro-magnetic characterization was carried out using a “FracDim” measuring
system provided by Fraunhofer IKTS. To measure the micro-magnetic parameter at the
crucial inside of the bore, a custom-built inner surface sensor was used. The sensor
excites the alternating magnetic field from the outside and detects the resulting Bar-
khausen noise on the important inside. The micro-magnetic parameters are strongly
correlated to the microstructure, grain size, phase content, hardness and the residual
stresses display the influence of a change in hardness and residual stresses influences
the magnetic hysteresis and the correlated parameters remanence (BR) and coercive
field strength (Phicm). The higher coercive field strength for hardened materials and for
higher compressive stresses can be explained by harder magnetization processes and
therefore can be correlated with residual stresses, hardness and hardness depth. It has to
be mentioned, that the micro-magnetic parameters are influenced by a wide range of
factors and therefore a clear separation of the effects has to be done (Fig. 3).

The micro-hardness measurement in the bore subsurface was carried out with a
Shimadzu HMV-G21 FA hardness tester. For these measurements, specimens were cut
out from the bore wall, embedded and polished. For the micro-hardness measurement
in x-y-plane, three Vickers indentions were measured and averaged for each distance
interval to the bore wall. To analyze and visualize the micro-hardness gradients in the

Table 1. Chemical composition of the workpiece material 42CrMo4+QT S110 (wt-%).

Melt C Si Mn P S Cr Mo Fe

S110 0.41 0.18 0.85 0.011 0.011 1.01 0.18 bal.

Fig. 3. Magnetic hysteresis under the influence of changes in (a) hardness and (b) residual
stresses [12].
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feed direction each measurement contains 252 indention points divided in two rows
that are positioned directly at the surface layer and are oriented in feed direction. These
impression points were placed with a distance of dsurf = 2 µm, respectively dsurf =
10 µm. In order to be able to assess the quality of the hardening of the subsurface area
close to the surface, which according to findings from previous investigations can be
measured in a distance of up to max. 30 µm from the bore surface, the DIN EN ISO
6507-1 for Vickers hardness measurements was deviated from (Fig. 4).

To investigate a potential feed rate dependent deviation of the micro-hardness in the
surface layer, a measuring length of lm = 1.5 mm was set in the feed direction (z-axis)
of the specimens. All micro-hardness measurements were performed with a test force
of HV0.01, which is equivalent to F = 98.07 N, and were held for 10 s. A Zeiss Axio
Imager M1 m light microscope as well as a Mira3 scanning electron microscope were
used as for microstructure analysis. The analysis of the subsurface zone was performed
on longitudinal section in the y-z-plane and transversal sections in the x-y-plane as
sketched in Fig. 5, to differ between the mechanical impact on the microstructure in
feed and cutting speed direction.

Fig. 4. Sketch of micro-hardness mapping (left), microscope image of indentations in the
subsurface zone (right).

Fig. 5. Sketch of the longitudinal and transverse section of a single-lip deep hole drilled fatigue
specimen.
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3 Results and Discussion

3.1 Analysis of the Feed Force Ff and Drilling Torque Md

The results for the feed force and drilling torque measured during the drilling process
are visualized in Fig. 6. It shows a correlation between the tool load measured during
the process and the set feed rate. The feed force is approximately doubled as it
increases from Ff = 314 N at a feed rate of f = 0.05 mm to Ff = 645 N at f = 0.15 mm.
For these feed rates the drilling torque even increases by a factor of 2.5 from Md = 1.1
Nm to Md = 2.6 Nm. Since, as described above, forces acting on the tool are in some
extend transmitted into the bore wall, the height of the mechanical influence on the bore
surface increases with higher feed rate as well.

The influence of the tool geometry on the level of the mechanical tool load has
already been shown in [9]. In order to maximize the mechanical influence on the bore
wall and thus, similar to the autofrettage process, insert residual compressive stresses
into the surface zone, a cutting edge geometry was selected in the previous work
package, which has an outer cutting edge which is much larger in relation to the inner
cutting edge. It was shown that the normal forces transmitted to the bore wall could be
significantly increased by this tool variant compared to the tools with a standard cutting
edge grinding, producing a higher hardening in the subsurface.

3.2 Influence on the Surface Roughness

The influence of the feed rate on the surface roughness is given in Fig. 7. With the
lowest feed rate of f = 0.05 mm, the best surface qualities were achieved with a value
of Rz = 0.93 µm. With Rz = 1.26 µm, the value for f = 0.1 mm was only slightly
higher and is in a range in which a negative influence on the fatigue performance of

Fig. 6. Force Ff and torque Md measurements for different feed rates.
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machined components is to be considered as low [11]. For the highest tested feed rate
of f = 0.15, a significant increase in Rz values to 2.08 µm was measured, which
corresponds to an increase of 124% compared to the lowest feed rate.

The produced bore surfaces topographies for the three feed rates are visualized by
the white-light microscopic images in Fig. 7. In contrast to the lower feed rates, feed
marks that reduce the surface quality are clearly visible at a feed rate of f = 0.15 mm.
Studies have shown that from a value for the maximal high of surface profile Rt larger
than 1–2 µm the reduction of the fatigue life of quenched and tempered steels is
proportional to log Rt [11]. In this context, a feed rate of f = 0.05…0.10 mm should be
used in order to produce a low surface roughness and respectively achieve a high
fatigue performance of the deep-drilled components.

3.3 Influence on the Micro-hardness and Microstructure

The used feed rate significantly influences the mechanical force applied to the bore wall
according to Fig. 6. To determine how the variation of the feed rate and the corre-
sponding changes in the mechanical load on the bore wall affect the surface integrity,
the changes in the microstructure were analyzed on light microscopic images of

Fig. 7. Surface roughness measurements and confocal white-light microscope images of the
drilled surface.
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transverse and longitudinal sections of the bore hole. In addition, micro-hardness
measurements were carried out to investigate the mechanical hardening of the sub-
surface. The measured values of the micro-hardness at a distance of dsurf = 2.5…
40 µm to the bore surface at different feed rates are shown in Fig. 8. At all three feed
rates, it can be observed that the hardness in the subsurface area of the bore was
significantly increased. At a distance of dsurf = 40 µm to the surface, approximately the
initial hardness of the material is measured. To a depth of dsurf = 25 µm the lowest
hardening was produced at the feed of f = 0.15 mm. Thus, the highest increase in
hardness was achieved with the lowest feed rate, although the lowest feed forces and
drilling torques were measured for these cutting parameters.

In order to illustrate the mechanical effects acting in the subsurface, the refinements
in the microstructure are visualized by light and scanning electron microscopic images.
Figure 9 shows images of cross sections in x-y-plane (cf. Fig. 5). In the area close to
the bore surface, the material is deformed and refined by the forces occurring during the
cutting process, which is particularly evident in the light microscopic images. The
depth of the refinement of the microstructure due to the mechanical impact of the
single-lip deep hole drilling process can be determined from the scanning electron
microscope images. This depth is higher at the low feed rates of f = 0.05 and 0.10 mm
compared to the feed rate of f = 0.15 mm.

Fig. 8. Micro-hardness in the subsurface for different feed rates.
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The higher increase in hardness and greater penetration depth in the form of
microstructure refinement at the lower feed rates can be explained by taking the distance
of the contact areas between the tool and the bore wall into account. In addition to the
height of the mechanical impact, the distance between the contacts of the guide pads
with the bore wall during drilling has a decisive influence on the resulting subsurface
microstructure. As sketched in Fig. 10, a higher feed rate increases the gap between the
areas in which the highest force is applied to the bore surface. At a feed rate of
f = 0.15 mm, areas with less mechanical influence may occur between the areas where
the guide pads transmit the peak of force. A lower feed rate, on the other hand, results in
a higher number of contacts with the guide pads for a specific segment of the bore wall.

Fig. 9. Light microscope and scanning electron microscope analysis of the bore subsurface in
x-y-plane.

Fig. 10. Influence of feed rate on the contact area distance between guide rails and bore wall.
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In order to further analyze this effect on the surface integrity, a mapping of the
micro-hardness along the bore wall in feed direction was conducted as described in
Sect. 2. The results of these measurements at a length of lm = 1.5 mm along the bore
wall are visualized in Fig. 11 for each of the three feed rates. Since the measurement
was carried out at a shorter distance to the bore wall than permitted by the norm for
hardness tests according to Vickers, the results only show a qualitative distribution of
the hardness values along the bore. Depending on the selected feed rate, differences in
the deviation of the hardness amplitudes along the bore can be observed. The fluctu-
ations in the measured hardness values shown in this way correlate with the distance of
the contacts of the guide pads with the bore wall. To illustrate this effect, the distance
between the scale marks in the feed direction was adjusted according to the respective
feed per revolution. Particularly at a feed rate of f = 0.1 mm, the scale marks corre-
spond to the areas of higher hardness amplitudes so that a clear correlation between the
hardness amplitude and the feed rate can be observed. This illustration of the hardness
distribution along the bore wall shows that a lower feed rate, due to the higher number
of contacts of the guide pads with a specific bore segment, leads to a more homoge-
neous hardening of the bore wall.

The light microscopic images in the y-z-plane in Fig. 12 show a microstructure
refinement for all three feed rates, as it was found in Fig. 9. In comparison to the cross
sections in the x-y-plane, no deformation of the microstructure can be seen in the
longitudinal section, as this mechanical deformation of the subsurface microstructure
was mainly produced in direction of the cutting speed. However, differences in the
depth of the microstructure refinement as a result of the different feed rates can also be
seen in the longitudinal section. The marked areas, in which the microstructure was
refined confirm the results shown in Fig. 9, that for the feed rate of f = 0.15 mm a
lower penetration depth of the mechanical subsurface influence was achieved. By the
shape of the bore wall at the transition to the embedding material, the feed marks
generated by the tool can be found on the scanning electron microscopic images, as
they were also observed in Fig. 7.

Fig. 11. Micro-hardness-mappings for varied feed rates.
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3.4 Analysis of the Micro-magnetic Barkhausen Noise

The coercive field strength based on the micro-magnetic Barkhausen noise (MBN)
measurements Phicm (Fig. 13) shows similar numbers for feed rates of f = 0.05 mm
and 0.10 mm, whereas for f = 0.15 mm a significant drop was detected. Baak et al.
[13] showed that there are no significant differences in residual stresses for the
investigated feed rates; therefore, the drop can be explained by the hardness and
hardness depth of the specimens.

The results from the MBN measurements correlate with the previously presented
results for the analysis of the subsurface condition. The lower coercive field strength at
a feed rate of f = 0.15 mm can be correlated to the lower penetration depth of the
mechanical boundary zone influence, which was visualized by the microstructural
analysis in form of longitudinal and transverse sections. The greater penetration depth
and more homogeneous influence on the produced subsurface microstructure at low
feed rates f = 0.05 mm and f = 0.10 mm can thus be detected by this non-destructive
micro-magnetic analysis in the form of higher values of the coercive field strength. In

Fig. 12. Light microscope and scanning electron microscope analysis of the bore subsurface in
y-z-plane.
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contrast, the measured Phicm values decrease as well as the depth of the mechanically
induced microstructure refinement at the highest feed rate.

4 Conclusions and Outlook

The results show that the surface integrity is significantly affected by the single-lip deep
hole drilling process. Properties that have a decisive influence on the dynamic strength
of the components, such as surface roughness as well as the microstructure or hardness
in the subsurface zone, have to be taken into account when selecting process param-
eters. For the design of single-lip deep hole drilling processes which aim to have an
influence on the bore edge zone in order to increase the dynamic strength, the level of
mechanical load on the surface should be determined by the adapting of the tool
geometry. Suitable adaptions with influence on the mechanical load transmitted into the
bore wall are for example the variation of the shape of the cutting edge to increase the
normal forces or selecting narrower guide pads to increase the surface pressure between
the guide pads and the bore surface. An increase in the feed rate is only of limited
suitability for increasing the mechanical surface influence with the aim of achieving
positive effects on the surface integrity and the associated fatigue strength. Increasing
the feed rate to f = 0.15 mm leads to a significant deterioration of the surface roughness
and an increase of the Rz values by 124% compared to the lowest feed rate f = 0.05
mm. Although the level of the measured mechanical tool load in the form of the feed
force and the drilling torque increases for the higher feed rate, this effect does not result
in a higher hardness of the subsurface zone under the present process conditions.
A higher feed rate leads to a greater distance between the contact areas with maximum
pressure between the guide pads and the bore wall. This effect was detected and
visualized by mapping the micro-hardness along the bore wall in the feed direction. For
the purpose of influencing the surface integrity to produce an increased fatigue strength
of the deep drilled components, with a feed rate of f = 0.05…0.10 mm the most
promising results were achieved.

The results from the MBN analysis show a correlation between the measured
coercive field strength and the state of the subsurface microstructure. The higher and

Fig. 13. Coercive field strength Phicm versus feed rate f.
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more homogeneous hardness as well as greater penetration depth at the lower feed rates
is reflected in the level of the measured Phicm values. This analytical technique thus
offers the possibility of non-destructive evaluation of the subsurface zone properties
generated by the machining process. Changes in the subsurface microstructure during
the components life cycle due to applied dynamic loads can as well be detected using
this method. With the use of a customized sensor geometry, the MBN analysis could be
applied for measurements on the inside of boreholes.

In future research, in addition to the mechanical influence on surface integrity, the
thermal influence is planned to also be analyzed within the project. By designing an
experimental setup for in-process measurements in the bore subsurface, information on
the temperatures acting on the subsurface microstructure during the single-lip deep hole
drilling process shall be gained. The combination of these results with the results
obtained so far should provide a holistic assessment of the thermomechanical influence
of single-lip deep hole drilling on the surface integrity. By correlation with data of the
MBN analysis and from results of fatigue tests, the possibility to increase the fatigue
strength of components by the drilling process is further investigated.
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Abstract. Barrel finishing is a surface finishing treatment method used for
various parts. In particular, the centrifugal barrel finishing is used for rounding
electronic components made of crustaceous materials such as MLCC, because it
is high productivity and small-volume production in great varieties. However,
because the finishing method has the highest finishing power among barrel
finishing, a chipping occurs at the ridges of MLCC made of crustaceous
materials. The chipping causes product defects. In this study, in order to reduce
the chipping, we investigated the causes of the chipping by observing the
contents’s (Mass) behavior in the finishing tank by using a high-speed camera.
From the observation result, we found that the phenomena which the Mass was
thrown out and collided against finishing walls in the processing. For this rea-
son, the chipping occurred. In order to prevent from the phenomena, we con-
sidered flowing the Mass is always touching some wall surfaces of the tank by
changing the angle of the tank rotation axis. Commonly, the angle of the tank
rotation axis is h = 0°. However, the Mass did not be thrown out by changing
the angle of h = 45°. This reason is the Mass always touching some wall sur-
faces of the tank. As a result of this test, it is possible to reduce chipping’s
volume by 80% in comparison with the conventional method.

Keywords: Mass finishing � Barrel finishing � Centrifugal barrel � Chipping �
Crustaceous materials

1 Introduction

In recent years, the global production value of the electronic information industry is
expanding because of the progress of the Internet of Things (IoT). The worldwide
spread of the Smartphones and the Electric Vehicles (EV) has made the electronic
components market active [1]. Especially, the multilayer ceramic capacitor (MLCC) is
rapidly increasing in the EV field because of a large capacitance and a compact size.
However, the MLCC may be damaged by the impact to the corners on handling in the
manufacturing process because of crustaceous materials. As a countermeasure for this
problem, barrel finishing is used for rounding to corners of the MLCC.

Barrel finishing is a finishing method which processing is performed by friction
between works and media. A container called a barrel is put works and media (abrasive

© Springer Nature Singapore Pte Ltd. 2020
S. Itoh and S. Shukla (Eds.): INCASE 2019, LNME, pp. 215–225, 2020.
https://doi.org/10.1007/978-981-15-0054-1_22

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0054-1_22&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0054-1_22&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0054-1_22&amp;domain=pdf
https://doi.org/10.1007/978-981-15-0054-1_22


stone or abrasive), and optionally water and compounds (abrasive aid) in this method
[2]. After that, the contents (Mass) in the tank are processed by rotational or vibrating
movement. Barrel finishing can be applied to all kinds of parts such as machined
products, pressed products, sintered products, die-cast products and be applied to all
finishing purposes such as deburring, de-scaling, rounding, smooth finishing [3].

There are four typical barrel finishing methods: Rotary, Vibrating, Flow and
Centrifugal. Table 1 shows the characteristics of four barrel finishing method [3].

The centrifugal barrel finishing is used for rounding electronic components of
crustaceous materials such as MLCC, because it is high productivity and small-volume
production in great varieties. However, MLCC’s chipping occurs at a part of corners
because the centrifugal barrel generates a large energy in the processing. The chipping
causes deterioration of electrical characteristics. A total inspection is difficult because
the size of electronic components is often 1 mm or less. There are some cases if there is
even one defect in a production lot, all the lots will be defective.

Therefore, the processing of electronic components such as MLCC is required to
have high productivity and high quality finishing without chipping. However, a cen-
trifugal barrel finishing is generally used to process metal parts, and a horizontal/vertical
centrifugal barrel machine is standard because of high productivity and ease of design.
The application of centrifugal barrel finishing for crustaceous materials has not been
adopted because the brittle fracture causes occurrence of chipping, but it is considered
for using a centrifugal barrel finishing because of high productivity and it is required the
reduction of the chipping.

In order to reduce the chipping, we propose that improvement of a centrifugal
barrel finishing method by elucidating the chipping phenomena.

2 Conventional Method

Figure 1 shows a conventional horizontal centrifugal barrel machine, and Fig. 2 shows
a schematic diagram of the movement. Four tanks are attached at equal intervals on the
concentric circles of the horizontally rotating turret. When the tanks are rotating at high
speed through the planetary mechanism, strong centrifugal force is generated. The

Table 1. Characteristics of four finishing method.

Finishing
type

Characteristics

Rotary The tank rotates. Simple operation but finishing time is long
Vibrating The tank vibrates. Large and long products can be finishing but the noise is

loud
Flow The rotating disc at the bottom of the tank rotates. Excellent in workability, but

not suitable for finishing thin products
Centrifugal Several finishing tanks revolve and rotate at high speed. Suitable for small

products, but most likely to be deformed due to the most finishing power
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Mass flows in the direction of revolution while being pressed against inner walls of the
tank, works and media as the Mass are processed by a pressure and relative movement.

3 Investigation About Causes of the Chipping by Behavior
Observation in Tank

We tried to identify causes and mechanisms of the chipping through observing the
Mass’s behavior in the centrifugal barrel tank by using a high-speed camera (VW-
9000, KEYENCE Corporation, Japan). In order to look inside the tank, the lid of the
tank was made of plastic. The camera was placed outside the machine to observe the
phenomena inside the tank.

From the observation result, this phenomena were observed that the Mass was
thrown out against the tank’s walls, when a rotational speed is changing between
0 min−1 to 140 min−1 in the case of our machine. Figure 3 shows the photograph in
that time. If a relative centrifugal acceleration is calculated from the equation shown in
Fig. 4, when it is 1G (1 � 9.8 m/s2) and a position of the tank is top, the Mass is
momentarily 0G (weightlessness) in the tank. After that, the Mass collides with inner
walls of the tank. The collision force is Fc at that time. In this case, the equation of
motion is given as (1), where m is the mass, a is the acceleration.

Fc ¼ ma ð1Þ

The collision force is considered to be about 10 times each single weight of the Mass.

Fig. 1. Conventional centrifugal barrel machine.

Fig. 2. Movement schematic diagram of conventional centrifugal barrel machine.
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The state of 0G occurred at the rotational speed of about 70 min−1. Moreover the
relative centrifugal acceleration obtained from the equation also coincided with the
point of 1time. Figure 5 shows a relationship between the rotational speed and the
relative centrifugal acceleration. Conventionally, a chipping improvement method has
been corresponded by changing factors and conditions (work materials, shape, size,
type of media/compounds, type of machine, rotational speed, etc.). However, the effect
of chipping was less and was not good solutions.

Media

Fig. 3. 0G state.

F: Centrifugal Force[N]
m: Work’s mass[Kg]
a:  Acceleration[m/s2] 

Fig. 4. Centrifugal force.

Fig. 5. Relationship between rotational speed and acceleration.
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4 Examination of a New Chipping Reduction Method

4.1 Hypothesis and Observation of the Chipping Reduction Method

As a result of observing the Mass’s behavior, we found that the inside of the tank was
0G state for a moment in the processing. Therefore, a big collision occurs because the
Mass was thrown out of walls into the air.

In other words, we considered that the chipping can be reduced by changing the
angle of the tank rotation axis and flowing the Mass is always touching some wall’s
surfaces of the tank. Figure 6 shows a schematic diagram of flowing the Mass’s state by
changing the angle of the tank rotation axis.

The angle of the tank rotation axis was decided h = 0° in the horizontal direction
with respect to the ground. The angle of the tank rotation axis was changed h = 45° and
h = 90°. Figure 7 shows the Mass’s behavior was observed by using a high-speed
camera in that state. As a result, the phenomena that the Mass was thrown out can be
suppressed by changing the angle of the tank rotation axis. Accordingly, it is presumed
that the chipping can be reduced as the angle of the tank rotation axis approaches
h = 90° (perpendicular to the horizontal) from h = 0° in the horizontal direction with
the ground.

However, a finishing variation is occurred as the angle of the tank rotation axis
approaches h = 90°. As a reason for that the Mass doesn’t deposit uniformly in the
rotation direction (the Mass of the upper is smaller and the lower is larger) as the angle
of the tank rotation axis approaches h = 90°.

Fig. 6. The angle of the tank rotation axis and the Mass’s state.
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Conversely, when the angle of the tank rotation axis is horizontal h = 0° with
respect to the ground, the Mass is deposited almost uniformly in the rotation direction.
Since, chipping increases from h = 90° to h = 0°.

4.2 Confirming the Effect of Chipping Reduction Method Through Tests

The chipping’s volume is evaluated by changing the angle of the tank rotation axis
between h = 0 and 90°. In order to evaluate the chipping’s volume generated by
processing and the chipping reduction effect, we inserted 2 L of media and five test
pieces for evaluation into the 8 L of tank. Figure 8 shows the test piece made of
ceramic materials in the tests.

The tests were conducted two patterns. The one was a Dry method with media and
evaluation test pieces only. The other was Wet method with media, evaluation test
pieces, compounds and water. The amount of water charged is slightly higher than the
top of the Mass in Wet method.

The test pieces were prepared for hardness HV 220 for Dry method and HV 1200
for Wet method. The chipping’s volume was evaluated by measuring the length �
width � depth of the maximum volume with a laser microscope (VK-X200, KEY-
ENCE Corporation, Japan).

Fig. 7. Observation with a high speed camera.

4mm

2mm 2mm

Fig. 8. Photograph of the test piece.
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Figure 9 shows an example of chipping. Figure 10 shows the relationship of the
force applied to a test machine (finishing tank). The variable conditions of the test
machine is the following two.

(1) The angle of the tank rotation axis.
(2) Rotational speed at which the component force A becomes 1 � 9.8 m/s2.

In order to compare with results of changing each the angle of the tank rotation
axis, the rotational speed was intentionally adjusted to the speed at which chipping
occurs.

Also, the direction perpendicular to the bottom surface (the opposite direction of
gravity) is defined as the force component A, and the horizontal direction is defined as
the force component B. The centrifugal force applied to the tank is combined the force
A and B.

Fig. 9. Example of the chipping.

Fig. 10. Component of the centrifugal force.
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5 Results and Discussions

Figures 11 and 12 show the relationship between the angle of the tank rotation axis and
the chipping’s volume. When the angle of the tank rotation axis is at an angle of
h = 45°, the centrifugal component forces A and B are balance in both Dry and Wet
method. For this reason, the chipping’s volume was reduced because the phenomena
that the Mass was thrown out into the air were suppressed.

Moreover, an edge (R) was measured and evaluated when the angle of the tank
rotation axis was changed between h = 0 to 90° in the same manner as in the chipping
evaluation test for the finishing variation. Using a stylus shape measuring instrument
(CONTOURECOAD 2600E, TOKYO SEIMITSU CO., LTD, Japan), a total of N = 20
was measured for the R shape of 4 sides of the ridge line under one condition. Figure 13
shows the measurement points and Figs. 14 and 15 show the measurement results.

Fig. 11. Relationship between the angle of the tank rotation axis and chipping volume (Wet).

Fig. 12. Relationship between the angle of the tank rotation axis and chipping volume (Dry).
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Fig. 13. Measured points of R shape.

Fig. 14. Measurement results of the angle of the tank rotation axis and R shape (Wet).

Fig. 15. Measurement results of the angle of the tank rotation axis and R shape (Dry).
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The finishing variation (standard deviation) was determined from the measurement
results of the edge R. Figure 16 shows the relationship with the angle of the tank
rotation axis. From Fig. 16, the finishing variation is the smallest around h = 45° in
both Dry and Wet methods.

Even in the same horizontal conditions, the angle of the tank rotation axis h = 90°
has more the finishing variation than h = 0°. This is because, the Mass is considered to
not to deposit uniformly in the rotation direction as the angle of the tank rotation axis
approaches h = 90°.

6 Conclusions

When rounding crustaceous materials using a centrifugal barrel, the tests were per-
formed to improve the chipping phenomena and the following conclusions were
obtained.

(1) The Mass is momentarily 0G in the tank, when changing a rotational speed
between 0 min−1 to 140 min−1 in the case of our conventional centrifugal barrel
machine. The chipping phenomena occur because the Mass was thrown out
against the tank’s walls.

(2) The chipping’s volume has reduced about 80% in comparison with the conven-
tional centrifugal barrel finishing method by changing the angle of the tank
rotation axis. The centrifugal component forces A and B are conceivable to be
balanced at the angle of the tank rotation axis h = 45° and the balance between the
forces applied to the Mass was maintained. As a result, we considered chipping is
reduced because the phenomena that the Mass was thrown out is suppressed.

