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Efficient fabrication of gradient nanostructure layer on surface of
commercial pure copper by coupling electric pulse and ultrasonics

treatment

Severe plastic deformation can be easily produced on metal surfaces by coupling
the micro thermal shock from high peak pulse current and the micro mechanical
shock from ultrasonics. Moreover, an efficient method for preparing a gradient
nanostructured metal surface by coupling electric pulse and ultrasonics treatment
(CEPUT) is developed in this study. The variation in microstructure and hardness
of the specimen are investigated by electron backscatter diffraction, transmission
electron microscope, X-ray diffraction, and nano-indentation measurement.
Results showed that on the treated copper surface with CEPUT, the original grain
boundaries are no longer recognized, the average grain size decreases from 48.77
um to 39.22 nm, and the thickness of severe plastic deformation layer reaches to
approximately 500 pm. Moreover, the hardness reaches to 2.105 GPa, and CEPUT
also reduces the texture in the sample surface. A computational model is
developed and the grain refinement mechanism is proposed to describe the
electrical-thermal-mechanical phenomena during CEPUT. The proposed simple
and costeffective method of grain refinement and to produce the graded materials

is effective, especially in the materials of high thermal and electrical conductivity.
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Metallic materials with nanometer grain size (average < 100 nm) in the top surface
have attracted intensive research due to their superior physical and mechanical
properties and improved service life [1-6]. The metallic materials' nanostructure
surface is important for increasing their service life because many failures originate
at or near the materials' surface. In recent years, mechanical treatment methods, such
as high energy shot peening [7], supersonic fine particles bombarding [8], surface
mechanical attrition treatment (SMAT) [9], high-pressure torsion [10], platen
friction sliding deformation [11], have gradually attracted significant interest from
researchers. On the basis of the above-mentioned methods, severe plastic
deformation (SPD) and a lot of crystal defects have easily occurred in the metal
surface in which the surface grain size is reduced to nanoscale and the gradient
nanostructure (GN) layer is generated at the metal surface. Moreover, the adhesion
force between the nanocrystalline surface layer and metal matrix is good.
Furthermore, low plasticity burnishing [12] and water jet cavitation peening [13] are
common technologies that cause SPD at the surface region to generate a GN surface
layer on metallic materials. Thus, these technologies have attracted considerable
attention recently. Ultrasonic vibration energy could significantly soften the metallic
materials without significant heating, which is usually termed as acoustoplastic or
acoustic softening effect. From its first observation, ultrasonic vibration energy has
been widely used to assist the plastic deformation and improve the material flow in
metal processing using SPD methods [14-16]. Liu et al. [17] applied ultrasonic
waves on a plastic deformation area during its conventional upsetting to refine

material grains. Their experiment and simulation results showed that the produced



stress by ultrasonic vibrations increased the plastic deformation. Djavanroodi et al.
[18] investigated the effect of ultrasonic vibrations on the deformation behavior of
pure commercial aluminum in the equal channel angular pressing process. They
determined that the forming force decreased with the increase of vibration amplitude
and vibration frequency. Moreover, ultrasonic assisted equal channel angular
extrusion [19], ultrasonic impact treatment [20,21], ultrasonic surface rolling
process [22], and ultrasonic nanocrystal surface modification [23] were investigated,
and the results indicated that ultrasonic vibrations induced SPD and improved the
grain refinement efficiency in SPD processes. Laser shock processing (LSP) is a
surface treatment technology, and the mechanical effect of a laser shock wave with
highinstantaneous-energy-density induces high compressive residual stress and
microstructural evolution that generate nanocrystal grains on the metal surface
[24,25]. However, a confined medium and a coating layer required on the metal
surface during LSP complicate the process. The electroplastic effect induced by a
high-density pulse current in metals was discovered in the 1960s, and its mechanism
has been investigated for decades [26-28]. Moreover, the electroplastic effect can
decrease the flow stress, improve the deformation limit of metallic materials, and
enhance the mobility of dislocations, atomic diffusion and vacancy diffusion. Thus,
the electroplastic effect has been recognized due to its high efficiency and has
attracted extensive studies in materials science and engineering, such as rolling,
drawing, and refining grain [29-33]. On the basis of the above mentioned grain
refinement methods, SPD were caused by either the applied loads, the instantaneous

heat, or the electroplastic effect, and grain refinement methods experienced low



processing efficiencies that hindered the widespread application of surface
nanocrystallization methods. In this study, we find that SPD is easily produced and
significantly enhanced on metal surfaces by coupling the micro thermal shock from
high peak pulse current and the micro mechanical shock from ultrasonics. Moreover,
an efficient method for preparing a GN metal surface by coupling electric pulse and
ultrasonics treatment (CEPUT) is developed, and the preparation mechanism and the
physical characteristics of a GN layer are investigated. The rest of the paper is
structured as follows: Section 2 describes the principle, experimental details, and
numerical simulation of CEPUT, and the structural characterization and nano-
indentation test of the sample after CEPUT. Section 3 illustrates the microstructure
of the copper sample after CEPUT and the grain refinement process, and analyzes
the performance of the treated copper sample to provide insight on the mechanism

and advantage of the CEPUT method. Section 4 provides the conclusion.

