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Abstract: Combined peening composed of multiple peening processes or peening media is a surface
treatment method for comprehensive control of the macro shape and performance of the part.
Compared to combined peening, the impact kinetic energy of the combined hammering can be easier
to control over a wide range, and the hammer tool head size is larger than the shot. This paper
focused on investigating the effect of combined hammering treatment, 6 mm and 14 mm tool heads
with peening density 3.7 to 4.2/ mm?, on the variable scale evolution of titanium TA2. Three types
of contact relation between the tool head and existing dimple were proposed for impacting at the
same position. The size of the dimple of combined hammering varies in width or depth direction,
resulting in nest morphology composed of different size dimples. The cross-section microstructure of
the test plate was observed, and the gradient changes of dislocation, slip, and grain size are smoothed
by combined hammering. The change in hammer tool head size makes the target plastic deform at
different depths. The hammering sequence has a significant influence on the evolution of stress and
strain fields. When the tool head is first large and then small, a large compressive residual stress near
the surface is introduced, about 1000 Mpa; on the contrary, the compressive residual stress distributes
uniformly in the depth direction, with an affected layer depth of about 4.4 mm. The measured dimple
size and residual stress verified the reliability of the simulation results.

Keywords: hammer peening; pure titanium TA2; combined peening; residual stress; numerical
simulation

1. Introduction

Titanium and titanium alloy materials are widely applied in aviation, aerospace,
navigation, chemical, and medical fields because of their multiple benefits, including
specific strength, heat resistance, high chemical stability, high biocompatibility, and low
weight [1,2]. Some Ti-based particulates or coatings can enhance the mechanical behavior
of components [3,4]. To form large-size thin-walled titanium and titanium alloy compo-
nents, and to improve their wear resistance and fatigue resistance depends on surface
processing [5,6], shot peening is one of the effective surface processes [7].

Shot peening process can create residual stress on the surface of components, refine
grain, increase dislocation density, etc.; in addition, it can change the surface morphology
of parts to control macroscopic deformation and improve fatigue resistance [8,9]. The
residual stress field, microstructure, and surface morphology formed by the shot peening
can be collectively referred to as the functional field, so a different meaning of morphology
production requests a different functional field through the shot peening. In the shot
peening process of the wall parts, it requests a specific non-uniform distribution of the shot
peening functional field [10] which can be controlled by residual stress due to the complex
target surface, structural stiffness changes and non-uniform wall thickness distribution,
and other characteristics [11]. When a component needs both forming and strengthening, it
often uses a combined process such as two or more methods of shot peening or multiple
balls to meet a variety of macroscopic regulatory purposes.
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For a long time, combined shot peening has been used in actual engineering. It
considers the different processes which occur before and after as mutual independence,
and the combined effects have been neglected, it is hard to control the process, identify the
improvement from the combined shot peening, and precisely predict. In recent years, many
scholars have observed the relative benefits of combined shot peening; compared with the
processing of the single parameters, the component experiencing combined peening has
the finest comprehensive performance, relatively [12]. The hybrid processing sequences of
laser shot peening and conventional shot peening have certain effects on the uniformity
and stability of surface residual stress [13]; the satisfactory combinations of them have a
series of effects such as increasing residual stress, increasing surface hardness and thickness
of hardened layer [14], refining the surface grain size of the target material, multiplying
dislocation density; hence, the fatigue strength of the material can be improved [15]. Using
steel peening balls of various sizes and materials can lower the roughness of the shot-
peened surface and raise the uniformity of the residual stress field, etc. [16]. The shot
hardness influences the value and depth of the residual stress, to obtain the high residual
stress value on the surface with the remaining depth, the double shot peening with the
sequence of the first larger shots and then the high hardness media with compatible size
had been suggested [17].