Fig. 16. Relationship between the angle of the tank rotation axis and the finishing variation.
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(3) The chipping’s volume was the least when the angle of the tank rotation axis is
h = 45°. When the angle of the tank rotation axis is h = 45°, the stirring effect is
considered to become high because two forces of the centrifugal component
forces A and B added to the gravity. Therefore the finishing variation seems to be
reduced.
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Abstract. Stream finishing, one of the fast mass finishing processes that
enables a material removal rate up to 500 lm/h, is a candidate for the post
processing method for external surfaces of additively manufactured
(AM) components. The problem here is non-uniform material removal (MR),
which is probably caused by a conventional method of rotating target compo-
nents 360o in a stream finishing bowl. Our plan is to control the component
orientations and toolpath depending on each geometry. In order to consider the
optimized toolpath, MR simulation is a promising tool. This study focuses on
in situ measurement of process values around the target components, which are
essential for modelling the granular flow. We measured the pressure and
velocity on components surfaces using prototyped tools submerged in the stream
finishing media. As a result, the measured pressure increased with the sub-
mersion depth, and reached 0.05 MPa at a depth of 250 mm. Regarding the
contact angle, the pressure reached maximum in the normal direction toward
media flow. The media motion on the surface was successfully tracked using a
transparent container. The measured velocity reached maximum when the sur-
face is parallel to media flow. Using these acquired pressure and velocity, a
simple estimation of MR was conducted using Preston’s law, and agreed with
the experimental result. The measured values will enable the calibration and
validation of the simulation model, which can be used for the future toolpath
prediction.

Keywords: Stream finishing � Robotic finishing � Granular flow � Tribometer �
Additive manufacturing

1 Introduction

1.1 Post Processing of Additively Manufactured (AM) Components

Additive manufacturing (AM) technology has provided a new approach to manufacture
metal components [1]. Industries are trying to adopt AM technology to automotive,
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aerospace, medical fields, and have demonstrated its application for prototypes such as
a fuel nozzle, engine and heat exchanger [2]. One of the challenges on AM technology
is post processing method to finish its surfaces including internal and external struc-
tures, as as-formed surface roughness is 3–30 lm Ra. Regarding finishing method for
external surfaces, several methods can be applied such as machining, blasting, vibra-
tory finishing, stream finishing, and chemical polishing. We consider that stream fin-
ishing is a candidate for industrial use of the external finishing of the AM components,
because of the high material removal (MR) rate up to 500 lm/h. In a conventional way,
the stream finishing bowl and component have been rotated 360o during the process,
respectively. However, as shown in Fig. 1, the defect appears if polishing parameter is
not controlled. Therefore, we are considering that it is beneficial to control orientations
and toolpath for improving the MR uniformity.

For controlling the toolpath, one possible approach is to create MR simulation
model, then to predict MR distribution using the model without a physical trial and
error. The example is: (1) to calculate MR in each component orientation toward the
media flow direction, (2) to combine the orientations so that the summation of MR
becomes uniform, and (3) to polish the component using the predicted toolpath plan.
To simulate the dense particle flow, Jop et al. [3] proposed granular flow model. The
merit of this idea is to enable us to simulate granular flows by considering continuum
based fluid dynamics by introducing granular viscosity. In order to apply the model to
the stream finishing, in turn, it is necessary to calibrate, that is, identify parameter
values in the model, using measured granular velocity and pressure. However, up to the
authors knowledge, there is no available tool to measure granular pressure and velocity
on components surfaces in a stream finishing bowl [4–6].

1.2 Objectives

The objective of this study is to measure granular pressure and velocity for stream
finishing by prototyping new measurement tools. In this study, the measurement tools
for the granular pressure and velocity were separately prepared. Then, the influences of

Defect caused by uncon-
trolled MR

Fig. 1. Photograph of an example of the polished AM component without toolpath control.
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component submersion depth and component angle toward media flow were eluci-
dated, which influences the amount of MR and surface roughness according to our
experience.

2 Experimental

2.1 Stream Finishing System

As shown in Fig. 2, stream finishing system (SF-105-A-W, OTEC) with a robotic arm
(IRB4400/60, ABB) was set-up. A tool changer at the tip of the robotic arm enables to
change each measurement tool described in Sect. 2.2. Media flow speed was controlled
by changing the rotational speed of the stream finishing bowl. Polymer type media
(KM6, OTEC) and ceramic type media (DBS4/4, OTEC) were used in the pressure and
velocity measurement and MR measurement described in Sect. 3.3, respectively. The
process parameters used is summarized in Table 1.

Stream finishing bowl

Robot arm

Abrasive media

Tool changer

Fig. 2. Photograph of the stream finishing system.

Table 1. Process conditions of the stream finishing.

Media Polymer type (KM6, OTEC)
Ceramic type (DBS4/4, OTEC)

Rotational speed 30, 60 rpm
Location

Radius r 250 mm
Depth z 100, 200, 250 mm
Angle h 0°, 30°, 60°, 90°

Liquids, compounds Dry (without water and compounds)
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2.2 Measurement Tools

Pressure Measurement. A force transducer (U93, HBM) was mounted in a stainless
steel casing with a cubic size of *50 mm. A circular button part with a diameter of
16 mm, which contacts with abrasive media, was prepared, and connected to the force
transducer. Figure 3(a) shows the schematic of the top view of the coordinates.

Velocity Measurement. A transparent glass container with a size of 78 � 78 � 70
mm in which a digital camera was installed, was used to monitor media movement.
Although the corner part of the container was rounded, the shape was considered to be
square. Firstly, the media movement was captured with a frame rate of 120 frame/sec.
Then, the velocity was calculated by dividing the tracked media traveling distance by
its time. Figure 3(b) shows the schematic of the top view of the coordinates.

3 Results and Discussions

3.1 Pressures

Figure 4 shows an example of the transitional detected force until 30 s at a rotational
speed of 30 rpm and location (r, z, h) of (250 mm, 200 mm, 0°). The data fluctuation
was observed, which was probably caused by the vibration of the casing bombarded by
the plastic media. Then, the averaged value (as shown in a broken line) was used for
evaluation. The acquired averaged force was divided by a contacted area size to
transform the data into pressure. Figure 5 shows the acquired pressure at a rotational
speed of 30, 60 rpm, and location (r, h) of (250 mm, 0°). The graph showed that the

θ

Media Flow 

r
θ

Media Flow 

r

x 

a b 

Metal casing
Glass container

Camera

Button part

Fig. 3. Schematic of the top view of the used coordinates for (a) pressure and (b) velocity
measurement.
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recorded pressure increased with the submersion depth, and reached 0.05 MPa at a
depth of 250 mm when 30 rpm. Unexpectedly, the value in 60 rpm was lower than that
of 30 rpm. It is considered that the phenomenon was caused by centrifugal force
applied to the media during polishing, which is leading to the media height distribution
change. Figure 6 shows acquired pressure with a rotational speed of 30 rpm, and
location (r, z) of (250 mm, 200 mm). The value decreased from 0.03 MPa at 0°, then,
the value was slightly more than 0 MPa at 90°. This result shows media is still con-
tacting the surface at 90°.
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Fig. 4. The transitional acquired force using the tribometer at a rotational speed of 30 rpm and
location (r, z, h) of (250 mm, 200 mm, 0°). The duration of the data acquisition was 30 s.
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3.2 Velocities

By using the transparent container, the media motion was successfully recorded. Fig-
ure 7 shows an example of the captured image. By using the sequenced image, selected
media was tracked to measure the velocity in two directions, Vx and Vz. Figure 8 shows
the measured result of two directions of velocities at a bowl rotational speed of 30 rpm,
and location (r, z) of (250 mm, 200 mm). Vx value reached the maximum, 582.4 mm/s
at 90°. On the other hand, Vz value reached the maximum, 157.4 mm/s at 60°. The
reason for the media moving upward is considered that the upper side is having lower
granular pressure, which is leading to easier flowing than the deeper side of the bowl.
Also, the similar velocity values were acquired at a location (r, z) of (250 mm, 100 mm).

20 mm

Polishing media

Vx

Vz

Fig. 7. Photograph of a captured image using the transparent container. The white tape shows a
scale with a length of 20 mm.
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Fig. 6. Pressure data with a rotational speed of 30 rpm, and location (r, z) of (250 mm,
200 mm).
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3.3 Discussions

Regarding MR model, the following Preston’s law [7] has been widely used:

MR ¼ kPVt ð1Þ

Here, k represents a coefficient including media hardness, P pressure, V velocity, and
t processing time. By considering a constant value of k and t, PV values will influence
the MR in this model. Using the values acquired in Figs. 6 and 8, PV becomes 0.8, 1.4,
8.4, 1.2 when h is 0°, 30°, 60°, 90° as shown in Table 2. To confirm the model, MR
was measured experimentally. The titanium components printed using an electron
beam, was polished by stream finishing for 45 min using ceramic media. The result
also showed that MR value reached the maximum when h is 60°. Therefore, the
experimental result was agreed with the Preston’s law. Further calibration is necessary
to estimate MR precisely.

4 Conclusions

In this study, the granular pressure and velocity were measured using the prototyped
tools. As a result, the recorded pressure increased with the submersion depth in the
bowl. When changing the angle, the value became the maximum when h is 0°. The
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Fig. 8. Flow data with a rotational speed of 30 rpm, and location (r, z) = (250 mm, 200 mm).

Table 2. Comparison of the calculated PV and measured MR (45 min).

Angle h PV using Figs. 6 and 8 Measured MR

0° 0.8 39.8 lm
30° 1.4 43.7 lm
60° 8.4 221.1 lm
90° 1.2 21.4 lm
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media motion was successfully monitored by using a transparent container. The
velocity became the maximum when h is 90°. The influence of the submersion depth
was not observed. By using these data values, a simple estimation using the Preston’s
law was conducted, then, showed the agreement with experimental result using ceramic
media.

For the future work, the following activities have been planned: (1) simulating the
media flow and subsequently upgrading it to MR model, and (2) predicting the toolpath
using the MR model.
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Abstract. Stream finishing is accepted as one of the post processing operations.
It is not only capable of grinding but also offers polishing of additive manu-
factured components, having advantages of larger material removal rates and
controllable toolpath. We have developed a stream finishing model through semi
quantitative prediction via computational fluid dynamics (CFD) simulations. The
scheme couples the granular flow field with the material removal scheme by
solving the granular flow using a continuum-based method. For the rheology, the
media viscosity is determined to resolve the flow field so the pressure induced by
the media and the material removal rate can be predicted. The model calibration
involves developing a tribometer and using it to measure the media pressure for
several scenarios based on the rotational speed of the drum (30 rpm), radial
distances of the tribometer (100, 250, 400 mm), submerged depths (100, 200,
250 mm) and its glancing angles (0, 15°, 30°, 45°, 60°, 75°, 90°). The work is
extended to study the media flow for a simplified square work piece. The results
indicate that the particle velocities on the surface of the work piece predicted by
simulations are comparable to those of experiments. They show similar patterns
and magnitudes for the parameters tested, which demonstrate the capability of the
model to correctly predict the granular flow field.

Keywords: Stream finishing � Rheology model � CFD

1 Introduction

Additive manufacturing technology produces metallic components with a variety of
geometries. The components fabricated by additive manufacturing often have rough
surfaces that seriously limit the potential of manufacturing technique. Such components
including those having the complex geometries require to be post proceeded before
putting them into the service.

Loose abrasive mass finishing techniques have been known to be capable of vol-
ume polishing of engineering components. However, the goal of uniform polishing
remains a difficult challenge. Stream finishing is considered to be a candidate for
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external finishing of additive manufacturing parts because it can induce larger material
removal rate compared to other finishing process such as the vibratory finishing.
Stream finishing can control the toolpath by introducing a robot arm, leading to more
increased freedom. The primary challenge is how to design the toolpath to finish the
components with complex geometry.

One solution is to create a simulation model of media flow and material removal.
By using them, the material removal can be predicted. This solution will reduce the trial
and errors of polishing the components. Several parameters need to be identified by
performing sensitivity analysis to develop models that can predict the desired output.
For example, if the flow is considered to be of granular, the continuum and Navier-
Stokes equations can be employed. To create the simulation model, the physical
parameters (e.g. pressure, velocity) should be obtained. Therefore, appropriate devices
must be prepared. However, there is no established method and apparatus to measure
pressure and velocity in stream finishing [1–3].

The main objective of our work is to develop capabilities in process modelling and
simulation for external finishing of additive manufactured components. This will give
semi quantitative predictions and/or insights into local stock removal distribution to
help experiments having more uniform polishing. Consequently, it will reduce the
number of trials and errors of experiments. The fundamental idea of the modelling
methodology is to couple the granular flow field [4, 5], in which the work piece is
immersed, with a material removal model [6, 7]. The granular flow-field is then solved
using a continuum-based rheology model [8, 9]. The main reason why this approach is
employed is because the discrete element method (DEM) that accounts for all granular
particles as individual entities is simply not feasible on industrial scales.

2 Rheology Model, Methodology and Experimental Set-up

2.1 Rheology Model and Simulation Methodology

The rheology model adopted in our work is based on the one presented by Jop et al.
[8]. The inertial number I is given by

I ¼ cij
�
�

�
�d

ffiffiffiffiffiffiffiffiffiffi

P=qp
q ð1Þ

where |cij| is the strain rate, d is particle size, P is isotropic pressure and qp is particle
density. The coefficient of friction µ(I) that is a function of inertial number I can be
calculated from

l Ið Þ ¼ l1 þ
l2 � l1
I0
I þ 1

ð2Þ

where µ1, µ2 and I0 are constants. The media viscosity η that is responsible for the wear
on the work piece or component can be determined from
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g ¼ l Ið ÞP
cij
�
�

�
�
: ð3Þ

The implementation of this rheology model in the CFD solvers (e.g. ANSYS Fluent
and CFX) is via a user-defined function (UDF) that is incorporated into the solvers as
these rheology equations are not standard functions in those solvers. The UDF contains
the steps described in the flowchart in Fig. 1. This granular viscosity η is the variable
that must be determined by the solvers as it is used to resolve the granular flow field.

For the purpose of the model calibration against the experiment, a tribometer has
been developed. This device was used in the experiments to measure the force (and
hence pressure loading) imposed by the granular flow on its surface. With the
appropriate constants parameters, the model can predict the flow field and material
removal rate of any work piece in a given granular flow.

2.2 Experimental Set-up

The stream finishing equipment for the experiment at ARTC (Advanced Remanufac-
turing Technology Centre) consists of a 1070 mm-dia drum (SF-105-A-W, OTEC) that
has 330 mm maximum depth to contain media particles (see Fig. 2(d)). It has a 0–
100 rpm rotational speed range. It is also equipped with a robotic arm (IRB 4400/60,
ABB) that holds the component or work piece. The media particles (KM6, OTEC) are
made of polymer and have blunt conical shape with size of 6 mm base diameter and
6 mm height. For the work presented here, the calibration is done by means of pressure
measurements. A tribometer has, therefore, been designed with a load cell (U93, HBM)

Fig. 1. The flowchart describing the steps in the UDF that is incorporated in the CFD solver to
determine the granular viscosity η.
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enclosed in a steel casing and with a 16 mm-dia button on which the media force is
measured (for the pressure to be determined). The tribometer is to be attached to a
25 mm-dia steel rod held by the robotic arm, and to be submerged in the rotating drum.
In the experiments, the drum was set to rotate with 30 rpm speed. The experimental
technique employed here is described in detail by Itoh et al. [10].

3 Calibration of the Rheology Model

The CFD simulations for the calibration of the rheology model were performed using
ANSYS Fluent. Additionally, ANSYS CFX was used for comparison. Figure 2
illustrates the representation of the stream finishing drum in the computational model,
which contains the granular media and the tribometer. Steady state simulations were
carried out and the media flow inside the drum was assumed to be laminar. For the flow
to be of single phase, only the media that is treated as a continuum fluid was con-
sidered. Therefore, the evolution of the free surface of the media (which results from
the drum rotation and its centrifugal force that would tend to move the particles towards
the side of the drum wall) was not modelled. Note that although both ANSYS Fluent
and CFX are capable of resolving the free surface evolution using the volume of fluid
(VOF) scheme, this type of simulation is not in our current scope.

For the calibration purpose, we consider the cases whereby the drum was rotated at
30 rpm speed. Three parametric studies with varying radial distance r, depth z and
glancing angle h carried out were:

a. r = (100, 150, 200, 250, 300, 350, 400) mm, z = 200 mm (constant), h = 0;
b. r = 250 mm (constant), z = (100, 150, 200, 225, 250) mm, h = 0;
c. r = 250 mm (constant), z = 200 mm, h = (0, 15°, 30°, 45°, 60°, 75°, 90°).

The boundary conditions (BC) of the computational model are as follows. The top
surface was set with pressure outlet BC. The side and bottom surfaces were set as rotating
walls with 30 rpm speed with respect to the positive y-axis so the flow was in the anti-
clockwise direction. The tribometer and its holder were set with stationary wall BC.

Fig. 2. The schematic of the domain for CFD simulations shows the tribometer model as a work
piece submerged inside a rotating drum filled with granular media. The drum has a diameter of
1070 mm and maximum depth of 330 mm. The parameters used are as follows: r is the radial
distance of the tribometer button from the centre, z is the depth of the tribometer button from the
free surface and h is the glancing angle with respect to the normal direction. The drum containing
the media used in the experiment at ARTC is also shown (inset: media particle sample).
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The calibration aims to obtain the suitable values of constants µ1, µ2 and I0 of the
rheology model that is incorporated in the solvers (via the UDF). For this, a simple
iteration method has been adopted in which initial values of the constants are first used
in the UDF. The CFD simulation is then run with given operating parameters to
calculate the granular viscosity η. The pressure reading on the surface of the tribometer
from the simulation is compared with the one measured in the experiment. If the
pressures match, the constants and setting in the simulation are retained and the sim-
ulation is completed. Otherwise, the values of the UDF constants are adjusted and the
simulation is rerun. From this process, we estimated the constants to be µ1 = 0.35,
µ2 = 0.65 and I0 = 0.3. For the present work, this simple approach is deemed sufficient.
However, future studies may be performed to better determine these constants and their
accuracy.

Three different mesh resolutions were tested (coarse, medium and fine mesh, see
Fig. 3) for the case with distance r = 0.250 mm, depth z = 0.200 mm and h = 0. The
mesh counts were 46,600, 86,511 and 261,541 for the coarse, medium and fine mesh,
respectively, in polyhedral form. In the rheology model, 6 mm particle diameter d and
estimated density qp of 2918 kg/m3 (obtained from the experiment) were used. The
pressure loading imposed by the media flow on the tribometer for the coarse, medium
and fine mesh were 36.5 kPa, 36.7 kPa and 36.9 kPa. The medium mesh resolution
was, therefore, used for the subsequent simulations, which gave sufficient accuracy and
yet economical computational time.

Figure 4 shows selected plots of velocity contours on the horizontal cut plane
across the tribometer for three parametric studies. From the colour of the contour plots,
the media flow velocity is shown to increase proportional to radial distance r. The flow
features show that the tribometer (as a work piece) provides a blockage such that the
media particles must go around it as they move. This consequently alters the flow field
in the surrounding the tribometer including the formation of a stagnation region. In
practice, the media particles that are in contact with the surface of the work piece will
erode the surface so as to polish it, which is the main intention of the surface finishing.

(a) Coarse mesh (b) Medium mesh (c) Fine mesh

Fig. 3. Close-up views of computational cell (mesh) across the media, showing the tribometer
located at distance r = 250 mm, depth z = 200 mm and h = 0. Three different types of mesh
resolution were initially tested: coarse, medium and fine, shown here in tetrahedral type.
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The comparison shown in Fig. 4(a–c) for the cases of fixed depth z = 200 mm and
different distances r of 100 mm, 250 mm and 400 mm, indicates that the tribometer is
naturally subjected to an increasing velocity regime as distance r increases. As a result,
the pressure loading imposed by the media in front of the tribometer rises. The plots of
pressure loading measured by the tribometer button in Fig. 5(a) show a good com-
parison between the simulations (ANSYS Fluent and CFX) and the experiment
whereby the pressure increases from just over 25 kPa to nearly 50 kPa in a near linear
fashion. The pressure measured in the experiment for the case of r = 250 mm and
z = 200 mm is, however, lower than the one predicted by simulations.

For cases with fixed distance r and different depth z, the plots of velocity contours
in Fig. 4(d–f) shows no remarkable differences. The comparison of pressure loading for
different depth z in Fig. 5 shows that while the simulations from two CFD solvers
matching quite well, the measurement by experiment for z = 100 mm is much lower
than those of the simulations. For different angle h, the low velocity region associated
with the stagnation point changes (Fig. 4(g–i)). As the angle h increases, the tribometer
button experiences more of shear flow and becomes less stagnated. Consequently,
Fig. 5(c) indicated that the pressure loading on this surface decreases. However, the
simulation using ANSYS Fluent suggests that the pressure loading imposed on the
tribometer is the highest when the glancing angle h is around 15o.

Fig. 4. Top views of the plots of velocity contours around the tribometer on the horizontal cut
planes for different scenarios based on radial distance r, depth z from the free surface and
glancing angles h. The drum is rotated at 30 rpm in an anti-clockwise direction.
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4 Flow Dynamics and Velocity Comparison

A simplified square work piece was submerged in the media particles such that the
middle of the work piece was at depth z = 100 mm from the free surface. The drum
was rotated at 30 rpm in the anti-clockwise direction. The primary aims are: (1) to
measure the velocity of the media particles that are in contact with the work piece
surface, and (2) to compare the velocity measured in the experiment and that from the
CFD simulations in which the rheology model has been incorporated. This work piece
was made of glass that is hard enough to withstand the pressure imposed by the media
flow, and must be transparent for a small Go-Pro camera to be inserted to record the
particle flow.

(a) Different radial distance r (b) Different depth z

(c) Different glancing angles θ

Fig. 5. Plots of pressure loading on the tribometer for different radial distances r, depths z and
glancing angles h. The comparison suggests that the prediction by simulations shows a similar
trend as measured in the experiment.

Fig. 6. The schematic of the computational domain of the simple square work piece inside a
stream finishing drum showing the isometric, front and top views. Dimensions are in mm.
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Figure 6 illustrates the schematic of the case study and the domain for the CFD
simulations. Note that the square work piece model is not a perfect square, similar to
the one used in the experiment. The width of its flat surface is only about 20 mm but
for the present work it was deemed sufficient. For this case, the square work piece was
placed at a distance r = 250 mm from the centre of the drum. Four cases have been
simulated based on the glancing angle h. To obtain the angle, the front of the work
piece was rotated in the anti-clockwise direction with respect to the vertical axis
passing through the coordinate point of (250 mm, −100 mm, 0).

We first compared the velocity profile of the media along the radial distance of the
drum for 30 rpm speed when subjected to a semi-submerged work piece. Note that in
the experiment, the velocity was measured on the free surface. However, in the sim-
ulation it was measured at a depth of 100 mm because the free surface was not
modelled. Away from the work piece, we found that the velocity profiles from the
experiment and simulation agrees well. It follows the v = rx relation. However, in the
region about 50 mm away from the work piece, the profiles start to deviate. The
disparities are associated with the creation of the humps and dips on the free surface in
the experiment, which do not occur in the simulation as the evolution of the free surface
due to the flow was not modelled.

Figure 7 shows the comparison of velocity contours on the horizontal cut plane for
different glancing angles h. When the media hits the work piece, it creates a stagnation
region and the media is directed to flow around the surface. As the work piece is rotated
and angle h increases, the shape of the stagnation region changes slightly. Conse-
quently, the front of the work piece experiences more shear as the flow passes through
and the velocity magnitude recorded on this surface increases.

Fig. 7. Close-up (top) views of the velocity contours plotted on the horizontal cut planes for
different glancing angles h of the work piece with r = 250 mm, z = 100 mm and 30 rpm. The
red dots indicate the location where the velocity of particle in front of the work piece is recorded.
The horizontal line indicates the positive x axis and the flow direction is indicated by the arrow.
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In the experiment, owing to the nature of the particles, there are voids between
particles that may affect how the particles move. The particles may rotate and tumble
while sliding on the surface of the work piece. To take into account the particle shape
(blunt conical shape with 6 mm size), their rotations and tumbling, the velocity mea-
surement for the comparison with the experimental results is taken at the distance of
5 mm in front of the surface of the work piece. The velocity versus glancing angle h is
plotted in Fig. 8. Note that a polynomial line of the simulation result is also shown.
From the simulations, the velocity appears to increase in a near polynomial fashion,
reaching the maximum of about 600 mm/s at around angle h = 90°. The velocity
magnitude is influenced by the shape of the work piece. When we compare the CFD
result with that of the experiment, the plots show a similar trend but there is a sig-
nificant disparity especially at the 30° and 60° glancing angles.

5 Conclusions

We have developed the rheology model on stream finishing, calibrated the rheology
model by means of comparison with a tribometer and predicted the flow field of
granular flow. For the calibration of the rheology model, three parametric studies were
performed. By comparing the pressure imposed by the granular flow on the tribometer,
we were able to estimate the constants, i.e. µ1 = 0.35, µ2 = 0.65, I0 = 0.3. From the
study of the flow around a transparent work piece model (simple square), the granular
velocity along the drum centre line is similar to that of experiment for locations away
from the work piece to satisfies the v = rx relationship (v is velocity, r is radial
distance and x is angular velocity). In the vicinity of the work piece, although CFD
simulation generally predicts a correct velocity profile, there exists small disparities
compared to the experiment, which may be attributed to the location of the velocity
measurement The plots of velocity versus glancing angle h show that the velocity

Fig. 8. Plot of particle velocity versus glancing angles of the square work piece with distance
r = 250 mm, depth z = 100 mm and rotational speed of 30 rpm.
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increases in a near polynomial fashion, and the ones predicted by simulations are
comparable to those of experiments. The work presented here demonstrates that the
rheology model we developed is able to simulate the correct granular flow field and
predict its flow variables.
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Abstract. Controlled hydrodynamic cavitation abrasive finishing (HCAF)
process is presented as a new approach for surface finishing the internal surfaces
of mechanical components. A recirculating hydrodynamic apparatus is designed
and developed to generate controlled cavitation. Experiments are conducted on
the internal channels fabricated using electric discharge machining (EDM).
Firstly, the surface wear arising from the combined effects of controlled
hydrodynamic cavitation and abrasive particles are investigated at (a) non-
cavitating condition without abrasive particle, (b) cavitating condition without
abrasive particles (c) abrasion condition without cavitation and (d) combined
cavitation and abrasion condition. The effect of various operating conditions on
the material removal are discussed. Lastly, the improvements in profile surface
roughness (Ra) of the internal channels is characterized using optical pro-
filometer. The results obtained (Ra < 1 µm) clearly shows that the combined
effect of controlled cavitation and abrasive particles has a significant effect on
the surface roughness reduction of internal surfaces.