Material and Method

Principle of CEPUT

The physical model and experimental device for CEPUT are shown in Fig. 1. As
depicted in Fig. 1A, the heat from electric pulse and the force from ultrasonic
vibration both act on the sample surface by tool impacting. The electric current
transiently increases during the electric pulse (Fig. 1B), and the contact resistance is
high at the contact point. Thus, the temperature rapidly increases at the contact
point. The electric current duration is very short, the electric current rapidly
decreases, and the working fluid is flushed to the contact point between the tool and

the sample with a nozzle at room temperature. Thus, the temperature at the contact



point rapidly decreases, and the high temperature gradient and the high thermal
stress are obtained during CEPUT. High equivalent stresses are generated at the
contact point coupled with continuous ultrasonic shocks. Meanwhile, the high peak
pulse current (Fig. 1B) at the contact point makes the electron within the material
rapidly move along the electric field, and the produced large electronwind-force
assists the dislocation motion and opens the tangles of dislocations due to the
electroplastic effect [34,35]. Thus, the deformation resistance significantly
decreases, the plasticity is significantly enhanced, and SPD easily occurs that
contribute in grain refinement to produce a nanocrystalline layer on the metal
surface. In this study, the mechanical force is composed of the preload pressure from
air and the ultrasonic vibration impact force from the tool, the heat is generated by
the high-instantaneousenergy-density pulse current during CEPUT, and the
developed experimental device for CEPUT is depicted in Fig. 1C. As shown in Fig.
1C, the experimental sample rotates at velocity V1, and the treatment tool is forced
on the sample surface and slides along the sample axial direction at velocity V2. The
treatment tool and the sample are connected to the positive and negative poles of the
electric pulse generator, respectively. The working fluid is flushed to the contact
point between the tool and the sample with a nozzle at room temperature. The
sample surface is treated by one pass when the tool tip slides from one end of the
sample to the other end. After several passes of treatment, the sample surface grain
is sufficiently refined, and the compact nanocrystalline layer is produced on the
metal surface. Moreover, the electric current is generated during CEPUT, and the

produced heat should be dissipated rapidly to prevent the sample surface from



hurting Thus, good thermal and electrical conductivity of the sample material are
required.

Experimental Detail for CEPUT

In this study, a commercial purity copper was used as an example to demonstrate the
capability of the technique as well as the structure and properties of the CEPUT
processed sample. Copper was annealed at 823 K for 3 h to obtain a polycrystalline
structure. The average grain diameter of the as-annealed sample was 48.77 um (Fig.
2). The X-ray diffraction (XRD) pattern of the copper sample is shown in Fig. 3.
The diameter of the copper sample was 30 mm. The ultrasonic vibration tool with a
hemispherical tip was an MG18 cemented carbide cylinder with a diameter of 6 mm.
On the basis of the previous experimental research, treatment with 10e15 passes was
sufficient to produce the nanocrystalline layer on the sample surface, and the
workpiece was treated by 12 passes in this study. During the treatment, the static
force was set to 600 N to maintain a good contact between the ultrasonic vibration
tool and the workpiece, V1 was 250 rpm, V2 was 5 mm/min, the ultrasonics
frequency was 26 kHz, the ultrasonics amplitude was 10 um, the power output of
the ultrasonics generator was 500 W, the peak current of electric pulse was 1000 A,
and the electric pulse frequency was 1000 Hz. Thus, the feed rate per revolution and
the number of strikes per mm? were calculated as 0.02 mm and 3.3 103,
respectively. Moreover, the cooling water was flushed to the contact point using a
self-priming pump (HL3208, Hua Lei TeElectrical co., Ltd., China), the water flux

was 4 L/ min.