The combined shot peening process can reconcile the contradiction between the re-
quirements of strong-plastic deformation and surface roughness, residual stress field man-
agement ability and processing efficiency, non-uniform stress field, and uniform strength-
ening layer. Compared to the combined shot peening, combined hammering offers the
advantage of larger kinetic energy and the size of hammer tool head that is larger than the
shot used in the conventional shot peening, and importantly, more controllable. However,
there is still a lack of work focusing on the effect of the combination hammering treatment
on the variable scale evolution. Therefore, it is worth studying the effect of the combined
hammering treatment on the variable scale evolution of stress and strain.

The paper focuses on the variable evolution of the strain and stress of the TA2 titanium
plate after combined hammering treatment. The macrostructure at the cross section, and
the residual stress distribution at surface and different depths were analyzed for specimens
after different processing sequences with three types of contact relations between the
hammering tool and the original dimple, which was barely proposed. The microstructure
varieties in the subsurface layer of specimens after combined hammering were investigated
by x-ray diffraction (XRD) and electrolytic corrosion method. Furthermore, the FEM-based
values were validated in the experiment on the influence of combined treatment.

2. Combined Hammer Peening Experiments

The experiments were performed on pure titanium TA2 plates with dimensions of
100 mm x 50 mm x 10 mm, the material’s chemical composition is shown in Table 1. To
relieve the residual stress introduced by plate rolling and homogenize its microstructure,
a vacuum annealing treatment at 680 °C with 120 min was completed using a ZM series
vacuum molybdenum wire furnace (vacuum degree 1 x 1073 Pa), and a grinder was used to
remove the oxide layer on the surface of the annealed test plate. The surface microstructure
of the test plate before and after annealing treatment is shown in Figure 1. After annealing,
the uniform grain size is about 100 um and equiaxed. The Hollomon constitutive model for
pure titanium (TA2) at room temperature is shown as follows [18]:

o = 811.25 80'1113 é0'02375 (1)

where o and ¢ are, respectively, the effective stress and effective strain, and ¢ is the effective
strain rate.
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Table 1. chemical composition in wt (%) of TA2.

Fe C (o) H N Ti

0.065 0.02 0.11 0.0002 0.014 Bal.
Manufacturer: Baoji Titanium Industry Co., China.
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Figure 1. Microstructure on TA2 plate surface (a) before and (b) after annealing treatment

The Hammer peening process, as illustrated in Figure 2, uses a self-made electric
hammer process system comprised of an electric hammer, bracket, frequency converter,
and fixture. Inside the electric hammer, the air pressure piston powered by the motor
strikes the push hammer to force the deputy hammer, causing the deputy hammer to affect
the punch tool to impact the test specimen with a certain kinetic energy, and changing the
hammer tool can alter the size of the tool head. The bracket keeps the electric hammer
in a specific posture and controls the speed of the electric hammer in the plane during
machining; the frequency converter outputs alternating current at a certain frequency to
control the speed of the motor, and then regulates the impact kinetic energy; the fixture
holds the test plate to maintain its fixed position and initial shape.

Power source —

[E-saq]
Frequency converter ﬂ /-\

Electric pick

Air cylinder

Deputy hammer

Punch tool

Fixture

(b)

Figure 2. (a) Device of combined hammering (D6-head diameter of punch tool is 6 mm, D14 is 14 mm,
Ra0.8), (b) the sliding table on the right side control the impact position
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The material of hammer tool head is medium carbon steel for its good strong overall
performance and higher strength and hardness than TA2 when applied in the condition of
alternating load. It is suitable for TA2 processing. The tool head diameter D;,,; used in this
work are 6 mm and 14 mm, respectively, with impact frequencies of 20 Hz and 28 Hz. Each
group of test plates will be hammer-peened twice in a row, with the processing duration
controlling the density of peening #.. The processing parameters for the four groups of test
plates are shown in Table 2. The density of peening and impact dimple radius of projection
a are used to calculate the shot peening coverage rate Cpeen:

a2
Cpeen =1—e ™ (2
Table 2. Experimental parameters.
First Peening Second Peening
Sample 2 2
D;yor/mm fp/Hz ne/mm™ Dy o1 /mm fp/Hz ne/mm™

1 14 28 4.0 14 28 4.0
2 6 20 3.7 6 20 3.7
3 14 28 4.0 6 20 3.9
4 6 20 4.0 14 28 4.2

Note: Dy,o;—head diameter of punch tool, f,—hammering frequency per second, n.—impact times per unit area.