Keywords: Internal surface finishing � Surface modification �
Abrasive finishing � Surface polishing � Surface morphology � Surface texture

1 Introduction

Precision surface finish is often required for components used in mechanical industries.
In specific, components that have complex internal channels demand a smooth surface
finish less than 1 µm. Achieving precision surface finishing in internal channels by
using controlled material removal methods is possible using techniques like abrasive
flow machining and its variants, electrochemical polishing and magnetic polishing
techniques. However, maintaining the resulting geometric conformance of the com-
ponents after surface finishing complex internal channels is still a challenge.

Hydrodynamic cavitation abrasive finishing (HCAF) technique is recently proposed
as a potential technique for internal surface finishing of additive manufactured
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components [1]. Hydrodynamic cavitation in hydraulic equipment’s is considered as a
destructive mechanism as it imparts damage to valves, pumps and turbine machineries
[2, 3]. Micro-cavitation bubbles are generated as the hydrostatic pressure of fluid
reaches the vapor pressure at a given temperature [4]. These micro bubbles entrap
vapor inside them and grow to a certain size. As the pressure regains above the vapor
pressure of the fluid, these vapor bubbles collapse generating high temperature and
pressure [5]. It is also well known that cavitation collapse near a solid boundary
generates micro-jets and imparts damage on the surface. Damage imparted on the
surface is highly dependent on the target material properties [6]. It is understood that
cavitation damage on metals occur in stages such as incubation stage, acceleration
stage, maximum erosion stage and deceleration stage. During each stage the amount of
deformation/damage to the solid surface varies [7].

Damage and erosion created due to cavitation is of high interest to researchers from
early ages. Most of the cavitation studies are focused to identify material behavior
under cavitation impacts [8]. This is used to select an appropriate material for a
functional component that experiences cavitation. Apart from erosion studies cavitation
is widely used as a constructive tool in ultrasonic machining [9], cavitation drilling
[10], cavitation peening for enhancing machining properties [11]. In all the above
applications the surface under exposure to cavitation impacts will be pre-
polished/machined up to few microns. Hence cavitation bubble collapse erodes the
surface and it is considered as a damage to the material under investigation.

Alternatively, many studies have currently focused to use cavitation effects as a
potential tool for surface enhancement (e.g. Surface roughness). Cavitation nucleation
on the surfaces is reported to be dependent on the initial surface integrity of the
component. Hence, after cavitation erosion most of the irregularities in the surface are
removed and a better surface finishing effect is achieved [1]. Another study using
hydrodynamic cavitation jet on an external surface has showed that cavitation can be
used as a surface finishing tool. Hydrodynamic cavitation jets are widely used as an
addition to enhance the material removal rate in applications such as external surface
polishing, ultrasonic lapping and ultrasonic cavitation finishing [12].

In most of the studies, abrasive media is used to provide the finishing effect to the
target surface. It is also thought that addition of micro-abrasive particles in a hydro-
dynamic flow will act as cavitation nucleation spots and increase the intensity of
cavitation [13]. Cavitation erosion on a surface with large surface roughness values
could potentially remove the irregularities present and addition of abrasives would
generate a smooth surface finish. Therefore, in this contribution, the combined effects
involved in a cavitating flow entrained with abrasive particles will be studied. Internal
channels manufactured using electric discharge machining process will be used for
surface finishing. The enhancements in mass loss, thickness removal and the per-
centage improvements in surface finish will be investigated at pure cavitation erosion
and with combined cavitation erosion and abrasion conditions.
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2 Machine, Method and Materials

2.1 Experimental Setup

The combined effects of cavitation erosion and abrasive wear in internal channels are
tested using a newly designed and developed hydrodynamic cavitation abrasive fin-
ishing apparatus. The apparatus as shown in Fig. 1 consists of a pump to drive the
working fluid in the hydrodynamic loop. The specimens to be tested are secured firmly
in the hydrodynamic cavitation abrasive finishing chamber. A cavitation inducer
(orifice in this case) is placed in front of the HCAF chamber to generate cavitation
effects. The HCAF chamber consists of upstream and downstream pressure control
valves to control the pressure conditions prevailing during the finishing process. The
apparatus consists of a flow meter, upstream and downstream pressure gauges to
monitor the flow conditions. A temperature controller is provided to control the tem-
perature fluctuations within ±2.5° during the entire finishing process. A tank with two
partitions, one to hold tap water and the other to hold abrasive slurry is used. A stirrer is
provided in the slurry partition to maintain homogeneity in the slurry during the fin-
ishing process.

A detailed view of the HCAF chamber is shown in Fig. 2. The HCAF chamber is
200 mm in length and the internal diameter is about 40 mm. A cavitation inducer with
a circular opening (Ø5 mm) at the centre is used for generating cavitation. Due to
pressure reduction at the cavitation inducer, micro-cavitation bubbles start to nucleate
from the cavitation inducer and travel along the flow direction. The internal channels to
be surface finished are secured behind the cavitation inducer as shown in Fig. 2. The
micro-cavitation bubbles nucleating from the cavitation inducer travel inside the
channels and gradually erodes the inner surface upon collapse.

Fig. 1. Hydrodynamic cavitation abrasive finishing setup.
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2.2 Experimental Procedure

The workpieces to be used for testing were fabricated from electric discharge machining
(EDM) process. Al6061-T6 was selected as the work material to identify the combined
effects. Al6061 is reported to be less resistant to cavitation erosion [2] as well as abrasion
mechanisms, hence the wear effects of combined cavitation erosion and abrasion can be
identified within a short duration (processing time). The effective finishing time required
to achieve the desired Ra < 1 µm was found to be 150 min from prior experience.
Therefore, in this work the combined effects are to be identified within the first 150 min.
The combined effects beyond 150 min are not considered as it does not aid in enhancing
the surface finish. The workpieces are sliced into two halves and cleaned in an ultrasonic
cleaner for 15 min and subjected to surface roughness analysis. Profile surface rough-
ness measurements were taken along the workpiece internal surfaces according to ISO
4288. Lastly, the surface morphology of certain demarcated zones in the surface were
examined under a scanning electron microscope (SEM). Such localized surface mor-
phological observations helped realize the process effects better.

To evaluate the combined wear effects in HCAF process, experiments were per-
formed in four different conditions namely at (a) non-cavitating condition without
abrasive particle, (b) cavitating condition without abrasive particles (c) abrasion con-
dition without cavitation and (d) combined cavitation and abrasion condition. In order
to establish the above conditions, suitable process parameters were selected considering
the operating range of HCAF apparatus and are listed in Table 1.

Fig. 2. (a) Cavitation inducer and (b) workpiece dimensions.

Table 1. Experiment plan.

Processing condition Parameter level

Liquid impingement
(No cavitation + No abrasion)

Pu - 0.2 MPa; Pd – 0.1 MPa; T - 55 ± 2.5 °C; Ac – 0%

Abrasion Pu - 0.2 MPa; Pd – 0.1 MPa; T - 55 ± 2.5 °C; Ac – 1%
Cavitation erosion Pu - 0.7 MPa; Pd – 0.1 MPa; T - 55 ± 2.5 °C; Ac – 0%
HCAF (cavitation
erosion + abrasion)

Pu - 0.7 MPa; Pd – 0.1 MPa; T - 55 ± 2.5 °C; Ac – 1%
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3 Results

3.1 Effect of Combined Wear Mechanisms in Material Removal

The mass loss observed during each finishing conditions at predetermined measure-
ment intervals are shown in Fig. 3. Liquid impingement tests carried out with tap water
showed no mass loss throughout the finishing process. This finishing condition is
similar to fluid flowing along the pipe. As a next step, the upstream pressure was
increased to 0.7 MPa by maintaining downstream pressure at 0.1 MPa. At this con-
dition, due to pressure fluctuations at the cavitation inducer, micro-cavitation bubbles
were generated in the flow. A total mass loss of 13.9 mg was recorded. This mass loss
was attributed by the micro-jet impact due to cavitation collapse on the workpiece
surface. Abrasives particles (silicon carbide, size 10 µm, 1% wt. conc) were then added
into the flow. The upstream pressure was reduced to 0.2 MPa to achieve non-cavitation
and abrasion condition. At this condition a total mass loss of 3.4 mg was observed.
This gradual increase in mass loss as compared to liquid impingement conditions must
be attributed by the presence of sharp-edged abrasive particles in the flow. Finally, the
upstream pressure was set at 0.7 MPa and downstream pressure to 0.1 MPa to achieve
cavitating as well as abrasion conditions. This gives rise to combined hydrodynamic
cavitation abrasive finishing conditions. A total mass loss of 40.6 mg that is about
235% more mass loss compared to the total of pure cavitation and pure abrasion
conditions. This shows that there is a strong synergistic effect in HCAF process.

Fig. 3. (a) Mass loss over time (b) mean depth of erosion over time and (c) total mass loss in
each finishing mode.
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3.2 Effect of Combined Wear Mechanisms in Surface Enhancement

Percentage improvements in each finishing condition over time are shown in Fig. 4.
Profile surface texture changes were measured at every 60 min and the percentage
improvement is calculated. From Fig. 4, roughness improvements can be seen for all
finishing conditions. The percentage change in surface roughness gradually improves
with each finishing condition. The large deviations in the percentage change during

Fig. 4. (a) Percentage change in profile surface texture over time; (b) final Ra over time and
(c) overall percentage change.
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liquid impingement (no cavitation + no abrasion) is due the error involved in mea-
surements. However, a maximum improvement of 87.2% is seen during HCAF con-
dition. The improvements in surface roughness change during HCAF is 130% higher
compared to the sum of pure cavitation and pure abrasion conditions. Relating
Figs. 3(c) and 4(c) it is very evident that the change in surface roughness is due to
increase in material removal from the internal surfaces of the workpiece.

4 Discussion

To understand the mechanism behind surface finishing in HCAF process, the surface
morphological transformations due to cavitation erosion and abrasion must be under-
stood. Figure 5 shows the resulting surface morphology of the specimens after various
processing conditions. It can be seen that for the no cavitation and no abrasion con-
ditions, the surface morphology after 150 min remains the same as that of EDM
surface. Surface morphology after pure abrasion condition contains lot of material
fragments. This confirms that the mass loss obtained must be due to material removal
by abrasive particles in the non-cavitating flow. It can also be noticed that the surface
morphology of the workpiece after pure cavitation erosion contains a unique wavy
pattern. These types of undulations arise from erosion due to repeated cavitation col-
lapse. Lastly, the surface after HCAF process with 1% abrasive concentration shows
that the surface is smooth without any wavy undulations. This is because the abrasive

Fig. 5. Surface morphology of internal channels after various processing conditions.
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particles would have sheared off any peaks present while flowing past the surface. The
calculated mean depth of erosion during HCAF process is found to be*40 µm as seen
in Fig. 3(b). Therefore, it can be concluded that the typical recast layer thickness (30 to
50 µm) arising from EDM process are completely removed after HCAF process.

To further understand the morphology transformations due to cavitation erosion,
the surface was viewed under microscope at predetermined intervals. Figure 6 shows
the surface morphology changes due to cavitation erosion with respect to time. During
the first 60 min it can be observed that the surface experienced minor erosion char-
acteristics. The remains of recast layer still seem to be visible at 60 min partially. At
120 min, the surface can be found free of asperities such as fragments, melt deposits
arising due to EDM. However, plastic undulations were noticed across the entire
workpiece surface. At 150 min, the surface was found to be eroded severely due to
cavitation with the presence of deep cavitation pits and surface cracks with predomi-
nant undulations across the surface.

The surface morphology evolution through abrasive-assisted cavitation erosion is
shown in Fig. 7. In this condition, a significant smoothening of the workpiece surface
was observed in the first 60 min. Almost (87% roughness reduction and 40 µm
thickness removal) all the EDM irregularities were removed and abrasive shearing has
resulted in surface smoothening. In HCAF conditions, wavy undulations and material
fragments were not noticed. Due to high-velocity flow, cavitation erosion and abrasive
micro-cutting the surface roughness significantly reduced. At higher magnifications
abrasive micro-cutting was clearly noticed. This shows that the abrasive micro-cutting
mechanism dominates in the process due to high-velocity impact and accelerated
abrasive impacts due to shock waves arising from cavitation implosion. Therefore, it is
evident that the effects of cavitation combined with abrasive particles accelerated the
erosion process and resulted in smooth surface.

Fig. 6. Surface morphology of internal channels after pure cavitation erosion.
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5 Conclusion

The effects of combined wear mechanism involved in hydrodynamic cavitation abra-
sive finishing process is determined by investigating the material removal and surface
morphology characteristics under various conditions such as (a) liquid impingement
(no cavitation + no abrasion); (b) pure abrasion; (c) pure cavitation erosion and
(d) HCAF (abrasive assisted cavitation erosion). The surface wear arising through
combined cavitation and abrasion were found to enhance the material removal by
130% and roughness improvements by 250% compared to pure cavitation and pure
abrasion alone. This shows that the addition of micro-abrasives in a cavitating flow has
led to increase in cavitation nucleation. In another way, shock waves arising from
cavitation implosion have accelerated the abrasive impacts thereby accelerating the
wear process enhancing the surface finishing achieved. A consistent and uniform
profile surface roughness Ra < 1 lm achieved shows that HCAF process can be
potentially used for internal surface finishing applications.
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Fig. 7. Surface morphology of internal channels after pure cavitation erosion.

252 A. P. Nagalingam and S. H. Yeo



References

1. Nagalingam, A.P., Yeo, S.H.: Controlled hydrodynamic cavitation erosion with abrasive
particles for internal surface modification of additive manufactured components. Wear
414–415, 89–100 (2018)

2. Sreedhar, B.K., Albert, S.K., Pandit, A.B.: Cavitation damage: theory and measurements – a
review. Wear 372–373, 177–196 (2017)

3. Wu, D., et al.: Experimental study on hydrodynamic performance of a cavitating centrifugal
pump during transient operation. J. Mech. Sci. Technol. 24(2), 575–582 (2010)

4. Brennen, C.E.: Cavitation and Bubble Dynamics. Oxford University Press, Oxford (1995)
5. Abouel-Kasem, A., Ahmed, S.M.: Cavitation erosion mechanism based on analysis of

erosion particles. J. Tribol. 130(3), 031601 (2008)
6. Caccese, V., Light, K.H., Berube, K.A.: Cavitation erosion resistance of various material

systems. Ships Offshore Struct. 1(4), 309–322 (2006)
7. Zhu, Y., et al.: A study on surface topography in cavitation erosion tests of AlSi10Mg.

Tribol. Int. 102, 419–428 (2016)
8. Laguna-Camacho, J.R., et al.: A study of cavitation erosion on engineering materials. Wear

301(1–2), 467–476 (2013)
9. Thoe, T.B., Aspinwall, D.K., Wise, M.L.H.: Review on ultrasonic machining. Int. J. Mach.

Tools Manuf. 38(4), 239–255 (1998)
10. Li, Z.: Criteria for jet cavitation and cavitation jet drilling. Int. J. Rock Mech. Min. Sci. 71,

204–207 (2014)
11. Soyama, H.: Surface mechanics design by cavitation peening. J. Eng. 13, 110–114 (2015)
12. Hutli, E., et al.: The ability of using the cavitation phenomenon as a tool to modify the

surface characteristics in micro- and in nano-level. Tribol. Int. 101, 88–97 (2016)
13. Santa, J.F., et al.: Slurry and cavitation erosion resistance of thermal spray coatings. Wear

267(1–4), 160–167 (2009)

Effects of Combined Wear Mechanisms in Internal Surface Finishing 253



Surface Integrity Characteristics of NiTiHf
High Temperature Shape Memory Alloys

Yusuf Kaynak1(&) , Emre Tascioglu1 , and Othmane Benafan2

1 Department of Mechanical Engineering, Marmara University,
Goztepe Campus, Kadikoy, 34722 Istanbul, Turkey

yusuf.kaynak@marmara.edu.tr
2 Materials and Structure Division, NASA Glenn Research Center,

Cleveland, OH 44135, USA

Abstract. This present study focuses on the surface integrity characteristics of
the machined NiTiHf high temperature shape memory alloys. The NiTiHf
specimens were machined under dry, minimum quantity lubrication (MQL) and
cryogenic cooling at two different cutting speeds. Experimental data on
microhardness, latent heat and phase transformation temperature is presented
and analyzed to evaluate the surface and subsurface characteristics of the
machined NiTiHf specimens. It is found that machining process particularly
cryogenic machining alters microhardness, latent heat and phase transformation
temperature of Ni-rich NiTiHf alloy. This study demonstrates that cryogenic
machining process leads to occurring strain hardened layer on the surface and
subsurface of machined workpiece. Phase transformation response including
transformation temperature and latent heat for transformation of this affected
layer shows significant difference comparing with the bulk of the workpiece.
This difference is evidently observed from the cryogenically machined speci-
mens than the specimens machined under dry and MQL conditions.

Keywords: Surface integrity � High temperature shape memory alloys �
Machining � Phase transformation

1 Introduction

Demand for lightweight and compact actuators in various industries particularly
aerospace has increased [1]. Solid-state shape memory alloy (SMA) actuators are
promising candidates as replacement for the electrical motor or hydraulic systems in
weight and space critical applications since they offer the highest energy density among
all known active materials and systems [1, 2]. While NiTi SMAs are the most widely
used and commercially available SMAs, they typically have low phase transformation
temperature so that they do not meet the high temperature actuators in hot environment
[3]. In order to increase transformation temperature for NiTi alloy, the common way is
to add ternary alloying elements such as Zr, Pd, Hf, Pt, and Au [4] that creates high
temperature shape memory alloys (HTSMAs). They have vast potential in a wide range
of applications spanning the aerospace, automotive, and other industries [5].
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Ni-rich NiTiHf alloys were found to exhibit superior properties and dimensional
stability among all HTSMAs [5]. However, one of the issues impeding greater
acceptance of HTSMA technology is the need for improvements in manufacturing and
fabrication techniques. The major manufacturing techniques including turning, milling,
and drilling are still used for developing bulk actuators [6]. However, shape memory
alloys are very sensitive to temperature changes near the transformation regime [7] and
it is well established that machining has serious impacts on the final properties of
machined components [8]. Considering this fact, it is essential that the machining
characteristics of HTSMAs, particularly the effects of machining process on the shape
memory behavior and surface integrity characteristics needs to be systematically
investigated to establish relationships between the machining process parameters and
their shape memory properties, namely to determine the process-microstructure-
property relationships machining process [9].

It should be noted that there is a very limited number of studies focusing on
machining process of HTSMAs in particular NiTiHf alloy [10]. To the best knowledge
of authors, there is no study focusing on machining-induced surface integrity charac-
teristics of NiTiHf alloys. Therefore, this study is aimed at providing a deeper insight
into the interrelationship between machining conditions and surface integrity charac-
teristics including microhardness, latent heat and phase transformation.

2 Experimental Details

The material used in this study was a Ni-rich Ni50.3Ti29.7Hf20 (at.%) high temperature
SMA. The alloy was produced using a vacuum induction skull melting technique with a
heat size of *27 kg (designated as FS#7). The molten metal was poured into steel
molds, and the resulting cast ingots were vacuum homogenized for 72 h at 1050 °C and
furnace cooled. The material was then canned and extruded at 900 °C through an area
reduction ratio of 7:1. The extruded rods were centerless ground to a final dimeter of
10 mm, and cut into 35 mm long pieces. A representative micrograph of the NiTiHf
alloy is presented in Fig. 1, showing an average grain size of*36 µm, along with some
HfO2 particles (black dots).

The transformation temperature of specimens was measured by using a Differential
Scanning Calorimetry (DSC) at a heating and cooling rate of 5 °C min−1. DSC samples
were cut using a slow speed diamond saw from the surface/subsurface region of the

Fig. 1. Optical microscopy image of Ni-rich Ni50.3Ti29.7Hf20 (at.%) [10].
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machined samples. The thickness of samples was approximately 300 µm after
mechanical polishing. To eliminate the effect of blade cutting, the samples were
mechanically polished using 800 grit SiC papers prior to DSC analysis. The NiTiHf
alloy was in its martensitic phase at room temperature as determined by Differential
Scanning Calorimetry (DSC) where the martensite start (Ms), martensite finish (Mf),
austenite start (As) and austenite finish (Af) temperatures are 94 °C, 59 °C, 107 °C and
134 °C, respectively, as shown in Fig. 2. Microhardness measurements were per-
formed according to ASTM E 384 standard using Future-Tech FM310e.

A N123H1-0500-0002-GE CB20 cutting tool insert with approximately 15 µm
edge radius and the QS-LF123H100C16E tool holder with a rake angle of a = 0º was
used in the cutting experiments. The cutting experiments were conducted on a Doosan
Puma GT2100 lathe CNC machine with 18 kW power and a maximum spindle speed
of 4500 rpm. Orthogonal cutting tests were carried out as shown in Fig. 3.
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A constant uncut chip thickness of 0.025 mm, and 7, 14 and 21 m/min cutting
speeds were used during the orthogonal cutting tests. Three cutting conditions
implemented in cutting tests were dry, cryogenic coolant and minimum quantity
lubrication (MQL). The cryogenic coolant was liquid nitrogen (LN2), applied under
15 bar pressure, and approximately 10 g/s mass flow rate. Liquid nitrogen was
delivered to the cutting region through a nozzle with 5 mm diameter. The nozzle was
placed at the rake face of the cutting tool as shown in Fig. 4. For minimum quantity
lubrication (MQL), metalworking lubricant was used at a flow rate of 21 ml/h, and
approximately under 0.4 MPa air pressure. MQL was applied at the rake face of the
cutting tool as shown in Fig. 4.

3 Results and Discussions

Figure 5 shows microhardness variation of the specimen machined under three dif-
ferent conditions at 7, and 21 m/min cutting speed. It is apparent that machining alters
the depth 100 µm below the surface of the specimen. It is found that input variables
have a profound effect on the surface and subsurface microhardness of the machined
specimen. Within this layer, two trends were observed. One is the increased hardness
considering the bulk hardness while another is the decreased trend. Increased hardness
is attributed to the strain hardening or cold deformation however, decreased hardness
can be interpreted as the thermal softening. Cryogenic machining results in increased
hardness while dry and MQL conditions leads to softening at the surface and sub-
surface. Machining process generates high strain and temperature [11] thus the
machined surface is subjected to large strains, high strain rates and high temperatures.
Once liquid nitrogen is delivered to the cutting region during chip formation process,
cutting region becomes very cold. This cold deformation results in large residual stress
and hence retain strain due to the increased dislocation density [12]. Consequently,
measured hardness is much larger than the as-received specimen. However, in dry
machining (without any cooling and lubricant) and MQL machining cutting tempera-
ture naturally becomes much higher than cryogenic machining. This high temperature
plays an important role to form the final microhardness on the surface and subsurface of
the machined specimens. Increased temperature annihilates the residual stress and
plastic strain introduced by cutting process and consequently hardness becomes much
lower [9]. In addition to the cutting conditions, cutting speed also play a critical role on

(a) (b)

Fig. 4. MQL (a) and LN2 (b) delivery system.
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the forming the final hardness of the specimen. It is well established that increased
cutting speed leads to increased cutting temperature in machining shape memory alloys
[7]. This result supports this argument as the lower cutting speeds in all three condi-
tions leads to much higher hardness than the higher cutting speeds, as shown in Fig. 5.

DSC is a well-known tool for determining the phase transformation temperature of
SMAs. DSC response of the specimens machined under various conditions and
resulting phase transformation temperature is discussed in this section. The quantitative
results for Austenite start (As), austenite finish (Af), martensite start (Ms) and martensite
finish (Mf) temperatures of the machined NiTiHf specimens is shown in Table 1.

Table 1 evidently shows that machined specimens have higher transformation
temperature than the as-received specimen. While the As of the as-received specimen is
107 °C, the As of the specimen machined under dry condition was 112 °C. Similarly
the cryogenically machined specimens at 7 and 21 m/min cutting speeds have 116 °C
and 113 °C austenite start transformation temperature, respectively. Similar response is
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Fig. 5. Microhardness variation of the machined specimens.

Table 1. Phase transformation temperature of the as-received and machined specimens.

As-received
specimen

Machined specimens

7 m/min 21 m/min
Dry MQL LN2 Dry MQL LN2

As (°C) 107 112 108 116 112 105 113
Af (°C) 134 133 133 135 134 131 138
Ms (°C) 94 96 96 98 95 93 99
Mf (°C) 59 66 66 74 63 64 71
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also observed for the Ms of the specimens. While the Mf temperature of the as-received
specimen is 59 °C, the Mf temperature of cryogenically machined specimen was
measured as 74 °C that indicates 25% increases in theMf transformation temperature. It
should be also noted that cutting speed altered the transformation temperature of the
machined specimens. In addition to the increased transformation temperature, peak
broadening is also commonly observed in the DSC response of the machined speci-
mens, as shown in Figs. 6 and 7.
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The cryogenically machined specimens show the largest broadening in all three
cutting conditions as depicted in Figs. 6 and 7. The latent heat for the transformation
(DH) of the deformed layer of the specimens extracted from the DSC curves and
illustrated in Figs. 8 and 9. While the latent heat for transformation of the specimens
machined under dry and MQL conditions is approximately close to the as-received
specimen, the latent heat for transformation of the cryogenically machined specimens
for both heating and cooling at lower (7 m/min) and higher (21 m/min) cutting speeds
is much lower. For example, while endothermic peak (heating) of the specimen
machined under cryogenic cooling at 7 m/min cutting speed needs 4.52 J/g for the
transformation, the latent heat of transformation of as received specimen needs
13.3 J/g. This large difference in between cryogenically machined specimen and as-
received specimen indicates the influence of machining under cold environment on
energy stored on the surface and subsurface of the specimen. It is known that the drop
in the DH values is attributed to the dislocations inhibiting the amount of material
allowed to undergo the phase transformation [13]. In this case, the higher dislocation
density resulting from cryogenic machining prevents occurring full transformation.
Consequently, the volume fraction of the material that undergoes transformation was
much smaller and, in turn, less energy was required.