Structural characterization and nano-indentation test of the sample after CEPUT
The electron backscatter diffraction (EBSD) analysis on the treated workpiece
section was conducted by using a thermal field emission scanning electron
microscope (JEOL JSM-7001 F, JEOL Ltd.), equipped with an EBSD analysis
apparatus (TSL Incorporated, USA). It is important to note that during the EBSD
analysis on the untreated copper sample, the scanning step was set to 1.10 um to
reduce computation time, and the resolution ratio was insufficient. Thus, most of the
grain boundaries were corrugated and indicated saw tooth morphology, as shown in
Fig. 2. Structural characterization and gain size of the treated workpiece surface
were performed by an XRD (X’ Pert PRO MPD) with a CuKa radiation and a
transmission electron microscope (TEM, TECNAI G2 F20 S-TWIN) under a
voltage of 200 kV. The accelerating voltage and the applied current for XRD were
40 kV and 40 mA, respectively. The sample for TEM observation was prepared by a
focused ion beam (FIB, Helios Nanolab 600i). To investigate the variation on
mechanical performance from surface to matrix, the nano-indentation measurement
was performed on the sections perpendicular to the treated surface. The distance of
the test points from the treated workpiece top surface are shown in Table 1. All the
nano-indentation measurements in the present work were performed using a
nanoindenter (G200, Agilent Technologies, USA) with a displacement resolution of
0.01 nm and a loading resolution of 50 nN. This instrument was equipped with a
standard Berkovich indenter whose total displacement range was 2 mm. The
maximum testing load was 150 mN, and the holding time corresponding to this

maximum load was 30 s. In addition, the loading rate and unloading rate were both



10 mN/s. For each test condition, the procedure was repeated five times in different

positions and the average value was adopted.

Numerical simulation of CEPUT

A computational model based upon finite element ANSYS software was developed
to describe the electrical-thermal-mechanical phenomena of the CEPUT process.
The assumed conditions for the model were expressed as follows [36]: (1) The
treatment tool and the workpiece were homogenous and isotropous. (2) The
treatment tool and the workpiece maintained the point contact without separation.
Considering the axisymmetric geometry and loading of the treatment tool and the
workpiece, the treatment tool and the workpiece were modeled by utilizing a 2D
axisymmetric model, as shown in Fig. 4. As shown in Fig. 4, the eight-node plane
PLANE233 element with four degrees of freedom was used to model the treatment
tool and workpiece. The finite element grid in Fig. 4 had 1008 elements and 1116
nodes. Moreover, the grid was graded from fine to coarse based on the expected
reduction in temperature and stress gradient when it moved away from the contact
point. The boundary conditions in the calculation were expressed as follows [37,38]:
(1) The electrical current was uniformly applied on the top of the treatment tool. (2)
Considering that the treatment tool and the workpiece were cooled by water during
CEPUT, the transferred heat to the surrounding water was obtained by heat
conduction and the conductive heat transfer coefficient was 1200 W/m? °C. (3) The
far end of the workpiece was assumed to be at ambient temperature (22 °C), which

was also the initial condition. (4) The workpiece displacement was set to zero.



During CEPUT, the loads were composed of two parts. In the first part, the peak
electric pulse current was 1000 A, the pulse width was 4 x 10 s, and the pulse
interval was 9.6 x 10 s, as shown in Fig. 1B. The current that flowed from the
upper treatment tool and zero potential was applied on the workpiece surface.
Meanwhile, a sine wave force was applied on the upper treatment tool to simulate
the ultrasonic shock. Several essential property parameters of the workpiece and the
treatment tool used in the model were listed in Table 2. The simulation procedure of

CEPUT process was shown in Fig. 5.

Result and Discussion

Fig. 6 provides an overview on the microstructural observations of the copper
sample after CEPUT based on TEM, EBSD and XRD examination. Fig. 6A shows
the microstructural transition from nanostructured surface to deformed grains in the
top 700 um of the sample, in which the black dashed line indicates the treated
surface. As shown in Fig. 6A, a clear microstructural gradient is developed after
CEPUT. A large amount of plastic deformation is introduced in the top to about 500
um, where the original grain boundaries are no longer recognized. The
microstructural morphology considerably varies in a continuous manner with depth
from the treated surface, which is analogous on the microstructure evolution as a
time function for the CEPUT process. Fig. 6B shows the TEM bright field image,
and the corresponding selected area electron diffraction (SAED) pattern, and Fig. 6F
shows the XRD pattern of the treated workpiece top surface indicated in Fig. 6A.