The average impact dimple projection radius of a6 and al4, which made by 6mm and
14 mm tool head with 20 Hz impact frequency, was 0.904 mm and 1.369 mm, respectively,
based on the experiment data. According to the calculations, each hammer peening in
the four groups of tests reached complete coverage. When the mass of D6 hammer tool is
420.78 g and the impact frequency is 20 Hz, the impact velocity is 1191 mm/s; when the
mass of D14 hammer tool is 405.66 g and the impact frequency is 28 Hz, the velocity is
1768 mm/s.

After the experiment, the surface morphology of hammer peening was observed
by a low-power microscope. The 10 mm x 10 mm x 10 mm cross-section sample was
cut by Wire cut Electrical Discharge Machining (WEDM). The sample’s cross-section was
lapped by Surface Mechanical Attrition Treatment (SMAT), polished and corroded, and the
microstructure was inspected by a high-power microscope. The residual stress introduced
by hammer peening at various depths was measured using X-ray diffraction and electrolytic
corrosion method.

3. Finite Element Simulation of Combined Hammer Shot Peening

The simulation settings based on ABAQUS2020 finest simulation software match the
test parameters, as shown in Figure 3, and a quarter symmetry analysis model of composite
hammer simulation was constructed.

The target material quarter model size was 8 mm x 8 mm x 10 mm, and the size
tapered from the impact point to the distal end; the impact point element was the smallest,
with a side length of 0.1 mm; the distal end element was the largest, with the side length of
0.5 mm; and the target was mashed with 8-node reduced integration element (C3D8R), the
mesh size is shown in Figure 3c The target material density was 4.507 g/cm?, the elastic
modulus was 116 GPa, and Poisson’s ratio was 0.32, the constitutive parameter as given in
Equation (1).

The hammer tool was simplified as a quarter ball head, the size of the ball head was the
same as the size of the hammer tool head in the test, the mass of the ball head was the same
as the mass of the hammer tool, the ball head was regarded as an elastic deformation body,
the material elastic modulus was 210 GPa, and Poisson’s ratio was 0.33. The symmetry
constraint was applied on the symmetry surface of the ball head and the target material.
Meanwhile, the normal displacement of the nodes on the bottom surface of the target
material was constrained.
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n=1,2234

Type V

i=1,2,3,4

Type A

(b)

(0)
Figure 3. (a) Type V, (b) Type A finite element model of combined hammer peening and (c) D6-D14

mesh size.

The model was divided into two types: Type V, which the small-sized ball head hits
the target material first and the large-sized ball head hits the target material afterward, the
numbers of repeated impacts of the large ball and the small ball heads were 1,2, 3 and 4,
respectively; and Type A, which the impact ranking is the inverse of Type V. The specific
impact parameters are listed in Table 3. The friction coefficient between the ball head and
the target material was set at 0.1, indicating rigid contact. There was no contact relationship
between the ball heads; hence, the dynamic implicit solution was selected.

Table 3. Parameter of finite element simulation.

First Peening Second Peening
Sample
D;oor/mm Mio01lg Vigot/mm/s  Number D;oor/mm Mio0ilg Vioot/mm/s  Repetitions 7;
Type V 6 420.78/4 1191 1/2/3/4 14 405.66/4 1768 1/2/3/4
Type A 14 405.66/4 1768 1/2/3/4 6 420.78/4 1191 1/2/3/4

Note: Dy,,;—head diameter of punch tool, M;,,—mass assigned to the finite element model of tool, V},,—initial
velocity of tool.