It should be noted that increased cutting speed and resulting increased cutting
temperature even in cryogenic machining leads to increasing latent heat. While the
latent heat for transformation of the cryogenically machined specimen is 4.52 J/g at
7 m/min cutting speed, it is 8.55 J/g at 21 m/min cutting speed. This evidently indi-
cates the significant role of the cutting temperature for controlling the latent heat for the
transformation of the machined specimen. The latent heat for the transformation of the
specimens machined under dry and MQL conditions support this argument.
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Since the cutting temperature in these two conditions were much higher than
cryogenic machining, dry and MQL machining do not make remarkable impact on
altering of the latent heat for the transformation of the specimens.

Microhardness variation, the shifted transformation temperature and the latent heat
on the surface and subsurface of machined specimens show the consistency and good
agreement. While similar responses from dry and MQL machined specimens from
these measurements were observed, the response of cryogenically machined specimens
showed quite difference.

4 Conclusions

This study presents the effect of machining under dry, MQL, and cryogenic cooling
conditions at two different cutting speeds on microhardness, phase transformation
temperature, and latent heat of NiTiHf alloy. The results presented in this paper
demonstrate that machining process alters the surface and subsurface characteristics of
NiTiHf alloy. If the machined NiTiHf alloy has relatively small wall thickness, then
heat treatment is evidently needed to eliminate the effect of machining and conse-
quently to generate homogeneous microstructure throughout the entire cross section.
Cryogenic cooling is the most effective method that influencing the surface and sub-
surface characteristics of NiTiHf alloys in all three machining conditions.
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Abstract. Additive Manufacturing (AM) has been recognized as a promising
manufacturing technology for the industries including aerospace and biomedi-
cal; however, the surface finish requirement for the components used in such
industries imposes a severe constraint. Thus, finishing process for any manu-
facturing operation including additive manufacturing needs to be investigated to
provide insights into the finish processing-surface property relationship. In this
study, finishing operation in milling process is considered as a post-processing
to improve the surface, mechanical and wear properties of the specimens fab-
ricated by selective laser melting (SLM). This study demonstrates that surface
and subsurface characteristic such as surface topography, surface roughness,
microhardness, and wear resistance is substantially affected from milling
parameters. Finish-milling operation with the high feed rate results in 50%
reduction in wear rate of the specimen fabricated by SLM process.

Keywords: Additive manufacturing � Inconel 625 � Surface quality �
Wear resistance � Finish-milling

1 Introduction

Nickel based alloys are extensively used in aerospace, nuclear reactor, etc., due to high
strength and resistance to corrosion in harsh environment [1]. Among all Ni-based
alloys, Inconel 625 is a multi-component nickel based super alloy containing several
alloying elements with a minimum of 58% nickel content is well suited to manufacture
the aerospace components [2]. However, one of the significant drawbacks of Inconel
625 is that due to its high strength, it is very difficult to shape by traditional, subtractive
methods [3]. Proper tools and feed rates are essential and material removal rates need to
be carefully controlled to limit avoiding work hardening and chatter and machine tools
tend to wear quickly [4]. Considering these points, fabricating components with com-
plex geometry made of Inconel 625 by utilizing additive manufacturing (AM) tech-
nology particularly selective laser melting (SLM) seems to provide the vital potential.
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Although design flexibility is provided by additive manufacturing [5], an extensive
research and development stage is required beforehand in order to achieve end-shape
parts with the required mechanical properties [6]. Mechanical properties of Inconel 625
fabricated by SLM process has been extensively studied by many researchers [1, 7–10].
The effects of heat treatments including HIP on mechanical and microstructural prop-
erties of Inconel 625 have also been reported [10–13]. Although additive manufacturing
offers great advantages to produce the complex metal component, surface quality is still
seen as an issue due to fact that the additively manufactured metallic parts have gen-
erally discontinuous surface characteristics and partially melted powders that substan-
tially increase the surface roughness of the components manufactured. For this main
reason, post-processing operations are essential [14]. However, there is a limited study
focusing on post-processing-induced surface characteristics of Inconel 625 parts pro-
duced by SLM. Witkin et al. [15] investigated the effects of laser polishing on the
surface roughness and microstructure of Inconel 625. They reported that although laser
polishing improves the surface quality of the parts, it also led to the formation of an
oxide film. Brown et al. [16] presented the effect of finish-milling on surface integrity of
Inconel 625 parts fabricated by SLM. They also reported that milling process improves
the surface quality of the parts. Literature summary illustrates that very limited studies
focused on the surface and subsurface aspects of Inconel 625 resulting from post-
processing operations. This study present the experimental work focusing on the effects
of finish-milling operation on surface topography, roughness, microhardness of Inconel
625 specimens fabricated by SLM process. Obtained results were correlated with the
wear resistance of Inconel 625 fabricated by SLM process.

2 Experimental Details

The Inconel 625 powders with the spherical shape and the particle size distribution of
15–45 µm according to ISO 13320 [17] were used to fabricate 20 � 15� 15 mm
rectangular prismatic specimens. It has a chemical composition in according with UNS
N06625 [17]. The specimens were built on an EOS 290 machine using 67 J/mm3

volumetric energy density. The microstructures of the specimen fabricated by SLM are
shown in Fig. 1. Finish-milling operation was carried out as a post-processing operation.
During finish-milling operation, dry cutting without any cooling and lubricant was used.

Scanning direction Building direction

Melt pool boundary
Laser scanning path

Fig. 1. Microstructure of Inconel 625 fabricated by SLM.
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The cutting parameters includes 60 m/min constant cutting speed, three different
feed per tooth, 0.05, 0.1, and 0.15 mm, axial depth of cut of 0.3 mm and radial depth of
cut of 6 mm. Cutting process is schematically illustrated in Fig. 2. The surface topog-
raphy, microstructure, and wear morphology images were obtained using 3D Keyence
VHX-6000 optical microscope. The Arithmetical average surface roughness (Ra) of the
specimens was measured using Mitutoyo SJ210 surface profilometer. The ASTM E 384
standard was followed for the hardness test by using Future-Tech FM310e.

The sliding wear tests were conducted using a reciprocating tribometer as per the
ASTM G133 standard. The wear tests were conducted for 40 min under a contact load
of 15 N and a stroke length of 6 mm at room temperature in an air atmosphere without
any cooling or lubricant. A tungsten carbide ball (WC 94%, CO 6%) with a diameter of
6 mm was used for the reciprocating wear test. To reveal the surface and subsurface
layer of Inconel 625 specimens, specimens were cold-mounted in cross-section, ground
and polished using conventional techniques, and etched using a solution of 6 ml
HCl + 4 ml glycerin + 2 ml HNO3.

3 Results and Discussions

3.1 Surface Quality

Surface quality for the functional component is an important requirement for the
aerospace industry. It is well-known that machining process has been used as a fin-
ishing operation to meet the surface quality for the conventionally fabricated Ni-based
alloy. Since machining has been accepted as the fundamental process to give the
component the final shape, with chosen an appropriate cutting parameters, finishing
operation has not been considered as a challenging process. On the other hand, one of
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Fig. 2. Schematic representation of Finish-milling process of Inconel 625 produced by SLM.
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the challenge needs to be overcome for the components fabricated by additive man-
ufacturing process is still the surface quality [18]. Hence, this section of the present
study focuses on the surface quality of the specimen fabricated by SLM process and the
contribution of finish-milling to improve it. Figure 3 shows the surface topography of
the as-build (building and scanning directions), and post-proceeded (machined) spec-
imens. It is apparent that the surface on the building direction is much rougher than the
surface of scanning direction of the specimens.

Partially melted powders attached to the outer surface of the specimens results in
discontinuous surface. Similar to the building direction, the surface topography of
scanning direction is not consistent too. The topography of post-proceeded specimens
evidently shows that with the post-processing, much smoother and consistent topog-
raphy can be obtained. Measured arithmetical surface roughness values for these sur-
faces are shown in Fig. 4. Quantitative measurements show good agreement with the
topography of as-build and post-proceeded specimens. While measured average surface
roughness was approximately 5.8 µm on the surface of building directions, it was
2.9 µm on the scanning directions. Post-processing decreases the surface roughness of

As-build (Building direction) As-build (Scanning direction)

0.05 mm 0.1 mm

0.15 mm

Fig. 3. Surface topography of the as-build (building and scanning directions), and post-
proceeded specimens.
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the specimens. The measured lowest surface roughness with 0.05 mm feed per tooth is
approximately 1.28 µm. The obtained results particularly increased surface roughness
with an increasing feed rate is also commonly observed response in milling process of
conventionally fabricated Ni-based alloy [19].

3.2 Microhardness and Wear Performance

Finish-machining process makes a significant improvement on the surface quality of
specimens fabricated by SLM process. But the concern is the surface and subsurface
mechanical characteristics of the machined specimens. Figure 5 shows the measured
microhardness of the as-build, and post-proceeded specimens. The microhardness of
the as-build specimen was measured as 319 HV ± 4. The hardness of post-proceeded
specimen makes remarkable difference in comparison with the as-build specimen.
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Fig. 4. Surface roughness of the as-build (building and scanning directions), and post-proceeded
specimens.
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Fig. 5. Microhardness of the as-build and post-proceeded specimens.
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The measured hardness at the outer layer of the specimen is approximately 369 HV
with the lowest feed per tooth (0.05 mm). The highest hardness measured is 414 HV at
the outer layer of the specimen post-proceeded with 0.15 mm feed per tooth. Com-
paring with the as-build specimen, almost 30% increases is recorded. The surface of the
specimen experienced both mechanical and thermal loading, the surface properties
depends on the coupling effects of the two loading [20]. As thermal loading in milling
operation has the characteristics of discontinuity and short time duration, while
mechanical load would be the predominant factor determining the surface’s mechanical
characteristics [20]. The technical literature reported that this mechanical effect results
in compressive residual stress on the surface region of the machined additively man-
ufactured specimens with an increased the density of dislocation [21]. The work
hardening and resulting increased hardness on the surface and subsurface is assumed to
be caused by residual stress and increased dislocation. Since increasing feed rate results
in increased mechanical work and energy during cutting process that eventually causes
the increased rate of work hardening on the surface and subsurface of the specimen
[20]. This is the main reason of the increased hardness on the surface and subsurface of
the specimen when machining them with the higher feed rate.

But it should be underlined that the thickness of the work hardened layer seems to
be limited with the first 100 µm depth from the outer surface. There is a good corre-
lation in between microhardness measured on the surface and subsurface vs. wear
resistance of specimens. As microhardness varies remarkably depending on the post-
processing parameters (feed per tooth), wear track also shows large variation depending
on the post processing condition as depicted in Fig. 6. Figure 7 shows 2-D wear track
profiles of as-build (building and scanning directions), and post-proceeded specimens.
The first finding needs to be noted that there is almost no difference in wear resistance
in between building and scanning direction of Inconel 625 alloy fabricated by SLM
process. They are almost identical. This is a very good indicator that the roughness
does not play a major role to determine the wear resistance of the specimens fabricated
by SLM process. The predominant effect on the wear resistance comes from the post-
processing. It was already shown that post-processing profoundly increased the hard-
ness of the surface and subsurface of the specimens. Furthermore, the density of
porosity on the subsurface and subsurface of the specimens decreases noticeably after
post-processing operation [22]. These two parameters played vital role on the wear
resistance of the specimens fabricated by SLM. But it is worth to mention that there is a
very strong relationship in between the microhardness and wear depth and wear track
formation.

The sliding wear rates of the as-build for both scanning and building directions, and
post-proceeded specimens are shown in Fig. 8. The wear volume is calculated using
Eq. 1, expressed as follows [23]:

V ¼ L r2sin�1 w
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where V, L, w, and r are the wear volume (mm3), the stroke length (mm), the width of
the wear track (mm), and the radius of the carbide ball (mm), respectively.
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Building direction Scanning direction

0.05 mm 0.1 mm

0.15 mm

Fig. 6. 3-D wear track profile of the as-build and post-proceeded specimens.
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Fig. 7. 2-D wear track profiles of as-build (building and scanning directions) and post-
proceeded specimens.
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The wear rate is defined as follows [23]:

k ¼ V
NxL

ð2Þ

where k is the wear rate (mm3/Nmm) and N is the applied normal force (N). The effect
of post-processing on wear rate is profound. It is apparent that wear rate of specimens
fabricated by SLM process can be reduced 50% by conducting post-processing
operation.

4 Conclusions

Additive manufacturing is considered as an alternative process to the conventional
operations particularly machining process, but the surface quality of parts fabricated by
additive manufacturing does not meet the quality requirements for the functional
components used in various industries including aerospace and biomedical. This study
illustrated that post-processing (finish-machining) operation not only improve surface
quality but also profoundly increases wear resistance of the specimens fabricated by
additive manufacturing selective laser melting. The current study provides evidence
that 50% reduction in wear rate seems to be possible by implementing mechanical post-
processing operation. Besides, it is also possible to substantially improve the surface
quality of the specimen. Present study demonstrates that both surface quality and wear
resistance are evidently induced from the feed rate. Depending on the priorities and
requirement for the component fabricated by SLM, it is possible to improve surface
quality by reducing feed rate. Moreover, it is possible to notably increase wear per-
formance by chosen the higher feed rate during post-processing operation. As hybrid
(Machining and AM) manufacturing concept gains more interest by industries, the
contribution of finish-machining to the surface, mechanical and wear properties of
Inconel parts fabricated by SLM should be utilized by aerospace industry.
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Abstract. Filleting is a finishing process of rounding off the edge to blunt the
sharpness as well as to improve the component’s durability by distributing the
stress concentration over a larger area, thus enabling the filleted component to
last long. Though the filleting process is widespread in manufacturing industry
due to its effectiveness, the operation requires subtle changes in position and
orientation of the tool when machining the work-piece which is very difficult to
capture ‘algorithmically’ and thus predominantly carried out by skilled manual
workers as the generation of the toolpath for the process is a major challenge. In
this paper, we propose a novel strategy based on Lissajous curves to generate the
required toolpath for filleting. Based on the starting and ending location of the
fillet, we conceptualize a Lissajous pattern in 2D space. Through a mathematical
relationship between the 2D space and the 3D real-world, a toolpath comprising
both position and orientation is determined. Trials on Wooden and Aluminium
work coupons using KUKA iiwa R800 robot validate our strategy to obtain the
desired geometrical profile.

Keywords: Filleting � Lissajous � Robot toolpath

1 Introduction

Robots are getting increasingly widespread in the Industrial shop floor despite their
high initial cost as the manual processes such as Polishing, Filleting, Chamfering are
inefficient, time consuming, involves lot of rework and prone to human errors [1]. For
these reasons, automation is highly beneficial and is an active research area [1, 2].
Though the usage of the robots is prevalent, programming the robots still remains as a
largely cumbersome process which is a big bottleneck. Not only factories require
skilled personnel to code the robot for a specific task, even tiny changes in the
workpiece geometry requires reprogramming the robots [2–4] which is often the case
for Small and medium-sized enterprises (SMEs) that has high mix-low volume pro-
duction model. Thus, generating the toolpath automatically is an active research
problem [2–7] among the robotics researchers. In order to automatically generate
toolpath for a process, various different methods are being followed as shown below,

(1) CAD Based toolpath generation [8, 9]
(2) Vision based toolpath generation
(3) Toolpath generation through the Manual teaching (widely used)

© Springer Nature Singapore Pte Ltd. 2020
S. Itoh and S. Shukla (Eds.): INCASE 2019, LNME, pp. 273–280, 2020.
https://doi.org/10.1007/978-981-15-0054-1_28

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0054-1_28&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0054-1_28&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0054-1_28&amp;domain=pdf
https://doi.org/10.1007/978-981-15-0054-1_28


Most of the research is focused on incorporating the vision systems to locate the
workpiece and automatically generating corresponding toolpath based on required task,
in which the quality of the vision systems is paramount to the desired output. The
vision-based programming can be further categorized into two types namely,

(a) Based on active vision system
(b) Based on passive vision system

In Active vision systems consists of an expensive external light source like LASER
[10, 11] are used to illuminate the scene while a passive vision system [12] generally
just captures the scene using cheap CMOS or CCD camera. While generating toolpath
based on active vision system is very effective for many manufacturing applications,
the output accuracy largely depends on quality of the sensors used where the active
vision sensors typically produce better quality than passive sensors. Though, it makes
sense for large organizations to invest in expensive high-quality active vision sensors to
generate the toolpath automatically, it is quite unfeasible for SMEs.

In order to eliminate the bottlenecks of the tedious programming, the SMEs are
deploying collaborative robots that can be programmed by teaching a process on
compliant mode. The popular collaborative robots include UR Robots, KUKA iiwa etc.
The toolpath generation based on the manual teaching alone is very time consuming as
the robot has to be taught through trial and error which may take up 6–8 weeks for each
path program [2] which is not compatible with high mix- low volume. Thus, in this
paper, we present an approach to generate the toolpath easily for Filleting process that
is in real-time leveraging the manual teaching and very simple without any trial and
errors suitable for SMEs.

In this paper, we propose a mathematical model to generate the toolpath for Fil-
leting process based on the lissajous curves. Though the indirect path generation
method based on lissajous for surface polishing is not completely novel [1, 13, 14], the
application of the lissajous curves for generating the filleting toolpath in a manual
teaching framework for the impedance-controlled robots is not previously carried out as
far as we know. Though the Learning from demonstrations (LfD) [15] is an active
research area for carrying out various tasks, we believe the trajectory learned from the
LfD is not adequate enough to emulate the human performance and often needs
numerous iterations with reinforcement learning for adequate performance (roughly
more than 60 Iterations) and requires hours of training [16]. Further, such a trial and
error approach is not safe for machining operation which is why we believe our
framework is highly suitable for finishing operation.

We validated our model using a collaborative robot leveraging the inbuilt impe-
dance model to locate the workpiece in the environment. The paper is organized as
follows, in Sect. 2, the setup for the experiments are described, followed by our
mathematical contributions in Sect. 3. In Sect. 4, we present our conclusions and
discussion points based on the results obtained.
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2 Experimental Setup

We use KUKA LBR iiwa 7 R800, a collaborative robot with 7° of Freedom and 7 kg
payload. For machining Aluminium, an abrasive belt tool called Dynabrade 11476
dynabelter that is driven by compressed air is attached to the flange of the KUKA robot
as shown in Fig. 1a. For machining wood, we attach a grinding head through Dremel
4000 as in Fig. 1b. The KUKA robot has impedance control mode, in which the
Cartesian and Joint stiffness of the robot can be varied to carry out collaborative tasks.

The KUKA robot has impedance control mode, in which the Cartesian and Joint
stiffness of the robot can be varied to carry out collaborative tasks. The KUKA Robot is
programmed with Sunrise Workbench software based on JAVA Programming lan-
guage using KUKA RoboticsAPI. Through a TCP/IP connection, a bi-directional
communication link between MATLAB and Sunrise Workbench is established. Fur-
ther, an in-built mode in Sunrise-Workbench known as Sunrise.Connectivity Servoing
is used to program one end-destination frame at a time from MATLAB, which is
updated in real time to obtain a continuous stream of path. In the KUKA impedance
control mode, the operator can manually teach the starting and ending positions on the
edge section where the fillet is desired. The positional information is then communi-
cated to MATLAB in real-time to generate the trajectory based on lissajous curves for
the filleting operation.

3 Filleting Framework

3.1 Lissajous Curves

Filleting is a manufacturing operation of rounding off an edge with desired fillet radius
as shown in the Fig. 2. In order to round off an edge, the operator manually glides the
tool in a reciprocating motion along the edge with subtle changes in orientation.

Fig. 1. a. KUKA iiwa with Dynabelter, b. KUKA iiwa with Dremel
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Typically, the filleting operation carried out by the manual skilled operators is
characterized by two distinct attributes. The reciprocal movement of the tool in the
direction along the edge as shown in the Fig. 3a and the changes in the orientation of
the tool at different parts of the workpiece as depicted in Fig. 3b.

Essentially by following the aforementioned two features, the filleting can be
construed as a special case of chamfering. The chamfering which is an another popular
process of blunting the edge by a tool at an exact inclination angle of 45° to the two
adjoining right angled faces of an edge. Therefore, Filleting can be modelled as
chamfering at different angles in different parts of the workpiece. For example, the tool
in inclined at exactly 45° on the edge, which is the intersection of two planes XY and
YZ as indicated in Fig. 2. While machining the workpiece along the plane XY, it is
held horizontally on the surface parallel to plane XY. Similarly, the tool is held at an
upright vertical position on the surface parallel to plane YZ, while machining it. While
this convention is followed intuitively by the human operators, it’s complicated to
make the robot adjust its position and orientation simultaneously to carry out filleting.
To emulate a similar filleting strategy to the one used by the human operator, we
formulate a mathematical framework based on Lissajous curves. The Lissajous curves
are the patterns generated when we plot two sinusoidal waves on both x and y axis as
indicated in the equations below. The filleting operation is commenced with the
operator teaching the starting P1 (x1, y1, z1) and ending positions P2 (x2, y2, z2) where
the fillet is desired. Subsequently we use that positional information (P1 and P2) to
generate lissajous curves. We added the axes (X”, Y”, Z”) to Figs. 3b and 4a & b for

Fig. 2. Filleting operation to round off an edge

Fig. 3. a. Back and forth movement, b. Changes in orientation to round an edge
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ease of understanding of the framework and it’s not the actual origin for the coordinate
system (X, Y, Z) we used. In general, the Lissajous curves are of the form,

Y 0 ¼ A sinðatþ dÞ ð1Þ
h ¼ B sinðbtÞ ð2Þ

Where,
A, B = Amplitude of the functions Y’ and h respectively
a, b = Frequencies of the functions Y’ and h respectively
d = Phase shift between the functions.
By varying the frequency, amplitude, and phase shift, we can generate wide variety

of patterns for disparate application. We use two parameters Y 0and h to carry out
filleting based on the following equations,

Y 0 ¼ y2 þ y1ð Þ
2

þ y2 � y1
2

� �
� sin ð2 � tÞ ð3Þ

h ¼ p
4
þ p

4

� �
� sinð0:43 � tÞ ð4Þ

Using Eqs. (3) and (4), we form a 2D Lissajous pattern. To emulate the trajectory
followed by humans, we need to transform the 2D parametric space to a 3D trajectory,
simultaneously computing the orientation for every frames in that trajectory. This is
accomplished using the following Eqs. (5) and (6) that let us establish the relationship
between the 2D space and 3D that we derived using the Fig. 4a.

Fig. 4. a. Framework to find 3D Pose, b. Robot reference trajectory for fillet
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As the edge is along the Y direction as depicted in the Fig. 4b.

P ¼
r � r cos h

Y 0

�ðr � r sin hÞ

2
4

3
5 ð5Þ

ROT ¼
sin h 0 � cos h
0 1 0

cos h 0 sin h

2
4

3
5 ð6Þ

Based on the Eq. (5), the lissajous curve in the parametric space is transformed to
the 3D realworld as shown in the Fig. 5. As the orientation obtained through Eq. (6)
keep changing from point to point, we found that the tool to be quite unstable for
carrying out the filleting as well as prone to tool collisions with environment at extreme
angles. Thus, we approximated the filleting orientation by using 8 discrete set of angle
h between 0°–90° by rounding off the angles and formulated a trajectory that would
yield us desired geometrical profile of the edge.

3.2 Experiments

The experiments are carried out in both wooden coupons and aluminium using KUKA
iiwa R800 to validate the proposed filleting framework. The reference trajectory with
800 way points obtained using the Eqs. (5) and (6) is shown in the Fig. 6.

Fig. 5. Transforming from 2D parametric space to 3D

Fig. 6. Reference Trajectory formed from lissajous curves (in mm)
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Since the actual path followed by the robot in the Filleting process not always
where we command the robot to go, we have incorporated this filleting toolpath into an
Iterative learning feedback controller based on positional adaptation and carried out
each trial with 5 passes. The required fillet radius is set to be 5 mm and the accuracy for
the outputs of the filleted coupons are validated using a non-contact laser profile
measurement device (GapGun Pro). As this profile measurement device only measures
the radius at a particular point, 3 random points are sampled throughout the filleted part
and averaged as shown for a particular trial in Table 1.

From the measurements, the filleted radius of the output is 5.43 mm 5.44 mm, on
average, for Aluminium and Wood respectively. This result is within ± 1 mm toler-
ance that we targeted as it is acceptable for filleting.

4 Conclusion

In this paper, we proposed a framework based on lissajous to generate a robot toolpath
for filleting process. Experiments are carried out in the various wooden and aluminum
workcoupons to determine the feasibility of the approach and outputs are validated
using a non-contact laser profile measurement device. The results on the Aluminium
and wooden coupons prove that the approach is robust enough to get the fillet profile of
desired radius. Though the proposed algorithm is described here assuming the Fillet
edge is along the direction of Y axis, it can be adapted to any type of edges with slight
modifications to the Eqs. (3), (5) and (6). Tradeoff of our simple approach is that our
framework can only handle linear edges owing to the fact that the portion of the edge to
be filleted is identified through the manual teaching of the starting and end points by the
operator, which is not adequate enough for the complex edges. Generalizing our
framework for such complex edges will be the focus of our future works.

Acknowledgment. This project was conducted within the Rolls-Royce@NTU Corporate Lab
with support from the National Research Foundation (NRF), Singapore under the CorpLab@
University Scheme. This grant was partly supported by the MOE Tier1 grant (RG48/17).