The nanoscale microstructure, which is mostly non-indexed in EBSD maps due to



SPD after CEPUT, is characterized by TEM at the treated top surface. Moreover, the
grains are uniform and small, the SAED pattern indicates that randomly oriented
grains are obtained, and the calculated average grain size by XRD pattern is 39.22
nm. Furthermore, the XRD pattern indicates that the diffraction peak only becomes
wider and no new diffraction peak is observed after CEPUT compared with Fig. 3,
which indicates that the tool contamination is ignorable, especially on the top
surface. This finding could be primarily attributed to the short contact time and the
cooling temperature which inhibit the interdiffusion of elements between the tool
and the processed material. In Ref. [39], the average grain size for the cryogenic
SMAT copper sample is approximately 135 nm, which is approximately 60%
smaller than that for SMAT copper sample at room temperature. Therefore, CEPUT
is superior to typical SMAT process. Fig. 6 C-E and G-I show the grain color maps
and the corresponding grain size distribution in the different outlined regions by
white line in A. Specifically, Fig. 6C shows the grain color map of the region with
5-20 um depth from the top surface outlined by white line in A, and Fig. 6G shows
the corresponding grain size distribution. Fig. 6D shows the grain color map of the
region with 50 - 100 pm depth from the top surface outlined by white line in A, and
Fig. 6H shows the corresponding grain size distribution. Fig. 6E shows the grain
color map of the region with 200 - 400 um depth from the top surface outlined by
white line in A, and Fig. 61 shows the corresponding grain size distribution. As
shown in Fig. 6 C-E and G-I, the grain size gradually increases with the increase of
the depth from the top surface after CEPUT. Moreover, the grain shapes are

obviously different at different depths from the top surface. The grains at 5 - 20 ym



depth (Fig. 6C) are fine and uniform, the grains at 50 - 100 um depth (Fig. 6D) are
elongated and nearly parallel to the treated surface, and the grains at 200 - 400 um
depth (Fig. 6E) are large and inhomogeneous. The phenomena can be explained as
follows. The severity of plastic deformation produced by coupling the micro thermal
shock from high peak pulse current and the micro mechanical shock from
ultrasonics decreases with the increase of the depth from the treated surface. The
acted force, heat, and the deformation of grains at 200 - 400 um depth are small.
Thus, the grains at 200 - 400 um depth are large and inhomogeneous. The acted
force and heat increase and the force is tangential to the treated surface due to the
tool tip movement during CEPUT with the decrease of the depth from the treated
surface. Thus, the grains at 50 - 100 pm depth are elongated and nearly parallel to
the treated surface. However, SPD is produced, and the grains at 5 - 20 um depth are
refined with the decrease of the depth from the treated surface. Thus, the grains are
fine and uniform.

To investigate the beneficial effect of CEPUT in terms of the effective depth and
grain size of GN layer, the research on ultrasonic treatment only is conducted with
the same ultrasonic parameters. The results are shown in Fig. 7. As shown in this
figure, a similar microstructure is observed with ultrasonic treatment only like that
with CEPUT. However, the average grain size on the top surface treated with
CEPUT (39.22 nm) is approximately 60% smaller than that with ultrasonic
treatment only (88.18 nm). Meanwhile, a smaller grain is obtained with CEPUT at
the same depth from the treated surface compared with ultrasonic treatment only,

which indicates that CEPUT can both refine the surface grain and increase the



deformation layer thickness with the same ultrasonic parameters. Moreover, with the
proper combination of the ultrasonic treatment parameters or the proper combination
of the CEPUT parameters, the finer grain structures will be produced. Fig. 8 shows
the time evolution of the microstructure and rearrangements of dislocation structures
induced by SPD for the CEPUT sample, which are used to explain the
aforementioned phenomena. Fig. 8A shows the original coarse grains before
CEPUT. During the initiation of CEPUT, the heat from the high peak current and
the force from the ultrasonic vibration both act on the original coarse grains, and
several dislocations randomly occur in original coarse grains, as shown in Fig. 8B.
In Ref. [27], Sprecher et al. investigated the effects of high-density current pulses on
the flow stress of various polycrystalline metals at 300 K. They determined that the
plastic strain contribution on the load was caused by the enhancement of dislocation
mobility due to the action of drift electrons. Moreover, the electron wind “push”
coefficient Bew was determined for Al and Cu and was confirmed in the order of
10* dyn s/cm? , which was in accordance with Roschupkin et al.’s theory. On the
basis of the above research, the equivalent stress of the heat and the force
significantly increases, the grain deformation resistance significantly decreases due
to the large electron-windforce, and the stress and the strain both increase with the
increase of time during CEPUT, which make the quantity of dislocations in the grain
rapidly increase, and the high density dislocations are produced in the grains, as
shown in Fig. 8C. The dislocation wall is formed by the high-density dislocation in
the grain and evolves into the sub-grain boundaries, and the high angle grain