4. Results and Discussion
4.1. The Hammer Peening Surface

According to the simulation and experimental analysis, there was a variable scale
evolution of the dimple morphology during the combined hammer peening process with
various sizes of the tool head. Three sorts of contact relationships between the tool head
and the existing dimple while hammering continuously at the same spot, as shown in
Figure 4. 57, is the dimpled surface generated after the i-1th hammering, and the ;_; is
the dimple depth (with the initial surface of the plate as the reference plane); Sf"d is the
dimple depth at the ith hammering when the piston moved to the bottom dead center, the
actual depth of dimple is marked as Hj, the tool head press-in depth is d;, and the diameter

of tool head is D;, thus the dimple projection radius can be calculated by a; = |/ D;d; — d?.

According to the relationship between a;, a;_1 and d;, h;_1, three types of typical contact
relations were determined.

(1) Type V1: a; > a;_1 and d; > h;_1. The projected radius of the tool head pressed into
the boundary is larger than the projected radius of the original dimple, and the pressed-in
depth is deeper than the original dimple depth, which is the type V; contact relationship.
This type of contact happens when the curvature of the original dimple is similar to the
curvature of the tool head, as shown in Figure 5.

(2) Type Va: a; > a;_q and d; < h;_1. The projected radius of the tool head pressed into
the boundary is larger than the projected radius of the original dimple, and the pressed-in
depth is shallower than or equal to the original dimple depth, reflecting a type V, contact
relationship. As shown in Figure 5, the D6 tool head repeatedly impacts to form a deeper
dimple, and this type of contact occurs when the D14 tool head impacts again; the re-impact



Coatings 2022, 12,1974

6 of 12

of the D14 tool head reduces the dimple curvature, and the subsequent re-impact may
become a V; type of contact relationship.

(3) Type A: a; < a;_1. Type A contact relationship exists when the theoretical projected
radius of the tool head pressed into the boundary is less than or equal to the projected
radius of the original dimple. This type of contact occurs when the impact of the D14 tool
head creates a dimple with greater curvature and the D6 tool head, which has the smaller

curvature impacts again.

20
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Figure 5. (a) Dimple radius and (b) difference between indenting depth of hammering tool and

original dimple depth.

In the Type V; contact relationship, the tool head cannot touch the original dimple
vertex; in Type V; contact relationship, although the tool head is pressed in deeper than
the original dimple depth, the tool head may also fail to touch the original dimple vertex
due to z-directional displacement of the target material. As shown in Figure 6a, the Type V
simulation found that there was no gap between the tool head and the original dimple only
in the first stage of D6 repeated impacts, and there was always a gap between the tool head
and the original dimple in the second stage of D14 tool head impacts, but the gap gradually
decreased as of the number of impacts increased in the subsequent stages.
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Figure 6. (a) Gap between tool tip and dimple apex at bottom point of hammering and (b) residual

dimple depth.
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The combined impacts of different size tool heads complicate the dimple morphology.
It can be found that the repeated impacts of the same size tool head gradually increased
the radius and depth of the dimple projection, as shown in Figures 5a and 6b; the impacts
of the small tool head followed by the impacts of the large tool head mainly increased
the radius of the dimple projection while changing its depth less; the impacts of the small
tool head followed by the impacts of the large tool head had little effect on the radius of
the dimples but the dimples became significantly deeper, resulting in nest morphology
with different curvature dimples. As illustrated in Figure 7, the surface topography of the
test pieces confirms the above rules and characteristics. The simulated radius of the crater
projection was consistent with the experimental observation, as shown in Figure 5.

10 mm 10 mm 10 mm
y L 6 4 T B > P e
e [ Ee '
l;‘ T
ﬁ‘fyw_;l;/} ‘/
ool
% 2% /

(e el

Dioy = 14 mm, 1= 4.0 /mm? Doo=6mm, nc=37/mm?  Dog=14mm, nc=4.0/mm? Do =6 mm, ng= 4.0 /mm?
Dioor= 14 mm, ne= 4.0 /mm? Diooi= 6 mm, n,= 3.7 /mm? Dioor= 6 mm, ng= 3.9 /mm? Dioor= 14 mm, ne= 4.2 /mm?
(a) (b) ©) (d)

Figure 7. Surface morphology of hammering treated (a) sample 1, (b) sample 2, (c) sample 3 and
(d) sample 4.