Table 1. GapGun measurement of filleted component

S.No Target filleting radius
(in mm)

Actual radius of the output
(in mm)
Trial in
Aluminium

Trial in
Wood

1 5 5.53 5.26
2 5.37 4.95
3 5.41 6.12
Average = 5.43 5.44
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Abstract. In submerged laser peening, it has been experimentally clarified that
the collapse impact of the bubble which occurs after laser ablation is stronger
than the impact of laser ablation itself. Moreover, the experimental results
showed the arc height increased in proportion to the cube of the bubble
development time with various material. Here, the arc height shows the pro-
cessing capacity of peening, and the bubble development time is proportional to
the bubble radius. Therefore, it was shown that the processing capacity of
peening by the bubble collapse increased in proportion to the cube of the bubble
radius. In order to clarify the effect of bubble radius on submerged laser peening
capacity, the fluid/material two-way coupled numerical analysis of a hemi-
spherical bubble on the wall surface with changing the bubble radius was per-
formed. From the analysis results, the relationship between the bubble radius
and the maximum pressure in the fluid and maximum equivalent stress in the
material was clarified. If the ratio of internal and external pressure of a bubble
was the same, the bubble radius had little effect on the bubble collapse pressure
and the maximum equivalent stress in the material. However, the material
volume of which the maximum equivalent stress exceeded the threshold of yield
stress of the materials increased in proportional to the cube of bubble radius.
Therefore, also in the numerical analysis, it was shown that the effect of bubble
collapse on materials is proportion to the cube of bubble radius.

Keywords: Submerged laser peening � Bubble radius � Bubble collapse �
Fluid/material coupled method

1 Introduction

It is known that very high pressure occurs when cavitation bubbles collapse [1]. This
collapse pressure of cavitation bubbles causes the cavitation erosion by which materials
are damaged. However, at the same time, it is also used for cavitation peening [2],
which is one of material surface modification techniques. Therefore, many studies have
been conducted about cavitation in term of both objects of suppression and efficient
use. The cavitation peening is the surface modification method which increases the
material strength by introducing a compressive residual stress in the material by using
the collapse pressure of cavitation bubbles. Many experimental studies have been
conducted on the collapse pressure of cavitation bubbles and these pressure are known
to be on the order of 1 GPa [3, 4].
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A shot peening [5, 6] and laser peening [7, 8] is included in peening techniques for
material surface modification. In submerged laser peening, a pulsed laser with an
intensity capable of ablating metal is irradiated to a processed surface of material
placed in water. So the plastic deformation is given to the material by a shock wave
generated from the plasma occurring on the metal surface. At the time of this laser
irradiation, Soyama showed experimentally that the hemispherical cavitation bubbles
(laser cavitation) occurred on the surface of the material [9] (Fig. 1) after impact
pressure induced by ablation. Moreover, Soyama also showed that this collapse pres-
sure may exceed the impact pressure of ablation in some cases [9] (Fig. 2). If this
bubble collapse pressure is effectively utilized, it can be expected that the effects of
laser peening and cavitation peening can be obtained at the same time.

Fig. 1. Aspect of laser cavitation (laser induced bubble) [9].

Fig. 2. Noise induced by laser ablation and laser cavitation [9].
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In this study, the simulation of the collapse behavior of single hemispherical vapor
bubble with different initial bubble radius on the material wall was performed. The
present numerical analysis is an in-house fluid/material two-way coupled numerical
method which considers reflection and transmission on the fluid/material interface.
Therefore, the collapse pressure in the fluid side and equivalent stress in the material
side by bubble collapse can be analyzed at the same time. However, this analysis
cannot be treated for plastic deformation and residual stress of materials because of
elastic body analysis in the material. For this reason, by providing a threshold by the
yield stress for the maximum equivalent stress distribution on the material side by
bubble collapse, the volume of this distribution is relatively compared and the effect of
bubble collapse on materials is evaluated. From these numerical analysis results and the
results shown by submerged laser cavitation experiments, the effect of bubble radius on
the processing capacity of submerged laser peening is investigated.

2 Numerical Method

2.1 Governing Equation in Fluid

In this study, the locally homogeneous model of compressible gas-liquid two-phase
medium [10] is used for the interface capturing method of bubble. The governing
equations in fluid are the continuity, the momentum equations, the total energy con-
servation equation of gas-liquid mixture phase, and the continuity equation of gas
phase. The governing equation system is closed by satisfying the following two
equations, which are the equation of state of homogeneous medium and the total
energy equation of two-phase medium. In the bubble interface, the surface tension is
calculated by the CFS model [11] and the phase equilibrium theory of a flat gas-liquid
interface [12] extended to homogeneous gas-liquid two phase medium [13] is used for
the phase change term. The saturated vapor pressure of water pv is calculated by the
empirical formula given by Sugawara [14]. The pressure propagation in the bubble
collapse process can be reproduced by considering the compressibility in both gas
phase and liquid phase.

2.2 Governing Equation in Material

For the simulation of stress wave propagation in material, the governing equations
composed of the equation of motion and the time-differential constitutive equations of
homogeneous isotropic elastic medium are simultaneously solved [15]. The material
deformation and density change are neglected.

2.3 Numerical Scheme of Analyzing Method

The cell centered finite volume formulation is used to discretize the governing equa-
tions of both the fluid and material. The convective term is estimated AUSM type
scheme with interpolation by using the 3rd-order MUSCL-TVD method with a min-
mod limiter. The 4th-order Runge-Kutta method is used for the time integration. The
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algorithm of two-way coupled method in fluid/material interface [16] is applied as
follows: Fluid surface pressure and normal stress of vertical direction on material
surface are obtained by considering reflection and transmission of pressure and stress
waves with acoustic impedance. Non slip condition is adopted on fluid/material sur-
face, where vertical speed has minimal values which are obtained by considering
reflection and transmission, and tangential velocity of fluid has the same minimal
velocity of material which is calculated by material analysis.

3 Results and Discussion

3.1 Initial Condition and Calculation Area

In this study, in order to analyze the effect of variation of bubble radius on materials by
bubble collapse, the numerical analysis of an in-house fluid/material two-way coupled
numerical method of a single bubble collapse was conducted. Figure 3 shows a
schematic diagram of the calculation area. In this calculation, though the main calcu-
lation area in fluid is 3.0R0, the buffer area exists outside of the main calculation area.
Therefore, it is assumed that the bubble exist in infinite liquid depth. In addition, since
the displacement of material is very small in the occasion of collapse of single bubble,
the material area which includes its surface is calculated with fixed mesh system
although the displacement velocity is taken into account. In the whole calculation area,
due to assuming the phenomenon of plane symmetry, a quarter of all the space is
calculated. Assumed as the behavior of bubble of the experiment of the submerged
laser peening, the hemispherical vapor bubble generated by laser ablation touches the
material surface.

Fig. 3. Calculation area and initial conditions.
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In the initial condition, the temperature in fluid is T = 293.15 K and the pressure
inside this bubble is pbub = 2300 Pa, which is the vapor saturated pressure at
T = 293.15 K. The pressure difference between inside and outside of the vapor bubble is
Dp = 0.1 MPa due to be a collapse in atmospheric pressure. In addition, this bubble has
the mass fraction of gas Y = 1.0 and the water around the bubble has the mass fraction of
gas phase Y = 1.0 � 10−9. The initial bubble radius is changed with R0 = 1.0, 2.0, 3.0,
4.0, 5.0 mm, and the effect of bubble radius is analyzed. The material is assumed to be
two kind of duralumin and stainless steel, in the case of duralumin, the material prop-
erties are set as follows: density qs = 2790 kg/m3, Young’s modulus E = 69 GPa and
Poisson’s ratio m = 0.3. On the other hand, in the case of stainless steel, the material
properties are set as follows: density qs = 7800 kg/m3, Young’s modulus E = 200 GPa
and Poisson’s ratio m = 0.3.

3.2 Definition of Stress Effective Volume

In this study, stress effective volume [16] is defined to evaluate the effect of bubble
collapse on materials. This indicates a volume above a certain threshold for the dis-
tribution of the maximum equivalent stress generated in the material by bubble collapse
in this numerical analysis. This volume is used as an index of evaluation of effect on
material. As for the threshold value, in general, in shot peening processing, since the
material is plastically deformed by striking a shot against the material and the material
surface gets work hardened, the yield stress of the material is used. The volume in
which the maximum equivalent stress exceeds the yield stress was used as a stress
effective volume to evaluate the effect of the material by numerical analysis and
compared with the experimental results.

3.3 Relationship Between Maximum Pressure in Fluid, Maximum
Equivalent Stress in Material and Bubble Radius

Figure 4 shows the time evolution of pressure and void fraction in fluid and equivalent
stress in material, which showed the process of bubble collapse. A hemispherical
bubble shrinks and collapses while maintaining a hemispherical shape uniformly with
the time evolution. When a bubble collapses, a high collapse pressure exceeding 1 GPa
is generated on the fluid side and a high equivalent stress is also generated on the
material side accordingly. Figure 5 shows the relation between initial bubble radius R0

and maximum pressure pmax and maximum equivalent stress (req)max with each case of
duralumin and stainless steel.

Although the pmax is different on each material, the pmax is almost constant
regardless of bubble radius. As a study to explain this result, there is the Shima and
Tomita’ analysis result based on the theory of bubble dynamics [17]. They explained
that the ratio of initial radius and minimum radius of bubble was expressed by the
initial pressure ratio of internal and external bubble and specific heat ratio of gas inside
bubble. In addition, they also explained that the relationship between maximum col-
lapse pressure of bubble and ratio of initial radius and minimum radius of bubble. From
combining these analysis results, it is shown that the maximum collapse pressure of
bubble is expressed by the initial pressure ratio of internal and external bubble and
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specific heat ratio of gas inside bubble but is not affected by bubble radius. Therefore, it
is considered that this calculation result agrees with Shima and Tomita’s analysis result.

As for the maximum equivalent stress in the material side, it is different with kind
of material. However, the maximum equivalent stress is hardly affected by the bubble
radius since the maximum pressure in the fluid side does not change significantly
depending on the bubble radius.

(a) t = 0.00 μs (b) t = 90.00 μs (c) t = 92.88 μs (d) t = 92.91 μs

Fig. 4. Time evolution of pressure and void fraction in fluid and equivalent stress in material
(R0 = 1.0 mm, Duralumin).
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3.4 Evaluation of Effect of Bubble Radius on Materials by Stress
Effective Volume

Figure 6 shows an example of the change in the distribution of stress effective volume
in the case of duralumin with each bubble diameter, and Fig. 7 shows the relationship
between bubble radius and stress effective volume in both duralumin and stainless
steel. When the surrounding conditions of bubble collapse except bubble radius were
the same, the maximum equivalent stress distribution shapes generated on the material
side became almost the same regardless of the bubble radius. However, the stress
effective volume increased in proportion to the cube of the bubble radius in both
materials when the yield stress of each material is used as the threshold.

These results show that while the maximum equivalent stress alone cannot show
the effect of the bubble radius on the material, the effect of the bubble radius on the
material can be shown by using the evaluation of stress effective volume by the present
numerical analysis.

(a) R0 = 1.0 mm      (b) R0 = 2.0 mm     (c) R0 = 3.0 mm   (d) R0 = 4.0 mm  (e) R0 = 5.0 mm

Fig. 6. Comparison of the stress effective volume with each bubble radius (Duralumin).
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Soyama conducted the submerged laser cavitation experiment and investigated the
relationship between the developing time of the cavitation bubble and the arc height
with several materials [18, 19]. Here, the arc height is used to evaluate the peening
strength in shot peening, and it is shown that the larger the arc height, the higher the
peening ability. In this experiment, the ability of cavitation peening was evaluated by
the arc height. In addition, the developing time of the cavitation bubble is proportional
to the bubble radius. Namely, as this time is long, the bubble radius is large. From the
experimental result, the arc height increases in proportion to the cube of the developing
time of bubble with various materials. Therefore, the processing ability by laser cav-
itation is considered to increase in proportion to the cube of the bubble radius [18].

From the above two results, the present numerical analysis results are in good
agreement with the experimental result. Therefore, it is suggested that the processing
ability of submerged laser peening increases in proportion to the cube of bubble radius
by both experiment and numerical analysis.

4 Conclusion

In order to investigate the effect of bubble radius on the processing ability of sub-
merged laser peening, the simulation of single hemisphere bubble collapse on the
material surface is conducted by using our in-house fluid/material coupled numerical
method of which fluid analysis based on compressible gas-liquid two-phase medium
model and the material analysis based on elastic dynamics are coupled with boundary
conditions considering acoustic impedance. The numerical analysis results are com-
pared with the laser cavitation experiment and the effect of bubble radius on the
processing capacity of submerged laser peening is evaluated. The obtained results can
be summarized as follows:

(1) In the numerical analysis of hemisphere bubble collapse, both maximum pressure
on the fluid and maximum equivalent stress generated on the material were almost
the same value regardless of the bubble radius. As a result, the effect of bubble
radius did not appear. However, by using the evaluation of stress effective vol-
ume, the stress effective volume increased with the cube of bubble radius.
Therefore, it was shown that the material is affected in proportion to the cube of
the bubble radius by the present numerical analysis.

(2) In the submerged laser cavitation experiment, it has been shown that the pro-
cessing ability of cavitation peening increases in proportion to the cube of the
bubble radius for various materials. Therefore, in both the present numerical
analysis and the submerged laser cavitation experiment, it was suggested that the
processing ability of submerged laser peening increases in proportion to the cube
of bubble radius.

Acknowledgments. This work was partly supported by JSPS KAKENHI Grant Number
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Abstract. The effect of laser peening (LP) on damage is of great significance to
recover the service life of damaged material. However, it is still unclear for the
reason behind to introduce this effect by high-dynamic loading of LP. In this
study, experiments are conducted to investigate the retardation of pre-crack
growth by LP treatment. Pre-cracks fabricated by cyclic loading are introduced
on CT specimens of aluminum alloy 2024-T351 to act as initial fatigue crack
damage. LP treatment is performed to cover the specimen surface with pre-crack.
Fatigue crack propagation (FCP) experiments are conducted to demonstrate the
crack retardation effect following LP treatment. Digital image correlation
(DIC) method is also employed to obtain the full field displacement around the
crack tip to evaluate the enhancement of crack closure level behind pre-crack
tip. The results show that crack arrest and retardation and hence a significant
fatigue life promotion are observed for the pre-cracked specimen with LP
treatment. It even sustains more loading cycles than the undamaged specimen
with LP treatment. DIC analysis reveals that the immediate enhancement of crack
closure level is introduced behind the crack tip due to high-dynamic loading of
LP treatment. Plastic deformation produced by the high dynamic loading of LP,
is possibly dominant to introduce crack retardation behind the pre-crack tip.

Keywords: Damage � Crack retardation � Laser peening � Crack closure �
Digital image correlation

1 Introduction

Damages, induced by both different kinds of manufacturing process and fatigue
loading, greatly debilitate mechanical properties and service life of metallic compo-
nents to result in the premature and unexpected fracture failure ultimately. Various
approaches, such as laser cladding and mechanical surface treatments, have been
developed to heal and repair the existing damage to extend service life of critical
components. Mechanical surface treatments are potential and promising approaches for
damage repair of metallic components because crack damages generally nucleated from
surface layer, is exactly in the range they can take effect.
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Laser peening (LP) is well-known to introduce substantial deeper compressive
residual stress compared to the traditional methods [1, 2]. Due to its excellent char-
acteristics, LP is widely employed to enhance fatigue resistance of aerospace com-
ponents, welded joint and so on [3–5]. However, relatively few studies have been
reported to utilize LP process on healing or repairing damaged components. Ganesh
et al. demonstrated the promotion effect of LP on the high-cycle fatigue life in pre-
fatigued 6 mm-thick SAE 9260 spring steel sheets [6]. Liu et al. also performed LP
treatment on pre-fatigued and intact copper films [7, 8]. They found that LP treatment
results in a more pronounced fatigue life promotion for the damaged specimens than
that of without pre-fatigue specimens. However, both work by Ganesh and Liu only
provides the improvement of fatigue life. Lack of work concerns the possible damages
introduced by pre-fatigue and their behaviors under further cyclic loading. Although
additional fatigue life promotion has been reported to demonstrate the possibility of LP
to introduce healing effect on pre-fatigue or damaged materials, the reason for the
damage healing effect is rarely involved. Crack is recognized as the essence of damage
in the majority of cases and its propagation is usually used to investigate the damage
development.

Crack closure has been commonly utilized to explain the primary mechanism of
crack retardation. Crack closure effect is an important phenomenon in which crack
flanks keep contact even when cyclic loading is not equal to its minimum value.
Generally, it is recognized as the primary cause of reduction of fatigue crack growth
rate (FCGR). LP can introduce high dynamic loading to generate high-strain-rate
plastic deformation and compressive residual stress on the surface layer of the material.
Therefore, compared with various phenomenon introduced on the crack flanks, it is
possible to generate similar crack retardation if LP treatment is conducted on the
surface area with pre-crack.

The purpose of present study is to investigate the effect of high-dynamic loading on
damage and to clarify the reason for the alteration of crack growth behavior after LP
treatment. The pre-crack is fabricated on CT specimens by fatigue loading to act as the
initial fatigue crack damage. The crack retardation effect possibly resulting from LP
treatment, was demonstrated and quantified by the fatigue crack growth rate (FCGR).
The particular characteristics of crack retardation in the pre-cracked specimens with LP
treatment are analyzed by full-field displacement versus cyclic loading around pre-
crack through the digital image correlation method (DIC). Results are used to quantify
the level of crack closure behind pre-crack tip. Furthermore, morphology observation
across the thickness section is performed to analyze the behavior of crack flanks behind
the pre-crack tip during high dynamic loading of LP treatment.

2 Experiments

Aluminum alloy 2024-T351 with the thickness of 6.5 mm is used as the material for
experiments. The specimen geometry for crack propagation test is designed according to
ASTM E647-11 standard and is shown in Fig. 1(a). The plate of aluminum alloy 2024-
T351 was cut into CT specimens with an initial crack length a0 = 10 mm and the
external loading is applied parallel to the rolling direction. To include an initial damage
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in material, the pre-crack with the length apre = 3.0 mm as illustrated in Fig. 1(a), was
fabricated by applying cyclic loading at room temperature. It was performed at a con-
stant loading ratio R = 0.1, the maximum load Fmax = 4 kN and the frequency of 15 Hz.
The relationship of crack length versus load cycle in the process of pre-crack preparation
was recorded during experiments. LP treatment was applied on the specified area of both
sides by using a Q-switched Nd: YAG laser with the pulse energy of 10 J and the
duration of 15 ns. The round laser spot was set to be 4 mm in diameter. The scanning
path and sequence of the laser spots are illustrated in Fig. 1(b). As shown in Fig. 1(b),
laser shocks were applied on a square zone with the size of 14.0 � 14.0 mm2.

FCP tests were performed on three typical specimens including as-received spec-
imens, standard specimens with LP treatment, and pre-cracked specimens with LP
treatment. The tests were conducted by a servo-hydraulic fatigue test machine at room
temperature. The test conditions for all CT specimens, such as loading history and
ambient temperature, were kept consistent during experiments. The loading ratio, the
loading frequency and the maximum force of the external cyclic loading were 0.1,
15 Hz and 4.0 KN, respectively. These parameters were identical to those for pre-crack
fabrication. In order to precisely measure crack length under cyclic loading, CCD
camera was employed to capture the transient crack profile. The fatigue crack length
was acquired by positioning the crack tip in the image. DIC is utilized in this inves-
tigation to capture the presence of crack closure phenomenon and evaluate its level
behind crack tip. DIC imaging collection were conducted by utilizing a ring light and a
JT-H1080P CCD equipped with a microscope consisting of a 12� zoom lens and a 1�
adapter tube. Micro speckle patterns with the mean diameter about 15 lm, were
sprayed on the polished surface behind the notch of CT specimen. After DIC analysis,
the results for full-field displacement around crack tip were obtained. The relative
displacement curves of crack flanks versus the external cyclic loading were plotted out
from the post-processing to evaluate crack closure level behind the crack tip.
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Fig. 1. Schematic of CT specimen with pre-crack for laser peening experiments: (a) specimen
geometry and the fabricated pre-crack; (b) laser peening on both sides of specimen.
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3 Results and Discussion

Results of FCP test are used to analyze the crack retardation behavior of CT specimens
with and without LP treatment. Figure 2 shows the development of crack propagation
related to the number of loading cycles under different conditions. Stage I shown in
Fig. 2 is the period for pre-crack fabrication that the crack propagates from the length
of 10 mm (a0) to 13 mm (a0 + apre), while Stage II is the period that the crack
propagates from the length of 13 mm to be fractured. As shown in Fig. 2, it can be
observed from curves that the standard specimen with two layers of LP treatment
appears to obtain much longer fatigue life because it requires more cycles for crack to
reach the length of 25 mm compared with the as-received specimen. From the curves
for FCP test, it can be found that the pre-cracked specimen with LP treatment obtains
the most cycles in Stage II to propagate the fatigue crack to the length of 25 mm. The
number of cycles in Stage II for the as-received specimens can be used to identify the
effect of laser peening on the pre-cracked specimens. Excluding the number of cycles in
Stage I, the results are increased by ten times. Laser peening is effective to extend the
fatigue life of specimen with crack damages. Furthermore, it can be also observed that
the standard specimens with LP treatment are failed with much lower cycles than that
for the pre-cracked specimens with LP treatment. Extra extension of fatigue life is
observed for the pre-cracked specimen after laser peening compared with the standard
specimen with LP treatment. Different from the result for the standard specimen with
LP treatment, crack arrest can be observed from in Fig. 2 for the pre-cracked specimen
with LP treatment, where the crack stops propagating for a long duration a little less
than 70,000 cycles.

To investigate the transient process of crack opening under uploading, external load
versus relative displacement curves of crack flank are plotted in Fig. 3 for different
specimens. Figure 3(a) shows the crack opening behavior of the as-received specimen

Fig. 2. Crack propagation behaviors under cyclic loading (ARS: as-received specimen; SS-LP:
standard specimen with LP; PCS-LP: pre-cracked specimen with LP treatment)
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Fig. 3. Relative open displacement about crack flanks versus external load: (a) as-received
specimen without LP treatment; (b) standard specimen with LP treatment; and (c) pre-cracked
specimen with LP treatment after fatigue loading of 31612 cycles.
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when the crack reaches the length of 13 mm, which is identical to the length of the
fabricated pre-crack fabrication. It can be found that the crack flanks maintain contact
when the load is low. As the load is increased to be 0.8 kN, the crack flanks begin to
open at the position with 600 lm behind the tip. And they were separated totally when
the applied load reaches the value of 1.0 kN, which is provided by the displacement
curve near the tip with the distance of 120 lm in Fig. 3(a). After separation, the
relative displacement of crack flanks increases linearly by increasing the external load.
Figure 3(b) provides the crack opening process of the standard specimens with LP
treatment when the crack reaches the length of 13 mm. It can be found that the
separation of crack flanks can’t be separated until the external load reaches the value of
1.7 kN. Subsequently, the crack flanks are gradually separated by increasing the load.
The opening load of the crack flanks near tip is about 1.9 kN. Compared with the result
of as-received specimen as shown in Fig. 3(a), the critical load for the standard
specimen with LP treatment is 1.9 times to fully open the crack. Figure 3(c) provides
the results for the pre-cracked specimen with LP treatment under 31612 loading cycles.
It can be observed that the values of opening loadings are 3.4 kN for the location with
600 um behind the crack tip. And the results for the location with 120 um behind the
crack tip are 3.8 kN, respectively.

4 Conclusions

This study investigates the effect of laser peening to improve the fatigue life of
specimen with initial damage. Laser peening is proved to be an effective method to
extend the fatigue life of specimen with crack damages. The pre-cracked specimen with
LP treatment can sustain more loading cycles than that of undamaged specimen after
LP treatment. Crack arrest and retardation can be induced in the pre-cracked specimen
after laser peening, which result in additional increase of fatigue cycles in crack
propagation compared with the standard specimen with LP treatment. The transient
process of crack opening through DIC validates the observed crack retardation phe-
nomenon induced by laser peening.
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Abstract. Forming technology using dies is utilized by various industries
because of its reasonable price and high productivity. Cold forging technology is
used in the automotive industry because it can make high precision products.
However, die lifespan is a major concern because dies make up the largest
proportion of manufacturing costs in cold forging. To improve die life, one can
ensure the die’s exact physical properties through fundamental material devel-
opment, or improve the die’s fatigue life through surface reforming. Laser
peening technology mainly progressed as a technology for fatigue life
improvement of aerospace parts. As a result, there is much literature about
special materials (ex. Titanium, Inconel alloy). On the other hand, there is little
literature about tool steel, which is used for cold forging and die-casting. In this
study, basic research was conducted to determine the possibilities of laser
peening as technology to improve the fatigue life of cold forging dies. As a
result, fatigue strength improvement of JIS-SKD11 needs post-polishing
because of Roughening of surface, besides, irregular position of chromium
carbide inner material occur large variation of fatigue life.

Keywords: Laser peening � Cold work tool steel � Fatigue strength �
Residual stress � Surface roughness

1 Introduction

Quality demand for metal parts which is supported manufacturing is yearly getting
strict. In such a situation, it is required technology development, such as optimal shape
design, material development, and surface treatment to respond even more expansion
of design margin, life extension, and compact and lightweight. In surface treatment
technology, shot peening is used for automobile and airplane market because of low-
cost and simple surface modification method comparatively.

Laser peening can get same effect with shot peening. This method can induce
peening effect using impact power, made of high pressure plasma laser ablation. It is used
for fatigue life improvement of aircraft wing parts which is occurred sand erosion and
prevention of nuclear power plant parts which is occurred stress corrosion cracking [1].
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In addition, laser peening can severely control laser energy and irradiation procedure so
that it can get accurate effect and high repeatability. On the other hand, processing time is
very long compare with shot peening because it depends on spot size and irradiation
speed of laser. That’s why laser peening is now limited for using high added value and
parts which can beforehand identify its destruction points.

There is much literature about special materials (ex. Titanium, Inconel alloy) [2].
On the other hand, there is little literature about other material. But study of other
material (ex. ceramics) for laser peening is starting because laser technology is daily
progressing about processing speed and output energy improvement [3]. This can be
predicted that application of laser peening will be expanded in the order from high
value product not only in the aircraft and nuclear power plant markets, but also in other
market, such as medical and die-casting. Therefore we focused about cold work tool
steel of cold forging dies, and investigated for the effect of fatigue life improvement for
laser peening.

2 Experimental Method

2.1 Specimens

JIS-SKD11, which is used for cold forging, was used for the specimens. The chemical
components are shown in Table 1. The shapes and dimensions of the specimens are
shown in Fig. 1. Heat treatment conditions are shown in Fig. 2. The specimens were
heat treated after machining, and surface roughness is as machined in this state.

Table 1. Chemical component [wt%].

C Si Mn P S Cu Cr Mo V

1.46 0.29 0.34 0.29 0.10 0.07 11.6 0.81 0.21

Fig. 1. Shapes and dimensions of specimens.
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Specimen was prepared for fatigue life evaluation. Symbol for each specimen are
shown in Table 2. To evaluate presence or absence of melting layer of laser, two type
laser peened specimens were prepared. NP and LPP specimen was processed emery
paper and buff after machining or laser peening, respectively.

2.2 Peening Condition

Laser peening conditions are shown in Table 3. These conditions were optimized in
advance.

2.3 Evaluation Method of Fatigue Strength

Rotary bend test was used for evaluation of fatigue strength. Figure 3 shows Ono-style
rotary bend machine. This test was evaluated at room temperature and under atmo-
spheric pressure condition, and stress ratio is R = 1. Fracture number was counted and
repetition number was evaluated under same load stress. Fracture surface after fatigue
fracture was observed by using scanning microscope.

Table 2. Symbols for each specimen.

Symbol Meaning

○NP Non-peening, polishing after machining
△LP As laser peening
□LPP Polishing after laser peening

Table 3. Laser peening condition.

Wave length Spot size Power density Coverage Coating

532 nm u 1.0 mm 13 GW/cm2 50 Without coating

Fig. 2. Heat treatment conditions
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3 Experimental Result

3.1 Rotary Bend Fatigue Test Result

Figure 4 shows stress endurance diagram of rotary bend fatigue test. LP and LPP were
improved fatigue strength compare with NP.

3.2 Fractography Result

Figure 5 shows fractography of each specimen. NP could confirm that starting point of
fracture is chromium carbide of near the surface. On the other hand, that for LP
specimen was on surface, not chromium carbide [4]. And that for LPP specimen was
internal chromium carbide, and it made fish eye.

As a result of fracture surface observation, chromium carbide is identified at
fracture surface of all specimens, and that of NP specimen and LPP specimen was
starting point of fracture. But that of LP specimen was on surface.

Fig. 3. Ono-style rotary bend machine (SHIMAZU CORPORATION, H5 type).

Fig. 4. Stress endurance diagram.
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4 Discussion

4.1 Effect of Surface for Laser Peening

Fatigue characteristic depends on surface roughness. Table 4 shows surface roughness
measurement result of each specimen. Surface roughness of NP and LPP specimen is
almost same, and that of LP specimen increased.

Surface of LP and LPP specimen was observed to evaluate surface characteristics.
Figures 6 and 7 is that of LP and LPP, respectively. About surface of LP specimen,
there are many cracking and chipping on all of surface. On the other hand, about LPP
specimen, there are a little cracking and chipping on surface after polishing. It means
that a number of micro cracking was caused of fracture which is occurred by laser
ablation to the material, and starting point of fracture is on surface.

(a)NP

(b)LP

(c)LPP

chromium carbide

Fish eye

Fig. 5. Fractography result of each specimen.

Table 4. Surface roughness of specimen.

Symbol NP LP LPP

Ra (lm) 0.030 0.8008 0.029

302 N. Shibuya et al.



4.2 Residual Stress Distribution

X-ray stress measurement was used for evaluate residual stress distribution by laser
peening. Algorithm was used cosa method. Figure 8 shows residual stress distribution
compare with NP and LP specimen. Stress value of NP specimen at depth direction
doesn’t almost change. On the other hand, LP specimen got to maximum compressive
residual stress at the depth of 10 lm. It was caused by heat effect layer by laser
ablation, and surface is induced tensile stress. As a result, residual stress on surface
doesn’t maximum compressive residual stress. Compressive residual stress by laser
peening can introduce to the depth of 300 lm, so that it is good effect to fatigue life
improvement.

Fig. 6. SEM image of LP specimen.

Fig. 7. SEM image of LPP specimen.

Fig. 8. Residual stress distribution.
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5 Conclusion

Effect of rotation bend fatigue characteristic for cold work steel by laser peening was
investigated. Also, as a result of fracture surface observation, the below result were
confirmed.

(1) Laser peening process for cold work steel has a good effect to fatigue life
improvement. But it is not remarkable effect, we have to investigate about further
optimization.

(2) Fatigue fracture starting point of LP specimen occurs on surface because of
surface roughness roughening. To polishing surface after laser peening, it can
good effect to improve fatigue strength.

(3) JIS SKD11 has a lot of chromium carbide internal of material, and position and
size of it are random. So it is difficult to indicate the effect of laser peening.
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Abstract. Surface treatments such as laser shock peening (LSP) have been
attempted to increase the usability of additive manufactured (AM) IN718. This
paper investigates the influence of industrial LSP on IN718 manufactured by
both the traditional wrought and AM process. The result of the mechanical
properties and microstructure of the produced specimens, directly after the
manufacturing process and after AMS 5663 heat treatment are presented.
The LSP treated AM component has around 25% less compressive residual
stress throughout the depth as compared to its wrought counterpart despite using
the same LSP energy densities. Microstructural characterisation technique
(EBSD) suggested that the AM IN718 has a higher stored strain energy as
compared to the wrought components.

Keywords: Laser shock peening � Additive Manufacturing �
Material characterisation

1 Introduction

Additive Manufacturing (AM) is a promising technology for the fabrication of complex
geometrical parts with mechanical properties matching those of their wrought coun-
terparts. Laser-Powder Bed Fusion (L-PBF) has a unique position because of its
potential to manufacture metal components with complex geometry, which has
broadened the application to various industries. The process consists of thin layers of
fine powder on a platform which are then fused together with a laser beam. Many
metallic materials such as stainless and tool steels, aluminium alloys, titanium and its
alloys, and nickel-based alloys can be manufactured by this process [1]. One of the
many benefits of AM is that it can provide an economical and flexible method to
fabricate high-value aero-engine components e.g. turbine components and blisk blades
[2, 3]. Efforts have been made to limit the defects through the use of heat treatment and
hot isostatic pressing (HIP-ing), but the results have been mixed [4–7].
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Surface treatments, such as shot-peening, deep-rolling and laser shock peening
(LSP) are commonly used [8–10] to increase the fatigue life of wrought materials.
Several investigations have shown that LSP induces deeper and higher residual stresses
than the other two methods mentioned [11–13]. It is an innovative surface treatment
technique that applies a pulse laser with high power density onto the surface of metallic
component to provide a longer fatigue life [20, 21]. Deeper and higher compressive
residual stresses on AM component than on wrought components using LSP has been
reported extensively by Kalentics et al. [14].

In this paper, LSP was applied to both AM Inconel 718 (IN718) and its wrought
counterpart, where residual stresses and surface quality were investigated.

2 Experimental Procedure

2.1 Materials and Direct Metal Laser Sintering

IN718 were prepared using EOSM290 (EOS GmbH, Germany) with a 400 W fiber laser
which was operated in a continuous mode and the chemical composition of the IN718
powder (Progressive Technology Limited, UK) used is given in Table 1. The AM
specimens were then heat treated according to Aerospace Material Specifications
(AMS) 5663, where it was solution annealed at 980 °C for 1 h and then aged at 720 °C
for 8 h. The specimens used in this paper were designed to be 40 � 40 � 10 mm for
easy access to the laser peening machine and the area for electron backscatter diffraction
(EBSD) measurements is illustrated in Fig. 1. The operating parameters were done
accordingly to OEM recommendations and the heat treatment was performed under
argon atmosphere. These samples are hereafter referred to as AM samples.

Table 1. Chemical composition wt % of IN718 specimen.

Ni Cr Nb Mo Ti Al Co Cu C Si Mn Fe

50 17 4.70 2.80 0.60 0.20 1 0.30 0.08 0.35 0.35 bal

Fig. 1. Geometry of the specimens and the area that was used for EBSD
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2.2 Laser Shock Peening Process

An industrial laser shock peening machine (YS120-R200A, Tyrida International Pte
Ltd) was used for the experiment. It was conducted at room temperature (*25 °C)
using a Q-switched Nd:YAG laser that operated at a wavelength of 1064 nm, pulse
repetition rate of 5 Hz and pulse duration of 18 ns. Figure 2(a) shows the schematic
diagram of the experimental setup. The specimen was clamped and fixed at the tip of a
robot arm which was able to move in a zig-zag direction. A black tape together with
water layer with a thickness of a millimetre was applied on the specimen’s surface. The
treated water will enhance the pressure of plasma, generate the shock waves, and at the
same time, displace the ablated particles.

Laser peening was conducted with a variation of spot size and an overlapping rate
of 50% for all specimens, shown in Fig. 2(b). Table 2 lists the LSP condition that were
employed in this study. Using an empirical equation, pressure (GPa) = 1:75

ffiffiffiffi

Io
p

( GWcm2)
from Kalentics et al. [13], the pressure created at the surface was formulated for the
respective conditions.

2.3 Residual Stress Measurements

The surface residual stress was measured using X-ray Diffraction technique (Xstress
Robot System, Stresstech) while a laboratory grade equipment (PRISM, Stresstech)
was used to measure the residual stresses through the depth based on an advanced hole-
drilling system, as shown in Fig. 3. The hole drilling method is a destructive residual

Table 2. LSP condition utilised on IN718 component

Laser
energy [J]

Spot size
[mm]

Fluence
[J/cm2]

Power density
[GW/cm2]

Pressure
[GPa]

Condition 1 8.0 4.0 63.6 3.5 3.3
Condition 2 9.0 3.0 127.3 7.1 4.7
Condition 3 10.0 2.0 318.3 17.7 7.7

Fig. 2. (a) Experimental setup, (b) Laser path illustrating an overlapping rate of 50%
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stress measurement where a small drilling rig is used to drill a flat-bottomed hole. The
instrument measures changes in the part surface caused by the drilling and determines
the previously existing residual stresses. The system measures surface distortion
optically using laser light that is diffusely reflected from the sample surface. The hole
drilling method was carried out with 1.6 mm drill bits and hole depth increments of
0.050, 0.075, 0.100, 0.200, 0.300, 0.400, 0.500, 0.600, 0.700, 0.800, 0.900, 1.00,
1.10 mm.

2.4 Surface Roughness Measurements

For the surface roughness measurement, a stylus profilometer (PGI 800; Taylor Hob-
son) was used to determine the arithmetic average of the profile height deviations from
the mean line (Ra) in the longitudinal and transverse directions. All roughness mea-
surements were performed three times and the average of these measurements was
reported as surface roughness for each direction of the treated surface.

2.5 Microstructure Characterisation Measurements

The grain structure and texture of the specimens were investigated using EBSD in a
scanning electron microscope (JSM-7800F, JEOL) at a voltage of 20 kV. The top
surface was mechanically polished with P240 grit SiC and subsequently with a series of
cloth using 9, 3 and 1 lm diamond suspension. The final polishing was performed with
0.02 lm colloidal silica suspension. Both AM and wrought samples were characterised
on the same locations, using a step size of 1 lm. Grain size in the materials was
calculated using EBSD maps using CHANNEL 5 software (Oxford Instruments, UK).

3 Results and Discussion

3.1 Residual Stress

In Fig. 4(a), the residual stresses of an AM component in the longitudinal and trans-
verse direction to the plane that has been laser peened with low power density are

Fig. 3. (a) XRD measurement and (b) residual stress measurement using hole drilling method
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compared (Condition 1 in Table 2). The measurements for both directions showed
similar results, indicating that the LSP process introduced an equi-biaxial state of stress
[15]. Hence, only data from one in-plane component is shown for all the LSP condi-
tions for the rest of the paper.

The residual stress profiles for both wrought and AM specimens that were laser
peened with the three power densities are shown in Fig. 4(b) (Condition 1–3 in
Table 2). By increasing the power density, there is an increasing trend observed in the
residual stresses for both wrought and AM components. Between Condition 2 and 3,
there seems to be a certain threshold of the compressive stress that can be induced into
the component despite the pressure exerted for Condition 3 was almost twice of that in
Condition 2. This phenomenon was verified by Fabbro et al. [16] when LSP power
densities exceed more than 10 GW/cm2. Pressure saturation occurs at its surface as the
water breakdown generated an absorbing plasma instead. The AM specimens after LSP
displayed a residual stresses with a maximal value of −813 MPa and an affected depth
of up to 1.10 mm for the case of LSP Condition 2.

Fig. 4. Residual stress distributions. (a) Comparison of AM coupons through LSP in
longitudinal and transverse direction, (b) comparison of wrought and AM components in
various peening intensities.
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3.2 Surface Roughness

The mean surface roughness with three standard deviation values in the longitudinal
and transverse directions are shown in Table 3. Based on the measured data and the use
of analysis of variance (ANOVA), there is a significant effect of the Ra values before
and after LSP. Also, increasing power density do not have a significant effect on the Ra
value with a 95% confidence interval. This is synonymous to Cellard [15] study on Ti-
17 alloy which show that the surface roughness increase is moderate with increasing
power densities on hard materials such as steel and titanium.

3.3 Microstructure

Figure 5 shows the microstructure of AM specimens that have been subjected to LSP
Condition 2. Since the analysis was performed at the centre of the sample away from
surfaces subjected to the LSP this shows the microstructure of the material after the AM
process. The AM samples exhibit a mixture of equiaxed and columnar grains, with
grain size ranging from 3.57 lm to 129 lm. In addition, it has an average major axis of
17.9 lm and an average minor axis of 8.88 lm. The IPF map suggest that there is an
inclination to <100> fiber texture along the build direction of the AM samples (refer to
Fig. 1), which was also observed by other researchers [17, 19]. On the other hand,
grain texture of LSP treated wrought material displayed a typical equiaxed grain
structure [17] as shown in Fig. 6.

Table 3. Surface roughness values of AM in the longitudinal and transverse directions.

Longitudinal [lm] Transverse [lm]

Pre-peening 1.15 ± 0.71 1.05 ± 0.73
Condition 1 1.36 ± 0.59 1.36 ± 0.63
Condition 2 1.33 ± 0.66 1.42 ± 0.89
Condition 3 1.40 ± 0.59 1.29 ± 0.29

Fig. 5. EBSD inverse pole figure map showing the grain microstructure in the centre of AM
samples of IN718 after LSP
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Figure 7 illustrates the equivalent circle diameter distribution of LSP AM and LSP
wrought IN718 that has been superimposed onto one another. The wrought sample
display a normal distribution with grain size ranging from 3.57 lm to 102 lm, and a
mean diameter of 23.2 lm. In contrast, the AM sample seem to display a bimodal
distribution that is skewed to the left which result in a smaller mean diameter of the
grain size as compared to the wrought samples. This difference is mainly attributed to
how the samples were manufactured. The rapid heating and cooling effect of the L-PBF
give rise to this anomaly where a mixture of both equiaxed and columnar grains were
promoted. Generally, the temperature gradient and the thermal-gradient at the solid-
liquid interface during the build process affects the microstructure dimensions [18].

Fig. 6. EBSD maps and inverse pole showing the microstructure of the wrought samples of
IN718 after LSP
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The Kernel Average Misorientation (KAM) map of both LSP Condition 2 treated
wrought and AM IN718 samples are shown in Fig. 8. KAM is used to represent the
average misorientation between a given point and its nearest neighbours which belongs
to the same grain. The analysis helps to understand local lattice distortion and could
suggest stored strain energy in the grain. Interestingly, the AM sample seems to have a
relatively high KAM which may suggest that recrystalisation has took place during the
build process or the inherent characteristic of the AM powder. Further investigations
are necessary before any conclusion can be made.

4 Conclusions

AM coupons that were laser peened exhibited a lower depth of influence and lower
maximum compressive stress as compared to the wrought components. On the surface,
AM components that were subjected to Condition 2 displayed a maximal compressive
residual stress of around 600 MPa whereas the wrought counterpart was approximately
891 MPa. The differences between these two manufacturing techniques sums up to
approximately 25%. Interestingly, the general trend of the stresses throughout the depth
were relatively similar and its highest compressive stress act at a depth of 100 lm.
Even at its lowest LSP power density, both AM and wrought could have up to 1.1 mm
depth of influence. Also, increasing power densities do not necessary translate to a
higher compressive stresses due to the occurrence of pressure saturation.

The mean diameter of the grain size of the LSP AM IN718 seem to suggest a
bimodal distribution with much smaller grains as compared to its wrought counter-
part. The KAM analysis showed that recrystalisation may have happened during AM
process for various reasons that was not investigated in this study. Future work will
focus on the amount of cold work that was imparted into the specimen to validate the
deep compressive stresses that LSP could provide. Also, the fatigue life of these
components will be studied to give an overview of the applicability of AM material on
critical applications.

Fig. 8. KAM map of (a) LSP wrought IN718 and (b) LSP AM IN718
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Abstract. The paper presents a study of the surface and subsurface charac-
teristics induced by laser peening without coating (LPwC) and dual shot peening
(DSP) on the duplex aged Ti-15 V-3Al-3Cr-3Sn alloy. In 3D-optical topogra-
phy analysis, DSP resulted in a six-fold enhancement in the surface roughness
(Sa). Whereas, LPwC resulted in unaltered surface roughness (Sa) compared to
the polished/unpeened sample. In cross-sectional microstructure studies,
deformed grains and heat affected zones were observed in the near surface
region of shot peened, and laser peened samples respectively. Moreover, com-
pared to bulk hardness, shot peening and laser peening has resulted in maximum
increment of *28% and *12% in microhardness of the near peened surface
region respectively.

Keywords: Shot peening � Laser peening � Beta titanium alloy

1 Introduction

Known for their high strength and ability to attain a broad range of strength through
heat treatment, beta titanium alloys hold a leading position in the aerospace industries
[1, 2]. A significant portion (15 to 16%) of the weight of Boeing 787 is predominantly
contributed by high strength metastable beta titanium alloys [3]. Among the beta
titanium alloys, Ti-15-3 alloy is an excellent candidate for airframe application due to
its optimum strength-toughness combination when compared with the alpha-beta and
alpha alloys [4]. Besides, cold formability of Ti-15-3 makes this alloy an economical
choice for thin sheet application in supersonic aircraft [5, 6]. However, the major
disadvantage of the Ti-15-3 alloy is its low fatigue life compared to alpha-beta alloys
[7] and even with other beta titanium alloys [8]. To overcome this issue, various heat
treatment/aging and thermomechanical processing have been carried out to enhance
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fatigue life [7, 9, 10]. Other than heat treatment, surface peening (i.e., shot peening and
laser peening) is the most promising method utilised for enhancing the fatigue life of
titanium alloys [11, 12]. Since 1950s, conventional shot peening is being a promising
technique to enhance the fatigue life of metal alloys. Moreover, Shot peening has
resulted in the 29% and 27% increment in the fatigue limit of Ti–10V–2Fe–3Al and
Ti–5Al–5Mo–5V–1Cr–1Fe alloy respectively [13]. Recently, shot peening induced
nanocrystallisation and increase in microhardness were reported in Ti–10 V–2Fe–3Al
[14]. However, owing to the capability of imparting deeper residual stress [15], ulti-
mate control in operation and unaltered surface [16], laser peening is being widely
explored as a better tool to enhance the fatigue life of titanium alloys. Laser peening
without coating (LPwC), a recent technique invented a couple of decades ago and
successfully attempted in various materials such as steels, aluminium and titanium
alloys [17]. LPwC utilises low energy Nd-YAG laser and considered more economical
compared to conventional laser peening. Despite the increased surface roughness
caused due to the absence of a sacrificial coating, better fatigue life enhancement was
reported for Ti-6Al-4V [18]. In beta titanium LCB (Ti-6.8 Mb-4.5Fe-1.5Al) alloy,
LPwC yielded a notable increase in fatigue life [19]. Recently, the effect of LPwC on
Ti-15-3 alloy in solution treated and single aged condition was reported [20, 21]. Other
than this, the literature on shot peening and LPwC of beta titanium/Ti-15-3 alloys is
sparse. Hence, in this present paper, the effect of LPwC and shot peening on the surface
and subsurface characteristic of duplex aged Ti-15-3 alloy is studied.

2 Material and Method

Ti-15V-3Al-3Cr-3Sn (Ti-15-3) alloy used in this study was procured in the solution
treated condition (850 °C/1 h). Flat strip samples with dimensions of 76 � 13 � 5
mm (lbh) and disc samples with 16 mm dia and 5 mm thick were machined using
EDM for the dual shot peening and LPwC respectively. The machined samples were
subjected to the duplex aging at 250 °C/24 h/AC + 520 °C/8 h/AC to impart an
excellent strength-ductility combination as reported by Santhosh et al. [10]. Prior to the
peening process, aged samples were mechanically polished to obtain a surface
roughness (Sa) of <0.3 lm. Dual shot peening (DSP) was performed in two stages
(i) peening with cast steel shots (S330) (ii) peening with glass beads (AGB 15). Almen
intensity of the peening process was 0.38 mm A, and the coverage of 200% was
maintained to ensure the uniform peening. Shot peening was performed at Curtis
Wright Surface Technologies – Bangalore, India. Laser Peening without Coating
(LPwC) was performed on the disc samples using Nd-YAG laser in the author’s
laboratory. LPwC parameters are given in Table 1.

Table 1. LPwC parameter

Operating wavelength 532 nm
Power density 5 GW/cm2

Spot diameter 0.8 mm
Overlap 78%
Confinement medium Water

A Comparison of Surface and Sub-surface Features 315



Surface topography of the peened samples was analysed using Talysurf CCI non-
contact 3D roughness profiler. The area examined was 0.8 � 0.8 mm. Peened samples
were cross-sectioned using a low-speed diamond saw and hot mounted in such a way
that the cross-sectioned surface is exposed for further examination. After standard
metallographic preparation, the microstructure of the subsurface region of the peened
samples was observed through an optical microscope. Through depth microhardness
profile was measured using MATUZAWA-MMT-X automatic loading and unloading
machine with 100 g load and 10 s dwell time.

3 Results and Discussions

3.1 Surface Topography

Fatigue is the most dominating mechanism of failure when it comes to aerospace and
automotive components. In most of the cases, fatigue failure originates right from the
surface importantly due to the presence of tensile residual stresses induced during
various manufacturing processes. Hence, mechanical surface modification technique
such as laser peening and shot peening can be more effective in enhancing fatigue
properties, in addition to bulk processing techniques such as heat treatment. However,
surface peening may also lead to an increase of surface roughness, and this may
deteriorate the fatigue life by accelerating crack nucleation during fatigue loading.
Hence, in the present study, in addition to the conventional shot peening, peening with
glass beads were performed to reduce the surface roughness and also to remove the
residues of the previous stage peening. As expected, surface topography analysis
reveals a remarkable effect of the second stage peening in reducing (*45%) the surface
roughness (Arithmetic mean height - Sa) induced by the first stage of peening. This
notable reduction is attributed to the removal of weaker asperities formed during the
first stage of peening. Moreover, this reduction in surface roughness could result in a
remarkable beneficial effect on fatigue behaviour. Despite this favourable note, com-
pared to the unpeened and LPwC samples, DSP resulted in a rougher surface in terms
of both Sa & Sz (Maximum Height). Compared to the unpeened/polished sample
(Sa = 0.22 lm), the surface roughness (Sa) of the laser peened sample (Sa = 0.20 lm)
remains almost same. However, in terms of the SZ value, laser peened sample (Sz =
14.3 lm) shows more than a three-fold increase compared to the unpeened/polished
sample (Sz = 3.9 lm). This drastic increase is believed to be contributed by the erratic
presence of LPwC induced resolidified droplets and craters. Due to the significant
influence on the fatigue behavior, Sa and Sz values were selected among the other
roughness parameters (Fig. 1).

3.2 Microstructure

In case of laser peening, when laser pulses were irradiated on the target material surface,
the surface gets vaporised due to the direct ablation, and during this process, the tem-
perature at the surface will excite beyond 10,000 °C for a shot time (ns) [22]. Due to the
absence of protective coating, direct laser-material interaction happened in the LPwC
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process and this lead to the formation of the heat affected layers in the near peened
surface region as shown in Fig. 2(a). In 6061-T6 aluminium alloy, the undoing effect of
such heat affected zone on the near-surface microhardness and residual stress was
clearly brought out by Gomez-Rosas et al. [23]. On the other hand, as the temperature
involved in the shot peening process is comparatively insignificant. Hence, the shot
peened near-surface region is found to be free of the heat affected zone. Deformed and
fragmented grains were observed in the near surface region as shown in Fig. 2(b). This
deformation is attributed to the severe mechanical distortion caused during the peening
process. As a concluding remarks, shot peening has pronounced mechanical effects and
laser peening has a pronounced thermal effect in the surface and near surface region.

Fig. 1. Surface topography

Fig. 2. (a) Laser peened, (b) Shot peened near surface region
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3.3 Micro-hardness Profile

The important and common outcome of the peening processes is work hardening effect
resulted due to a local plastic deformation. In the present study, shot peening results in
a higher magnitude of the hardness (538 ± 17 HV0.1) right from the near-surface
region (50 lm from the shot peened surface) as shown in Fig. 3. This pronounced
effect on enhancing microhardness is attributed to the enhanced microstrain and cold
working effect of shot peening compared to laser peening. In line with the present
observation, Pant et al. [24] have reported a higher work hardening effect of shot
peening compared to laser peening. Moreover, in Ti–10 V–2Fe–3Al alloy, a remark-
able increase in surface microhardness (*37%) compared to unpeened surface
microhardness is achieved through shot peening [14]. This increased microhardness
will be beneficial in retarding the fatigue crack nucleation and hindering the fatigue
crack propagation. However, in laser peened sample, the hardness value measured in
the near-surface region is slightly lower than the further measurements in the con-
secutive depths. This observation is attributed to the softening effect due to direct laser-
material interaction [25].