4.2. Surface Microstructure

The four groups of hammering processing parameters were processed independently,
and the microstructure of the surface section of the specimen is depicted in Figure 8. As can
be noticed, the large-sized equiaxial grains in the surface layer were refined and formed the
nano-crystalline, subgrain, coarse grain, and matrix layers, which were distributed in the
depth direction. The multiple deformation layers were interlaced with each other without
a clear boundary.

The nano-crystalline layer is dark black with no coarse grains; the subgrain layer has a
small number of grains with shapes and boundaries, distributed with a large number of
slip bands, dislocations, and twin crystals; the coarse grain layer has a certain number of
grains with regular shapes, the grain size has not changed significantly and is still equiaxed,
with a small number of slip bands and dislocations inside the grains; the structure of the
matrix layer basically maintains the original organization after vacuum annealing.

Because of the plastic deformation layer, the thickness of nano-crystalline and subgrain
layers of specimen 2 processed by D6 tool head is relatively thin; the gradient changes of
dislocation and slip density of specimen 3 and specimen 4 processed by the composite of
two sizes of tool heads are smoother compared with specimen 1, showing the excellent
ability of combined hammering processing to regulate the gradient of microstructure. A
multistage microstructure for metallic materials with a gradient distribution along the
depth direction can provide excellent strength-plasticity matching [19]. A combination
of large and small shot peening processes can also obtain good surface quality and grain
refinement layer, which can improve the specimen’s fatigue strength [20].
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Figure 8. Microstructure near surface of hammering treated (a) sample 1, (b) sample 2, (c) sample 3
and (d) sample 4.

4.3. Stress-Strain Field Evolution

The composite hammering stress-strain field was obtained by simulation and the
hammering residual stress was measured experimentally, and this section compares and
analyzes the influence of hammering parameters on the stress-strain field of the target
material. As shown in Figure 9, the equivalent plastic strain on the centerline of the
hammering simulation model, and the impact order of the large and small tool heads have
a significant effect on the plastic strain field, the plastic deformation zone of the large tool
head hammering is deeper, but the plastic strain amplitude is lower; the plastic deformation
zone of the small tool heads hammering is shallower, but the plastic strain amplitude is
higher. There are a wide variety of peening methods and media, and the most critical
parameter for controlling the peening effect in terms of a single impact is the radius of
the surface on which the peening media was loaded, and the initial kinetic energy of the
peening media [21].

Repeated hammering at the same position has a certain influence on both the plastic
deformation depth and its strain amplitude, as seen in Figure 10, this influence diminishes
as the number of repeated times increases. The shaded area in Figure 4 indicates the volume
B; of the target material extruded by the tool head at the ith impact to the bottom dead
center, which can be calculated by integrating B; = [, b 27txdb;, and the calculation result of
B; during the combined hammering is shown in Figure 11.

It can be seen that when the tool head size changes, the volume B; of the extruded
material changes abruptly, and the equivalent plastic strain field is in Figure 10 changes
abruptly accordingly; due to the influence of the existing dimples and residual stress-strain
field, the extruded volume B; is slightly smaller at the time of abrupt change, gradually
becomes larger and tends to a stable value then, and the equivalent plastic strain field in
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Figure 10 gradually tends to a stable value as well; based on small dimples, the material
flows more easily when the large size tool head impacts on; as the small size tool head
impacts on the large dimples, the material flows slightly more difficult when compared to
the impact on a flat target material.

0.2 0.2
0.16 - 1: D14 0.16 1: D6
/N
PR - ---2:D6 ----2:D14
o012 | . g 0.12
| , N |
w | N w
o 008 . o 0.08
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0 05 1 156 2 25 3 35 4 0 05 1 156 2 25 3 35 4
Depth, mm Depth, mm
(a) (b)
Figure 9. Equivalent plastic strain (PEEQ) combined hammering.
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Figure 10. Evolution of equivalent plastic strain (PEEQ) of combined hammering.
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Figure 11. Raplaced volume by hammering tool.