4 Conclusions

• Surface roughness (Sa) induced by the first stage of shot peening was significantly
reduced (*47%) by second stage peening.

• Shot peening resulted in the higher surface roughness (Sa & Sz) compared to laser
peening without coating (LPwC).

• LPwC resulted in a three-fold increase in maximum height (Sz) value compared to
the Sz value of the unpeened/polished sample. However, surface roughness in terms
of Sa remains unaltered.

Fig. 3. Through depth microhardness profile
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• LPwC induced heat affected layers and shot peening resulted deformation in grains
were revealed through subsurface microstructure analysis.

• Shot peening’s better work hardening effect, and laser peening’s near-surface
softening effect was substantiated through the through-depth microhardness profile.
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Abstract. Cavitation erosion causes material removal from the surface of metal
components submerged under swift flowing fluid due to implosions of gas
bubbles on their surface. Since erosion is a surface degradation phenomenon,
laser surface hardening can be a promising solution to tackle this problem
without affecting the bulk properties of material. Laser acts as a localized surface
heater which induces rapid non-equilibrium phase transformation and produces
hard microstructure near the surface. In this paper, the effect of laser-induced
microstructure on cavitation erosion performance of AISI 420 martensitic
stainless steel is systematically investigated. Surface hardness as high as
700 HV is recorded after laser hardening and the microstructure consisted of fine
carbides and retained austenite in a martensitic matrix. Such microstructure is
attributed to result in high cavitation erosion resistance. The cavitation erosion
resistance of laser hardened surface was found to be 18 times higher than that of
untreated surface. The results indicate the significance of microstructural
transformation induced by laser treatment on erosion performance of stainless
steels.

Keywords: Cavitation erosion � Laser hardening � Microstructure � Hardness �
Martensitic stainless steel

1 Introduction

Machine components submerged under swiftly flowing fluid such as propellers and
turbines are prone to damage by cavitation erosion [1]. The erosion occurs by sudden
collapse of cavities or bubbles that form due to local fluctuation in pressure inside the
fluid [2]. The damage appears as pits due to removal of material by impact of bubbles
and can be quite detrimental in some cases, demonstrated by significant mass losses
and rough surfaces. Generally, such erosion is prevented by using an erosion resistant
material such as austenitic steel with high work hardenability [3] or improving the
design of the component to reduce pressure variation [4]. However, the solution can be
very costly as it involves using expensive material (like stainless steels and high speed
steels) or modifying the design.

An alternative cost effective method to combat cavitation erosion is to perform
surface treatment of vulnerable areas in order to increase the life of the component.
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Laser surface hardening is a well-established surface modification method which
employs laser beam to increase hardness of steels [5]. It generates martensitic phase
transformation near the surface due to rapid heating and cooling of the surface without
affecting the bulk of the material. The method is widely used in automotive and heavy
machinery industries to increase wear resistance of shafts, bearings and gears [6].

The phase transformation induced by laser treatment might have beneficial effect on
improving cavitation erosion resistance. Generally, it is reported that the formation of
fine-grained microstructure and increase in surface hardness produced by laser hard-
ening contributes to significant improvement in cavitation erosion resistance [7–9]. An
excellent review on cavitation erosion behavior of laser treated surfaces has been
reported by Kwok et al. [10]. This indicates the potential of using laser surface treat-
ment as a solution to tackle cavitation erosion problem. However, a systematic study
investigating the influence of laser-induced microstructural changes in cavitation ero-
sion resistance of stainless steel is still lacking.

In this study, the cavitation erosion performance of laser hardened stainless steel is
investigated in detail. Cavitation tests were performed in an ultrasonic test rig which
produces high frequency ultrasonic waves in a liquid to induce cavities formation near
the surface of specimen. Various characterization studies such as microscopy, hardness
testing and X-ray diffraction were performed to understand the effect of microstructure
and properties of the hardened surface on cavitation erosion resistance. The study
shows the improvement in cavitation erosion resistance after laser hardening compared
to that of untreated surface.

2 Materials and Methodology

The material used for the study was AISI 420 martensitic steel, which is a corrosion
resistant steel commonly used in pumps and valves that are prone to cavitation erosion.
The chemical composition of the steel is shown in Table 1. Each specimen had a
dimension of 40 � 40 � 10 mm3 and was subjected to a standard stress relief heat
treatment by heating in an air furnace at 650 °C for 2 h. This produced an annealed
microstructure with a large number of spherical carbides randomly distributed in the
matrix (see Fig. 1). The specimens were ground to an average roughness of about
0.7 lm before performing laser treatment.

The laser hardening trials were performed using LaserTec 65 3D system (DMG
Mori) which uses a high power diode laser of 1064 nm wavelength. The laser beam
was focused through a focusing lens producing a beam spot diameter of 3 mm at the
specimen surface. Different operating parameters were utilized to determine the optimal
parameters to achieve hardened surface without any surface melting. Based on the

Table 1. Elemental composition of AISI 420 martensitic stainless steel

Elements C Si Mn P S Cr Ni Mo V Cu Al

wt% 0.41 0.33 0.74 0.025 0.001 12.69 0.16 0.05 0.046 0.05 0.017
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analysis, a laser power of 360 W and a traverse speed of 20 mm/s was chosen which
delivered an energy density of about 5 J/mm2 at the surface. The beam spot was
scanned along the surface to perform a single pass laser treatment with an overlap of
60%. All the experiments were carried out in air.

For cavitation testing, an ultrasonic vibratory test setup conforming to ASTM G32-
16 standard was utilized. Both as-received as well as laser hardened specimens were
tested for comparison. The specimen was held stationary below the vibrating horn at a
distance of 0.5 mm. The vibration frequency and peak-to-peak amplitude were 20 kHz
and 50 lm respectively. The testing was performed for a total of 15 h with mass loss
recorded at 1 h interval. The cavitation medium was distilled water maintained at a
constant room temperature of 25 ± 2°C.

The laser hardened surface and the eroded surface were characterized using optical
microscope (Zeiss Axioscope A1) and electron microscope (Zeiss Evo HD25). Stan-
dard metallographic technique was implemented to study the cross-section
microstructure of laser-hardened surface. Hardness measurements were performed
using Vickers hardness indenter at 100 gf with 15 s dwell time. Furthermore, X-ray
diffraction data were collected using Panalytical Empyrean X-ray diffractometer. The
diffractometer used a copper target as a source of X-ray with wavelength k = 1.5404 Å
(Cu Ka1). The residual stresses along the depth were measured by electrospeckle
pattern interferometry (ESPI) with hole drilling method (StressTech PRISM).

3 Results and Discussion

3.1 Characterization of Laser Hardened Surface

Figure 2 shows a typical cross-microstructure of the steel near the surface after laser
hardening. The microstructure is clearly distinct from the parent microstructure. It
consisted of refined microstructure with numerous d-ferrite dendrites in martensitic
matrix and some retained austenite. The rapid heating by the laser energy results in rapid

Fig. 1. A typical spheroidized microstructure of as-received steel showing carbides distributed
randomly in the matrix
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austenitization of the surface and produces non-equilibrium microstructure due to rapid
cooling as the heat is conducted to the bulk of the material [11]. An affected region of
about 660 lm thickness formed with the laser parameter chosen. The microstructure
varied gradually along the depth due to decreasing influence of laser heating.

X-ray diffraction data was collected to verify the phases formed after laser hard-
ening. Figure 3 compares the XRD diffractograms of as-received and laser hardened
specimens. As observed in the micrographs, the as-received specimen consisted of
ferrite peaks and laser hardened surface revealed peaks of martensite, austenite, car-
bides and some oxides.

Fig. 2. Cross section microstructure of laser hardened steel showing (a) laser hardened region
near the surface, and (b) magnified image of square inset in (a)
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The hardness measurements also supported the microstructure and phases observed
from microscopy and XRD. As seen in Fig. 4, the laser hardened surface had a very
high hardness (*700 HV) owing to the presence of hard martensite and microstructure
refinement. The hardness decreased gradually along the depth. This suggests the
decreasing volume fraction of martensite along the depth due to decreasing effect of
laser heating [12]. The values reach the base material hardness at about 700 lm which
matches with the laser-affected region measured by optical microscopy.

Furthermore, the residual stresses induced by laser hardening is shown in Fig. 5. The
as-received surface had slightly tensile residual stresses near the surface due to prior
machining and polishing of the surface. In case of laser hardened specimen, compressive
residual stresses were found near the surface which reached its maximum value of *
−300 MPa at the depth of about 180 lm. At higher depths, the stress state changed to
tensile and reached very high tensile stresses at around 680 lm. The residual stresses in
laser hardened components arise from combination of volumetric dilatation due to phase
transformation and thermal residual stresses [13]. Near the surface, the volume expansion
due to martensitic phase transformation suppresses tensile thermal stresses and thus,
produces net beneficial compressive residual stresses. At higher depths, however, the
thermal effect is dominant and thus results in tensile stresses.
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3.2 Cavitation Erosion Performance

The cumulative mass loss during cavitation test of the specimens tested as a function of
time are plotted in Fig. 6. The as-received specimen did not show any appreciable mass
loss up to 3 h of testing, which suggests the erosion is still in incubation phase. After
3 h, the mass loss increases linearly and reached up to 70 mg after 15 h of testing.

Compared to as-received specimen, laser hardened specimen exhibited very little
mass loss. Interestingly, a careful observation of the mass loss at initial stage shows the
mass loss starts as early as 1 h of testing for laser hardened specimen. This is probably
due to the removal of oxide layers from the surface which formed during laser hard-
ening in air [14]. Nevertheless, the cumulative mass loss still does not increase
tremendously as compared to as-received specimen. A mere mass loss of about 9.5 mg
was recorded even after 40 h of testing.

Table 2 summarizes the cavitation performance of as-received and laser hardened
surfaces after 15 h of testing. It can be seen that the cavitation erosion resistance of
laser hardened specimen is about 18 times higher than that of as-received specimen.
This shows that laser hardening enhances cavitation erosion resistance of 420
martensitic stainless steel.
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Table 2. Comparison of cavitation erosion performance of as-received and laser hardened
surfaces after 15 h of cavitation erosion testing

Specimen Cumulative
mass loss (mg)

Mean depth of
erosion (lm)

Mean erosion
rate (lm/h)

Cavitation erosion
resistance (Re) (h/lm)

As-
received

75.79 5.73 5.73 0.17

Laser
hardened

4.39 0.65 0.33 3.06
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Figure 7(a) shows the morphology of eroded surface after 15 h of cavitation test-
ing. Due to extensive plastic deformation, the as-received specimens exhibited deep
craters on the surface. The damage occurred due to localized pile up of plastic
deformation by impact of micro-jets generated from sudden collapse of cavities [15].
Some work hardening might have occurred on the surface which after exceeding the
strength of the material results in nucleation of cracks. The cracks then quickly
propagate and co-lease producing brittle surface fracture. The phenomenon is repeated
at multiple regions by collapsing of bubbles which finally manifests as pits and severe
surface undulations. The damage on the laser hardened surface was superficial and less
severe as shown in Fig. 7(b). A closer observation of the specimen showed early stage
of cavitation with lots of shallow craters on the surface. This suggests the resistance of
the hardened surface prevented formation of deep pits.

The higher cavitation resistance of laser hardened specimen reveals the significance
of microstructure evolution in improving cavitation performance. Laser hardening
produced martensitic phase transformation. Martensite is considered beneficial as it
provides a cushioning effect during collapsing of bubbles by taking up some of the
impact energy [16, 17]. In addition, it increases surface hardness which is often
attributed to increase in cavitation erosion resistance [18, 19]. Moreover, the presence
of retained austenite improves toughness of the material [20]. Furthermore, the com-
pressive stresses are known to attenuate the crack initiation and propagation during
loading. However, the influence of residual stresses is difficult to judge from the results
as it had very little compressive residual stresses near the surface. Therefore, the results
indicate the proper combination of martensite and retained austenite formed by laser
hardening has beneficial effect on improving cavitation erosion resistance of AISI 420
martensitic stainless steel.

Fig. 7. Surface morphology after 15 h of cavitation erosion testing for (a) as-received surface,
and (b) laser hardened surface
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4 Conclusions

In this study, laser hardening of AISI 420 stainless steel was performed to investigate
its effect on cavitation erosion performance and the results are compared with that of
untreated steel. It was found that the cavitation erosion resistance of laser hardened
steel is *18 times higher than untreated steel after 15 h of cavitation erosion testing.
Such improvement in cavitation erosion resistance is attributed to rapid non-
equilibrium phase transformation produced by laser induced hardening. The fast
heating and cooling by laser beam produces a refined microstructure consisting of
martensite, retained austenite and carbides. The surface microstructure resists cavitation
damage by virtue of its high hardness and resilience to fracture. Further work is being
done to control the microstructure evolution during laser hardening using different
processing parameters and evaluate its effect on cavitation erosion resistance.
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Abstract. Due to the increasing attention on additive manufacturing of micro
components, an in-house micro-selective laser melting (SLM) system using a fine
laser spot size and a small layer thickness with an ability to handle fine powders
has been developed recently. In this research work, in-situ laser remelting effects
on the part density and microstructure of the SS316L parts fabricated using micro
SLM have been studied. After every layer of micro SLM, laser remelting was
performed using the same laser source. Remelting effects have been investigated
at different process conditions with varying laser power and scanning speeds. The
effects of remelting on the part porosity and microstructure of the micro SLM
parts have been studied. Experimental results revealed that in-situ laser remelting
significantly influences the part density and microstructure of the 316L micro
SLM parts. The study highlights that in addition to the purpose of improving the
surface finish, laser remelting can be used to tailor the microstructure and hence
mechanical properties of the micro SLM parts.

Keywords: Micro selective laser melting � Laser remelting �
AM post processing � Microstructure

1 Introduction

In recent times, there has been a growing demand for the fabrication of microcom-
ponents and features using additive manufacturing (AM) due to its ability to realize
complex geometries [1]. Microscale selective laser melting (SLM) typically consists of
spot size < 40 µm, powder size and layer thickness lesser than 10 µm, has been
considered as one of the suitable AM techniques to achieve metallic microfabrication
[2]. As micro SLM employs fine laser spot sizes, the melt pool dynamics and subse-
quent solidification are different from the conventional SLM due to higher energy
densities involved. Generally, a reduction in the laser beam diameter improves the
surface finish, part density and mechanical properties [3]. Recently, a micro-selective
laser melting (SLM) system has been developed with a fine laser spot size and a small
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layer thickness with an ability to handle fine powders [4]. Despite a significant
improvement in the feature resolution by micro SLM, the achieved surface finish and
part density still needs improvement in order to realize defect-free microparts.

In order to improve the surface finish and part density of SLM parts, laser remelting
or laser polishing has been successfully exploited by various researchers [5–7].
Remelting of the solidified surface after SLM typically results in the redistribution of
surface peaks into the valleys due to the surface tension of the molten pool. Yasa and
Kruth [8] reported that the laser remelting after every layer of SLM results in a reduction
of pores formed between the melt pool boundaries, finer lamellar structures and
microstructure refinement. The remelting parameters including laser power, scanning
speed, number of scans and hatch spacing are found to influence the part characteristics.

In this paper, the effects of in-situ laser remelting of parts during micro SLM of
SS316L have been investigated. Remelting experiments were conducted with different
laser power and scanning speed to study the effect of process variables. After remelting,
the part density and microstructure along the build direction are characterized using
Optical microscope (OM) and Scanning electron microscope (SEM) to understand the
effect of remelting on the micro SLM parts.

2 Experimental Setup

SS316L powders (gas-atomized) with an average diameter of 13 µm was used in the
experiments. A self-developed micro SLM system consists of fiber laser (IPG) with a
maximum power of 100 W was employed to conduct the trials. Major features of the
developed system includes the following: fine laser spot size, precision drives to
control the layer thickness to 1 µm and a modular powder-recoating system with the
ability to handle fine powders. The laser spot size used for the SLM and remelting was
15 lm. The experiments were conducted in an inert gas environment. The same laser
source has been used for both micro SLM and laser remelting experiments. After every
layer of micro SLM, remelting has been conducted. The SLM parameters remain
consistent for all the remelting trials in order to segregate the effect of remelting. The
condition for SLM is as follows: laser power – 50 W, scanning speed – 400 mm/s,
hatch spacing – 10 µm, hatch angle – 90˚.

Laser remelting has been studied at different process conditions with varying laser
power and scanning speed. The experimental condition for remelting trials are illus-
trated in Table 1. Only one remelting scan was performed for all the experimental
conditions.

Table 1. Process parameters for micro SLM and laser remelting experiments

Micro SLM (no remelting) Laser remelting
First scanning
(micro SLM)

Remelting

Laser power (W) 50 50 30, 50, 70
Scanning speed (mm/s) 400, 800, 1200, 1600 400 400, 800, 1200, 1600
Hatch spacing (µm) 10 10 10
Layer thickness (µm) 10 10 10
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Test samples were fabricated with a dimension of 13 mm x 5 mm x 5 mm. For
characterization, the cross section of the samples were cut in the center in the direction
parallel to the hatch angle. After wire-cut, the samples were mounted and polished to
characterize the porosity. Optical microscope (Olympus MX51) images were acquired
and processed using an image processing software (Image-Pro) to measure the porosity
of the samples. In order to reveal the microstructure, samples were etched using the
Aqua Regia solution (HNO3:HCl:H2O = 1:3:4) for 50–60 s and characterized using
Field emission scanning electron microscope (Carl Zeiss Ultra plus).

3 Results and Discussions

3.1 Microstructure of Micro SLM Samples

Figure 1 shows the OM and SEM micrographs of the micro SLM samples without
remelting using 50 W laser power and 400 mm/s scanning speed. It can be noted that
the microstructure of the micro SLM samples follow the typical characteristics of the
conventional SLM. The columnar grains, typical for high cooling rates, can be visible
from Fig. 1(a). The mode of heat transfer is found to be predominantly conduction
whereas a small proportion of keyhole mode is also observed.

3.2 Effects of Laser Remelting on Porosity

The porosity of the micro SLM samples before and after laser remelting is compared in
Fig. 2. It is obvious that the as-SLM parts (Fig. 2(a)) contain binding defects and gas
pores, thereby having high porosity. After laser remelting at 70 W power (Fig. 2(b)),
the porosity has drastically reduced, highlighting the effect of laser remelting in
improving the relative density of the micro SLM parts.

Figure 3.compares the effect of remelting process parameters on the porosity of the
fabricated parts. The highest porosity was observed for the micro SLM parts without
remelting at higher scanning speeds (not shown in Fig. 3). For the no remelting con-
dition, an obvious increase in porosity along with the scanning speed was observed,

Fig. 1. Microstructure of SS316L parts after micro SLM without remelting (a) OM micrograph
(b) SEM micrograph
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possibly due to insufficient melting at higher speeds. After remelting, the porosity is
found to be reduced for most of the process conditions, except at high scanning speeds.
At low scanning speeds of 400 and 800 mm/s, the porosity decreased drastically with
an increase in remelting laser power, where the highest part density (99.8%) occurred
for remelting at 70 W (as seen in Fig. 2(b)). At higher scanning speeds, an increase in
porosity was observed between as-SLM condition and parts remelted at all laser power.

The results highlight that both the laser power and scanning speed of the laser
remelting influence the porosity of the resulting parts:

• Lower scanning speed evidently resulted in a higher density, irrespective of the
remelting laser power.

• Laser power does not show an obvious trend with respect to the porosity though
50 W laser power (same as the first SLM layer scanning power) resulted in a better
density for all the scanning speeds except that of 400 mm/s. It is understood that the
remelting laser power has to be optimized to achieve a better part characteristics.

It can be noted that the porosity levels reported in this paper are relatively higher
than that of the values typically reported for the conventional SLM. However, the
relative part densities as high as 99.8% could be achieved for optimized process
conditions.

3.3 Effects of Laser Remelting on Microstructure

Figure 4 illustrates the microstructure of the samples before and after laser remelting at
varying laser power and scanning speed of remelting. Figure 5 compares the SEM
images of the samples at different laser remelting power for the scanning speed of
400 mm/s. The depth of the melt pool after micro SLM is estimated to be around
20 µm. The remelting depth gradually increased with the increase in laser power from
30 W (Fig. 5(b)) to 70 W (Fig. 5(d)). At higher remelting powers, the remelting depth
fully remelts the previous layer fabricated during micro SLM. Typically, laser

Fig. 2. Optical micrographs of sample cross-section at different conditions (a) As micro SLM
(no remelting) (b) Remelting with the laser power of 70 W [Scanning speed – 400 mm/s]
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remelting results in a fine lamellar structure with uniform horizontal lines of melt pool
boundaries [8]. However, it is noticed from Figs. 4 and 5 that, the melt pool scan tracks
are still visible for most of the processing conditions in this study. Despite the
occurrence of lamellar structure at lower scanning speed and higher laser power, it was
not as prominent as reported in the previous studies. Yasa et al. [8] reported that
horizontal lines became coarser with an increase in the hatch spacing (for over-
lap > 20%). Similarly, during this micro SLM study, the hatch spacing of 10 µm was
used (much larger than 20% overlap), which explains the coarser horizontal lines and
well formed melt pool scan tracks. In addition, only one remelting passes were con-
ducted, which might be insufficient to significantly modify the melt pool morphology.

Fig. 3. Effect of in-situ laser remelting on the porosity of micro SLM parts at different remelting
laser power and scanning speed
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Fig. 4. Effect of remelting on the microstructure of the parts along the building direction for
different processing conditions

Fig. 5. Effect of in-situ remelting laser power on the microstructure of the micro SLM parts
[Scanning speed – 400 mm/s]
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4 Conclusions

This paper studied the effect of in-situ laser remelting during micro SLM of 316L
powders. The following conclusions can be drawn from the results:

(a) The porosity of the parts have significantly reduced after laser remelting for
optimized process parameters, highlighting the effect of laser remelting in
improving the part density of the micro SLM parts.

(b) Both the laser power and scanning speed of the remelting process have a sig-
nificant influence on the porosity where lower scanning speeds and an optimized
laser power achieved better part densities.

(c) The remelting depth increases with increasing laser power. In order to achieve a
complete remelting of the previous layer fabricated during micro SLM, higher
remelting laser powers are required.

(d) The microstructure after remelting shows evidence of conduction mode heat
transfer, overlapped SLM and remelting scan tracks and minor occurrences of
lamellar structure.
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Abstract. Micro selective laser melting (SLM) has been developed for the
fabrication of complex parts with a fine resolution and smooth finish. Although
the fine laser spot size, fine powder size and thin layer thickness can result in a
relatively smooth surface compared with the conventional SLM, the surface
quality still needs to be improved. In this work, in-situ laser remelting was
chosen for the improvement of the surface quality. The effects of in-situ laser
remelting process parameters on the surface roughness were investigated using
various remelting process parameters. The surface roughness of the top and side
surfaces of the samples was characterized using an optical surface profiler.
Surface morphology of the parts was characterized using scanning electron
microscope. It was observed that the surface texture was evidently different after
in-situ laser remelting. Overall, the obtained results indicate that tailoring the top
surface roughness of the parts fabricated by micro SLM can be achieved through
in-situ laser melting.

Keywords: Micro selective laser melting � Stainless steel � Remelting �
Surface roughness

1 Introduction

Additive manufacturing (AM) has attracted an increasing attention due to its capability
to fabricate complex components [1]. Selective laser melting (SLM), as one of the
powder-bed based AM technology, has emerged as a promising technology for the
fabrication of pure metals and alloys since 1980s [2]. It utilizes a high intensity laser
beam to selectively melt the metallic powders [3]. Due to the ever-growing demand for
miniaturization, micro SLM is gaining attention in recent times. Compared with the
traditional SLM, micro SLM utilized smaller laser spot size, finer powders, and thinner
layer thickness. It enhances the feature resolution of the traditional SLMed parts, which
broadens the application of SLM technology.

In SLM, surface roughness is one of the most important characteristics of the parts,
which depends upon the physical phenomena occurring during SLM process. There are
a number of research works available in the literature on the surface characteristics of
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the SLM process. The treatments, such as abrasive blasting [4], abrasive flow
machining [5], electrochemical polishing [6] and laser remelting [7], have been eval-
uated on their capability to surface finish the SLM fabricated parts. Among them, laser
remelting holds an edge as it can be used during the SLM process. To improve the
surface quality, laser remelting can be divided into two types: surface remelting or
interlayer remelting. The surface remelting does not increase the SLM process time
vastly and it was proved useful to improve the top surface quality [8]. But interlayer
remelting is still attractive as it can reduce the porosity and change the microstructure
of the SLMed parts. Yu et al. [9] studied the influence of remelting on the surface
roughness of the SLMed AlSi10Mg. The results showed that both remelting from the
same direction or opposite direction would improve the top surface quality but the side
surface was not affected. Wei et al. [10] studied the remelting times effect on the
surface roughness of the SLMed Ti-5Al-2.5Sn alloy. The results showed that the top
surface quality gradually improved along with the remelting cycle. Similarly, remelting
could not improve the side surface quality significantly.

It is understood from literature that the process parameters have a great effect on the
surface roughness. However, previous studies on laser remelting were mainly con-
centrated on the effect of laser rescanning strategies. So this study focuses on effect of
the process parameters of the in-situ remelting on both top and side surface roughness.
Our results bridge the limited understanding of the interaction between laser remelting
and surface roughness of the micro SLM parts.

2 Materials and Methods

Gas atomized spherical 316L stainless steel (SS316L) powders with a mean particle
size of 13.32 lm were used in this experiment. The nominal chemical composition
(wt%) of the powder was 12.6 Ni, 17.7 Cr, 2.67 Mo, 0.73 Si, 1.64 Mn, 0.027 C, 0.01 P,
0.15 Cu and Fe (balance). The powder was dried for 4 h at 353 K before the
experiments.

A self-developed micro SLM machine was used for the experiments. The system
consists of a continuous wave IPG fiber laser (wavelength: 1.07 lm, maximum power:
100 W, focused spot size: 15 lm), an automatic powder delivery system, a building
platform with the precision of 1 lm, an enclosed process chamber for inert gas envi-
ronment, and a computer system for the process control [11]. Samples with the size of
5*13*5 mm3 have been fabricated for the experiments. During the process, the
building platform was preheated to 353 K. For the samples without laser remelting, the
process parameters are listed in Table 1, and the scanning strategy is shown in Fig. 1a.
The scanning direction changes by 90º for every layer. For the remelting samples, the
process parameters are listed in Table 2, and the scanning strategy is shown in Fig. 1b.
The re-scanning paths are exactly the same as the first scanning paths.

The top and side surface roughness (Sa) was measured by an Alicona optical 3D
non-contact metrology system. The top and side surface morphology was captured by a
scanning electron microscopy (SEM, JEOL IT300 LV). The mean surface roughness
(Sa) of at least three measurements has been reported in this study.
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3 Results and Discussion

3.1 Samples Without Laser Remelting

Figure 2 shows the surface roughness of the top and side surfaces of the samples
fabricated at different scanning velocities. The results show that the surface roughness
of both the top surface and side surface increases with the increasing scanning velocity.
The observed results are found to be different from the results published by Mumtaz
et al. [12] for SLM of IN625. They studied the surface roughness of the top and side
surfaces of the thin wall parts and observed a similar result with the top surface but a
contradicting trend with the side surface. Regarding the top surface, the bulk parts are
more complex when compared to the thin wall parts. By comparing with our previous
results of the single tracks [11], the top surface roughness of the bulk parts with the
same parameters is much higher than that of the single tracks. The behavior can be
attributed not only to the molten pool dynamics but also to the overlapping of the
adjacent tracks as they have an effect on the top surface quality. With the same hatch
spacing, the overlap ratio of the molten pool changes with the change of the molten
pool size. The molten pool size decreases with the increasing of the scanning velocity.
As a result, the overlap ratio decreases. With a lesser overlap ratio, the roughness

Table 1. Process parameters of the samples without laser remelting

Process parameters Value

Laser power (P, W) 50
Scanning velocity (v, mm/s) 400, 800, 1200, 1600
Hatch spacing (h, lm) 10
Layer thickness (s, lm) 10

Fig. 1. Scanning strategies of the samples (a) samples without laser remelting (b) laser remelting
samples

Table 2. Process parameters of the laser remelting samples

Process parameters First scanning Re-scanning

Laser power (P, W) 50 30, 50, 70
Scanning velocity (v, mm/s) 400 400, 800, 1200, 1600
Hatch spacing (h, lm) 10 10
Layer thickness (s, lm) 10 10
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increases. The increasing scanning velocity results in an unstable molten pool, which
will also result in a higher roughness. These two behaviours explains the increase in the
top surface roughness along with scanning velocity. When it comes to the side surface,
Mumtaz et al. [12] reckoned that the low scanning velocity resulted in a larger molten
pool and a larger variation in thermal properties across the molten pool, which would
cause the molten pool to break off into smaller entities. These entities solidified at the
edge and resulted in a poor side surface quality. In addition, the adjacent powders will
be dragged to the molten pools due to the Marangoni flow and generate adherent
particles on the side surface [10]. The Marangoni flow decreases with the increasing of
the scanning velocity [13]. However, the instability of the molten pool should also be
considered. These two opposite aspects competed in affecting the side surface quality.
In our study, the molten pool instability is considered to be a predominant effect on the
side surface quality. So the side surface roughness increases as the scanning velocity
increases within the chosen range.

3.2 Laser Remelting Samples

Figure 3a shows the top surface roughness of the remelting samples. In comparison
with the samples without remelting, the top surface roughness of the laser remelting
samples rescanned at a lower scanning velocity is much lower. The lowest top surface
roughness is 7.168 lm, which decreases by 60.6%. The results indicate that the surface
quality can be improved via laser remelting with the proper process parameters. As the
remelting scanning velocity increases, the top surface roughness increases. When the

Fig. 2. Surface roughness (Sa) of the top and side plane of the samples fabricated with different
scanning velocity
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remelting scanning velocity is high, the top surface roughness is even higher than that
of the samples without remelting. The effect of the laser remelting power is on the
surface roughness is found be correlated to the scanning velocity. When the scanning
velocity is relatively low, the top surface roughness decreases as the laser remelting
power increases. However, when the scanning velocity is relatively high, the effect of
the laser remelting power changes. The excessive high power results in a poor top
surface quality. Laser remelting with the optimized process parameters will result in a
better molten pool flow behaviour and subsequent spreading, which hence will improve
the surface finish.

Figure 3b shows the side surface roughness of the remelting samples. In compar-
ison with the samples without remelting, the side surface roughness becomes larger.
A high laser remelting power usually results in a large side surface roughness. Besides,
the effect of the remelting scanning velocity is not significant. Therefore, in-situ laser
remelting is not helpful in improving the side surface quality.

Figure 4 shows the top surface texture of the samples remelted by different laser
power with the scanning velocity of 400 mm/s. It can be seen that the larger power
results in a smoother surface due to the prolonged time for the molten pool spreading in
addition to the increased fluid flow strength. It is also noticed that some pores have
formed during the remelting process (red arrows), which is not desirable. It may be
caused by the high energy input during the remelting process.

Fig. 3. Surface roughness (Sa) of the top plane (a) and side plane (b) of the laser remelting
samples fabricated with different scanning velocities

Fig. 4. Top surface morphologies of the samples remelted by different laser power (a) 30 W,
(b) 50 W, (c) 70 W
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Figure 5 shows the morphology of the side surface remelted at different laser power
with scanning velocity of 400 mm/s. The side surface morphologies show the adherent
powders increase as the laser remelting power increases. It is obvious from the results
that the side surface could not be improved via the laser remelting. For the change in
the scanning velocity, there is no obvious trend in the side surface roughness. But it can
be seen that the larger laser remelting power usually results in a much worse side
surface quality. Although laser remelting can promote the melting of the adhered
particles, the molten pool during remelting might drag the adjacent powders causing
adherence of new powders [14]. The different responses compete in affecting the side
surface quality. The larger laser remelting power results in more new adherent particles,
makes the side surface quality worse.

4 Conclusions

In this study, the effects of the in-situ laser remelting process parameter on the top and
side surface roughness have been investigated. Following conclusions can be drawn
from the results:

(1) With the optimized process parameters, top surface quality of the micro SLMed
samples can be improved. The surface roughness of the improved surface
decreases by 60.6% when compared to the samples without laser remelting.

(2) As the laser remelting scanning velocity increases, the top surface roughness
increases. When the scanning velocity is relatively low, the top surface roughness
decreases as the laser remelting power increases; when the scanning velocity is
relatively high, the excessive high power results in a poor top surface quality.

(3) The laser remelting could not improve the side surface quality. The remelting of
the adhered particles and the new adherent powders compete in affecting the side
surface quality. The larger laser remelting power results in more new adherent
particles, makes the side surface quality worse.

(4) Both the top and side surface roughness of the samples without laser remelting
increases as the scanning velocity increases. The fluid flow and the overlap of the
molten pool affect the top surface while the fluid flow and adherent powders affect
the side surface.

Fig. 5. Side surface morphologies of the samples remelted by different laser power (a) 30 W,
(b) 50 W, (c) 70 W
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Abstract. Micro-structuring of cutting tools surfaces using laser technology is
an important technology for modifying tool chip contact phenomenon. While
lasers are becoming popular for surface structuring and texturing of cutting tool
surfaces, the size and the shapes that can be obtained has not been fully explored
for multilayer coated cutting tools using Nd: YVO4 nanosecond laser. In this
study, the micromachining of TiCN/Al2O3/Cr multilayer coated tungsten car-
bide tools using Nd: YVO4 nanosecond laser at 532 nm wavelength and 7 ns
pulse width was undertaken. The impact of the variation of laser travel speed,
power, and the number of passes on the structured grooves width and depth is
described. The study shows that various grooves’ cross-section profiles can be
produced. The performance of a structured cutting tools was also evaluated
using orthogonal cutting of steel AISI4140.

Keywords: Nanosecond laser � Surface structuring � Cutting tools �
Multilayer coatings

1 Introduction

The work on surface structuring and texturing of cutting tools is increasing due to the
promising results demonstrated by the researchers in the field of metal cutting. The
benefits include reduced cutting forces and improved tool life [3, 5, 6, 23, 27–30].
Structuring methods used by researchers included; micro-EDM [13, 17], micro-
grinding [32], FIB [2, 25], photolithography [24] and lasers [3–12, 14, 20, 22, 23, 26–
31, 33]. However, lasers are the most widely used method for cutting tools structuring
and the reason could be attributed to the limitation in other techniques. In micro-EDM
the size of the structures is dictated by the electrode or the wire used. Therefore, it is
hard to achieve narrow structures bellow 100 µm. In literature structures machined
using micro-EDM were either linear structures that are (50 to 100 µm deep and 100 to
110 µm wide) or holes that are (200 to 250 µm diameter and 250 µm deep) [13, 15–17,
34]. Another drawback for micro-EDM is the possibility of developing microcracks in
the structured walls, Lee and Li observed such defects that were extending deep into
structured walls machined using micro-EDM method [19]. In FIB the drawbacks are
mainly the cost and the significant amount of time it can take to structure the tool

© Springer Nature Singapore Pte Ltd. 2020
S. Itoh and S. Shukla (Eds.): INCASE 2019, LNME, pp. 344–357, 2020.
https://doi.org/10.1007/978-981-15-0054-1_37

http://orcid.org/0000-0002-1482-8445
http://orcid.org/0000-0002-7583-5163
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0054-1_37&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0054-1_37&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-0054-1_37&amp;domain=pdf
https://doi.org/10.1007/978-981-15-0054-1_37


surface. Obikawa et al. reported significant amount of time up to 150 min to achieve a
3 µm deep groove using FIB technology [25]. Micro-grinding is like micro-EDM, is
limited by the size of the grinding disc used. The lowest reported width achieved was
400 µm grooves by Xie et al. [32]. Photolithography is an expensive, lengthy process
and limited to building structures out of coating material on substrate; Obikawa et al.
used Photolithography to build structures over the rake face of a cutting tool using the
coating material and described a process that is typical to photolithography processes
where it required many steps [24]. Thus, only lasers were found to be capable of
delivering high precision structures (i.e. from nano to few micron width channels [4, 6,
28, 29]) in easy steps and minimum damage to tool surface compared to other available
processes. However, lasers can produce structures of various shapes and sizes that
could serve different objectives during metal cutting and other applications. Micro
channels or grooves can be used to deliver cutting fluid to the cutting zone and help
control the cutting temperature and friction [3, 11, 12, 14, 30]. Micro dimples (holes)
had been reported to be useful to store cutting lubricant during metal cutting [13, 18,
20, 23, 24]. However, femtosecond lasers were mostly used to perform cutting tools
structuring and texturing [5, 6, 9–12, 30]. Laser operating at nanosecond pulse width
were rarely investigated in the context of cutting tools structuring. In fact, there were no
research on structuring and texturing using Nd: YVO4 nanosecond laser. The micro
grooves produced using Nd: YAG nanosecond laser by Da Silva et al. operating at
100 ns pulse width on cemented carbide (WC-Co) substrate and multilayer coating of
(TiCN/Al2O3/Cr) provides a motivation that a reasonable quality can be achieved using
a shorter wavelength and pulse duration [3]. The nanosecond lasers performance can be
improved when operating at short wavelength due to higher energy absorption [21].
Therefore, in this study the aim is to investigate the use of Nd: YVO4 nanosecond laser
operating at 532 nm wavelength (green) and 7 ns pulse width to structure a multilayer
coated carbide tool. Nanosecond lasers are considered more productive when compared
to femtosecond or picosecond lasers because they remove material using combined
process of material ablation and melting (photothermal ablation) [21]. Nanosecond
lasers are economical in terms of cost when compared with ultrashort lasers which
makes them more attractive for industrial applications if they can serve the intended
objectives. The study will also investigate the cutting performance of the structured
cutting tools in comparison to unstructured cutting tools.

2 Experimental Details

The selected Nd: YVO4 nanosecond laser specifications are shown in Table 1. How-
ever, a calibration test revealed that it gives maximum of 3.2 W at 30 kHz. Thus, using
the highest average power available at the identified frequency of 30 kHz and then
descending by the order of 5% of the pumping power, few trials on the surface intended
for structuring were conducted by focusing the laser spot over the surface at low speeds
of 10 mm/s. The pilot test showed that the laser was not able to ablate the surface
below 2 W average power. Thus, two experiments were conducted using the lowest
value identified (2 W) and the maximum available (3.2 W). The laser peak fluence for
a Gaussian beam at these values was estimated using Eqs. 1 and 2:
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E Jð Þ ¼ Avg:Power Wð Þ
Repetion Rate Hzð Þ ð1Þ

Where, E, is the pulse energy, F, is the laser fluence, and, A, is the laser spot area.

F J=cm2� � ¼ E Jð Þ
A cm2ð Þ ð2Þ

Hence the peak fluence was estimated at 3.2 W = 9 J/cm2 and at 2 W = 5.6 J/cm2. In
the first experiment, the laser speed was varied over a wide range of speeds [the low
range (2, 4, 6, 8, 10, 20, 30, 40, and 50) mm/s, the medium range of (100, 200, 300,
400, and 500) mm/s, and the higher speed range of (1000, 1500, 2000, 2500, 3000,
4000, 8000, 12000, 16000, and 20000) mm/s]. The experiments were done at fixed
peak fluence of 9 J/cm2 and 30 passes. In the second experiment the number of passes
were varied between (5, 10, 20, 40, 80, to 120) passes at two different peak fluences of
(5.6 and 9 J/cm2). The speeds were also varied between (5, 10, 20, 40, 80, 160, 320,
and 640) mm/s.

The cutting tools used for laser experiment and the cutting case study were cemented
carbide (WC-Co) tools with a multilayer coating of (TiCN/Al2O3/Cr). Figure 1 shows
the cross-section SEM image for the multiple layers of coating over the carbide substrate
however, it should be noted that the chromium layer thickness was only 1 µm and hence
was not clearly visible at this scale. The cutting tool shape and profile are shown in
Fig. 2. The rake face was restricted contact type with land size of 0.24 mm and built in
chip breaker type, the rake angle of the land and the flank face was 0° and 7° respec-
tively. The structuring for laser tests was performed over the flat surfaces of the tool,
however, before that the surfaces were tested for the availability of the coating using the
SEM/EDX analysis. The laser structuring for cutting tests were performed over the chip
breaker surface using linear structures (microgrooves). Figure 3 show sectional view
SEM image for a structured tool.

The characterization of the microstructures was performed using both optical
microscope and a 3D laser optical microscope. The SEM/EDX were used to measure
the Fe concentration over the rake face for cutting tools after cutting. The cutting was
orthogonal cutting using CNC lathe. The workpiece for cutting tests was steel AISI
4140 alloy. The workpiece was cut into tube shape to facilitate the orthogonal cutting.
The force measurement was performed using force dynamometer and signal filter.

Table 1. The Nd: YVO4 nanosecond laser specifications

Spot size 55 µm
Wavelength 532 nm
Pulse Duration 7 ns
Max. Power 7 W
Repetition rate 10–80 kHz
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Fig. 1. The SEM image of the cemented carbide (WC-Co) and the multilayer coating of
(TiCN/Al2O3/Cr).

Fig. 2. The cutting tools used for laser work and case study; (A) Top view, and (B) The
sectional view B-B illustrates the profile of the tool rake and flank faces.

Fig. 3. SEM image of sectional view for a sample structured tool used for the orthogonal cutting
tests.
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The data were collected and analyzed using software package for force data processing.
The cutting velocities were (100, 200, 300, and 400 m/min). The feed rate was fixed at
0.20 mm/rev for all cuts. The depth of cut was the tube thickness of 2.5 mm. The
cutting was performed in dry cutting condition and the length of each cut was limited to
5 mm to reduce the impact of tool wear.

3 Results and Discussion

3.1 The Laser Surface Structuring Results

The first laser test results are shown in Fig. 4. They demonstrate the wider process
window for the used Nd: YVO4 nanosecond laser to structures the multilayer coating of
the cutting tool surface. The images in Fig. 4 A–C reveals that the laser beam at
9 J/cm2 fluence had successfully produced linear structures (microgrooves) while the
travel speed of the beam spot over the surface was varied between 5 mm/s to 500 mm/s
and the number of passes was fixed at 30 passes. The linear structures width ranged
between 0.65 to 0.90 µm. However, Fig. 4 D and E show that the increase in the speed
beyond 500 mm/s changed the type of structures to separate periodic structures. The
shape of the periodic structures are micro dimples/pits that had diameter ranging
between 0.54 to 0.87 µm and depth varied between less than 1 µm up to 2 µm. The
depth for the linear structures was not evaluated at this stage as the aim was to identify
the wider process window only. However, the distance between the laser periodic
structures was characterized in relation to spot overlap for each setting and shown in
Fig. 5. the spot overlap was calculated based on Eq. (3):

Spot Overlap % ¼ 1� S mm=sð Þ
v Hzð Þ x D mmð Þ

� �
� 100 ð3Þ

Where S is the laser beam spot’s surface travel speed in mm/s, v is laser repetition
rate (frequency) and D is the spot diameter. The linear structures started to separate at
nearly 1000 mm/s and above where the spot overlap was at 39%. Thus, this value can
be identified as the threshold value between linear and periodic structures for this type
of coating.

The second laser test was designed to identify the various cross-sectional profiles
for linear structures for the Nd: YVO4 nanosecond laser. Figures 6 and 7 show the 3D
profile for linear structures produced at fluence rates of 9 and 5.6 J cm2, 5 mm/s speed
and (5 to 120) passes. The general shape for the linear structures’ cross-sectional profile
varied from micro-grooves with (V-shape) to micro-channels with (U-shape). The
summary of the width and depth of the linear structures are given in Figs. 8, 9, 10 and
11 for both fluence rates tested at different speeds and number of passes. It is noticeable
from Fig. 8 that the structures depth at the higher fluence rate of 9 J/cm2 was changing
in nearly upward trend as the number of passes was changing from 5 to 120 passes.
Similarly, the change of the laser beam travel speed from 5 mm/s to 640 mm/s had
influenced the values of the depth when comparing the individual lines that represent
the laser spot travel speeds. The result show that depths values between 20 to 30 µm at
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lower speed rate of 5 mm/s were achieved and from 0.6 to 17 µm for the higher speed
rate of 640 mm/s. The cross-sectional profile shape was V-shape at lower speed range
and gradually changed to U-shape at higher speeds. The results suggest that the depth
and the cross-sectional profile are function of both laser spot travel speed and the

Fig. 4. Structures variation at different speeds and fixed peak fluence of 9 J/cm2 (A–C) linear
structures, (D and E) separate periodic surface structures.

Fig. 5. Relationship between spot overlap and distance between the separate periodic structures
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number of passes at the 9 J/cm2 fluence level. The width of the microstructures in
Fig. 9 showed nearly horizontal linear trend as both the spot travel speed and spot
overlap were changing, which suggest a weak relationship with both. The linear
structures depth results in Fig. 10 for the 5.6 J/cm2 fluence rate had nearly the same
trends in relation to laser spot travel speed and the number of passes. However, the
difference was in the range of the values obtained, at this level the depth range was
from 1.27 to 1.73 µm at 5 mm/s speed and from 0.6 to 1.3 µm at speed of 640 mm/s.
Other noticeable difference is the shape of the cross-sectional profile obtained; the
shape was mostly U shape for all structures. The width of the microstructures also did
not show a specific relationship, but it was noticeable that values close to the spot size
diameter were obtained (few micrometers larger or less). However, the significant
difference between the two values of fluence rates used is the volume of burrs. The
higher fluence resulted in higher volume of coating material melting and solidification
process. This suggest that the material removal was mostly performed by photothermal
ablation process. This was not the case for the lower fluence value, the microscope
images show less burrs around the structures which suggest that the material was
mostly removed by ablation rather than melting. However, this does not mean that
there were no material melting but rather suggest that it was less significant.

3.2 Discussion on the Laser Structuring

The laser structuring results demonstrate that the Nd: YVO4 nanosecond laser can
produce various linear and periodic structures of various sizes and different cross-
sectional profiles. At the higher fluence rate of 9 J/cm2 the laser was capable of pen-
etrating through all the coating layers of the TiCN/Al2O3/Cr and the carbide substrate,
Fig. 12 confirms such findings. The issue that arises at the high fluence rate is the
excessive burrs resulting from the photothermal ablation and the solidification of the
molten material over the surface. This issue was not significant when lower fluence was
used. Though the lower fluence resulted in lower depth values, but it remains an option
if the objective was to achieve 1 to 2 microns of depts. The cross-sectional shapes
varied between U to V-shapes and in few occasions at the lower fluence settings wavy
form of W shape was achieved. The main reason for the shape variation with the speed
could be attributed to the spot overlap. When the fluence and spot size are kept fixed,
the pulse energy does not change, this can be explained by Eqs. 1 and 2. Thus, the only

Fig. 6. 3D profile of the linear structures at various number of passes, fixed peak fluence and
speed of 9 J/cm2 and 5 mm/s respectively.

350 A. Alghamdi and P. Mativenga



parameter that was changing is the spot overlap which was explained earlier in Eq. 3.
The mechanism of how the spot overlap is affecting the depth and shape of the
structures is that; when the speed at the lower range between 5 to 160 mm/s, the spot
overlap is kept well above 90%, which allows more energy to be applied at the exact
same spot at the same rate of frequency setting. This means that the same spot will
endure more heat and thus the material is removed by melting and ablation. The
thermal process and the ablation cause higher removal rate and allows the laser beam to
penetrate deeper through the coating layers. The molten material splashed away with
the ablation of the particles from the deep spot of the groove over the side walls and the
edges, forming the burrs and causing the shape of the groove to change from U-shape
to V-shape. The excessive burrs also make it hard to measure the width accurately.
At the medium to high speed range from 340 to 640 mm/s the spot overlap drops from

Fig. 7. 3-D profile of the linear structures at various number of passes, fixed peak fluence and
speed of 5.6 J/cm2 and 5 mm/s respectively.

Fig. 8. The change in linear structures’ depth in relation to the number of passes and speed at
fixed peak fluence of 9 J/cm2.
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Fig. 9. The change in linear structures’ width in relation to the number of passes and speed at
fixed peak fluence of 9 J/cm2.

Fig. 10. The change in linear structures’ depth in relation to the number of passes and speed at
fixed peak fluence of 5.6 J/cm2.
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the 90% level to 79 and 61% levels. This means less heat will be absorbed by the
material and thus the removal of the material was mainly done by the ablation process
which resulted in less burrs and preserved the uniformity of the groove cross-sectional
shape.

3.3 Cutting Tests Results and Discussion

The orthogonal cutting tests’ results show that the average contact are over the cutting
tool rake face had been reduced for structured tools as shown in Fig. 13 by nearly 33%.
The reduction in contact area is supported by the EDX analysis which shows a
reduction of 27% in iron wt.% over the rake face as shown in Fig. 14. The reduction in
the main cutting forces and the frictional forces, shown in Figs. 15 and 16, were only
3.5 and 3.1% respectively. The reason for the low reduction in cutting forces can be

Fig. 11. The change in linear structures’ width in relation to the number of passes and speed at
fixed peak fluence of 5.6 J/cm2.

Fig. 12. SEM image for cross-sectional sample for structured surface at 9 J/cm2
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attributed to the use of contact restricted tool and the limiting of the structuring to the
chip breaker surface. Contact restricted tools were designed to keep the cutting forces
to minimum and thus, further reduction is expected to be limited. The absence of
cutting fluids or solid lubricant could be another factor that influenced the limited
improvement in cutting forces reduction. The creation of lubrication film and the
hydrodynamic lift by the cutting fluids or solid lubricants had been reported to play a
role in the reduction of frictional forces [1, 16].
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4 Conclusion

Laser technology is important when it comes to cutting tools surface structuring. The
need for laser that can deliver more output with reasonable quality and cost is on the
rise for both research and industrial application. The Nd: YVO4 nanosecond laser
operating at short wavelength of 532 nm and 7 ns pulse width can be used as an
alternative for higher cost and less productive laser system. The conducted experi-
mental work on the Nd: YVO4 nanosecond showed that;

1. Using one factor at a time method a process window for surface structuring of
cemented tungsten carbide coated with multilayer coating of TiCN/Al2O3/Cr using
nanosecond laser had been identified. The laser operating at short wavelength of
532 nm and 7 ns pulse width, beam spot of 0.055 mm diameter and within range
between 5.6 to 9 J/cm2 fluence rates, where variation of laser beam spot travel
speed between (5, 10, 20, 40, 80, 160, 320, and 640 mm/s) and number of passes
between (5, 10, 20, 40, 80, to 120) produced multiple structures that varied in cross-
sectional shape and size. Shapes of U, V and wavy form were achievable at sizes
that varied between 0.20 to 32.5 µm in depth and 28.7 to 105 µm in width.

2. It was also identified that separate organized structures were achievable as function
of the laser spot overlap. The threshold value for the transition from linear structures
to separate organized structures was 39%, and to obtain linear structures at straight
linear edge the spot overlap required to be kept well above 90%.

3. There is a motivation for laser optimization to achieve higher depths with minimum
burrs and better control over the width of the micro channels. The variation of the
repetition rate (frequency) might help to reduce the burrs issue.

The orthogonal cutting tests using structured cutting tool reduced the tool chip
contact area by nearly 30%. The average reduction of cutting forces didn’t exceed 3%.
The reason for limited reduction in cutting forces was attributed to the use of contact
restricted contact tool and the limiting of structuring to the chip breaker surface.
Another reason could be the absence of cutting fluids or solid lubricants. Therefore,
further investigation is required to identify the best location for surface structuring of
contact restricted tools and the impact of using cutting fluids and/solid lubricants.
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