With the plastic deformation of the target surface layer, the residual stress field is
formed in the target, as shown in Figure 12, and the change law of the residual stress field is
similar to that of the equivalent plastic strain. The residual stress field formed by Big+Small
tool head impact is bigger but shallower (1000 MPa, affected depth 3.2 m), whereas that
formed by Small+Big tool head impact is smaller but deeper (750 MPa, affected depth
3.5 mm). Repeated impacts at the same location have less effect on the residual stress field
amplitude, as shown in Figure 13, and when a certain shot peening coverage is reached,
saturation has been achieved in term of residual stress field [22], but continued shot peening
still has an effect on the microstructure evolution of the target material [23].
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Figure 12. Stress field of combined hammering simulation and measured values on samples.
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Figure 13. Stress evolution of combined hammering simulation.

It has also been found that increasing the machining of the smaller tool head following
the impact of the big tool head results in the higher and deeper residual compressive
stress. Such a combination can also reduce the machining surface roughness, which is a
combination used more. The fundamental concept is as same as the composite impact
principle of employing a big and then a small tool head: first using laser shot peening to
form deeper residual compressive stresses, and then using shot peening to increase the
residual compressive stress amplitude near the surface [15]. The present research hot point
is the combination of laser shot peening and conventional shot peening, since its forming
ability and strengthening effects by peening are better [14].

After the big tool head impact, the residual compressive stress peak generated by the
small tool head was lowered, but a greater surface compressive stress was formed, the
depth of the compressive stress field grew and the uniformity improved. The stress field
changes respectively in distinct depth regions throughout the combined hammering process,
showing variable scale evolution features and increased complexity of the stress field.

The residual stresses in the specimens were measured by X-ray diffraction and elec-
trolytic corrosion methods, and the measurement errors were largely due to the appearance
of several diffraction peaks of the crystal plane in the X-ray diffraction stress measurement
of titanium and titanium alloys, as shown in Figure 12. However, the residual stress field
simulated by hammering was basically consistent with the measured value, which verified
the simulation’s accuracy.

5. Conclusions

*  The experiments and finite element simulation were used to analyze the process of
combined hammer peening. The variable-scale evolution characteristics of functional
fields, such as stress and strain fields of the combined shot peening, surface mor-
phology, and microstructure, were proposed. The surface is characterized by a nest
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morphology consisting of varied size dimples, the stress-strain field by successive evo-
lution of different depth areas, and the microstructure by significant gradient change.

*  The dislocation gradient and slip density of combined hammering specimen are
smoother as compared to the specimen treated by single hammering. Big+Small tool
head impact sequences have a significant effect on the plastic deformation depth
and its strain amplitude, the influence of repeated hammering at the same position
diminishes as the number of times increases. Big+Small hammering method can
produce the largest residual stress (1000 MPa), it is much bigger than Small+Big
method (750 MPa), but the latter is able to form the greater surface compressive stress
with deeper field depth and improved uniformity.

*  The variable scale evolution of the shot peening functional field makes predicting the
results, controlling the peening process and its macro-micro characterization more
difficult, but it also provides new possibilities for further increasing peen formation
capability and strengthening effects. It is believed that by controlling the shot media
specification, the depth of the plastic deformation zone, and the density of peening,
the target part configuration, low surface roughness, smooth gradient organization,
and uniform residual stress field can all be obtained simultaneously.

¢ The hammer processing device was built based on the electric pick. The radius of the
hammer tool head can be much larger than the size of the converntional shot, and
the impact kinetic energy of the hammer tool can be regulated over a wide range to
control the depth of elastic and plastic deformation of the target, compensates for the
size limitations of the large shot used in the conventional shot peening equipment and
the consequent lack of driving force.

¢  The combined hammering can be used in combination with other strengthening
processes such as laser shock peening or water jet peening. The related functional
field can be researched in the future.
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