boundary divides the original large grain into small grains with the increase of



plastic deformation, as shown in Fig. 8D. After the sufficient passes of CEPUT
treatment, a new dislocation wall is formed in the refined grain, a nanoscale
dislocation wall is produced, and nanocrystals are generated eventually, as shown in
Fig. 8E. The time evolution of the sample microstructure during CEPUT is also
confirmed by the grain boundary distribution and misorientation angle at different
depths from the top surface, shown in Fig. 9. Fig. 9A and B shows the grain
boundary distribution and misorientation angle of the region with 200 - 400 pm
depth from the top surface, which can be considered as the early stage of the plastic
deformation during CEPUT. The dislocations are generated and then slip due to the
high-strain-rate effects. By the coupling of thermal and athermal effects of
electropulsing, a large flux of atoms is produced, the dislocation climbing is
accelerated, and the piledup dislocations are rearranged by cross-slip, climb and
annihilation [31-33]. Therefore, the density of dislocations is decreased near the
grain boundaries, the sub-boundary with low angle misorientation is produced, and
the fraction of low angle grain boundary (LAGB) is only 35.2%. In this study, the
grain boundary with the misorientation between 2°and 15° is considered as the low
angle grain boundary, and the grain boundary with the misorientation higher than
15°is considered as the high angle grain boundary (HAGB). As the depth from the
top surface decreases, which can be considered that the time increases during
CEPUT, as shown in Fig. 9C and D, the stress and the strain both increase, which
results in the increase of the grain deformation and the dislocation density. Thus, the
number of LAGB increases. As the time increases further, the dislocation density

reaches to a critical value, many dislocations are annihilated and rearranged near the



sub-boundary, the misorientation between both sides of the grain boundaries
increases, and LAGB evolves into HAGB, which results in the increase of HAGB
and divides the original coarse grain into many small grains (Fig. 9 and F).
Moreover, as shown in Fig. 10, the maximum stress, and the maximum temperature
are all generated at the contact point, and the variance of the two parameters at the
contact point are all large during CEPUT. The dislocation density is so high that the
nanoscale dislocation wall is produced (Fig. 11), and nanocrystals are easily
generated. From another point of view, the drift electrons push the dislocations
when high density electric pulse passes through the sample during CEPUT, which
lower the dislocation density, enhance the dislocation mobility, and accelerate atom
diffusion and reconstruction, increase the nucleation rate of recrystallization, and
lower the energy obstacle in thermodynamically driving these processes [30,40]. On
the other hand, the ultrafast and focused energy input by high density electric pulse
and ultrasonic shock is facilitated in the strain-induced recrystallization, which
positively decreases the required recrystallization temperature [41,42]. Moreover,
the temperature at the contact point region rapidly increases, and dynamic
recrystallization occurs in the sample. Therefore, dynamic recrystallization occurs,
which is positive for grain refinement in CEPUT. The output load-displacement
curves for the treated specimen with CEPUT is given in Fig. 12A. Apparently, all
the curves present a parabolic shape in the loading stage and a horizontal straight
line in the load holding stage. After unloading, the indentation depth is slightly
reduced for all the cases due to material elastic recovery. Moreover, the maximum

displacement and residual displacement decrease when the indentation location



becomes close to the treated surface, which indicates that the strengthening effect
tends to be obvious with the reduction of surface distance, as shown in Fig. 12B.
Moreover, as shown in Fig. 12B, the surface hardness after CEPUT reaches 2.105
GPa, and the hardness decreases with the depth increasing. The continuous decrease
of hardness with an increasing depth is consistent with the increase in grain size.
Furthermore, it can also be seen from Fig. 12B that the hardness is nearly constant
for the distance from 200 pum to 600 um from the treated surface. The reason for that
may be the multifactor function of the acoustic softening effect, the refined grain,
the plastic strain, and the increased piled-up dislocations in that region during
CEPUT. As depicted in Fig. 12C and D, the maximum texture intensity of the base
material and the sample surface after CEPUT are 6.130 and 2.003, respectively,
which indicates that the treated sample surface tends to be isotropic. The reason for
this is that many randomly oriented small grains and nanocrystals are generated on
the treated surface during CEPUT. Thus, CEPUT can reduce the texture on the
sample surface aside from grain refinement, which is favorable for the CEPUT

application.

Conclusion

A new efficient method by coupling the micro thermal shock from high peak pulse
current and the micro mechanical shock from ultrasonics for the preparation of the
GN on the metal surface is developed using CEPUT. In this method, the grain
increases and the hardness decreases with the depth from the top surface increasing,

and the texture in the original sample is reduced. Moreover, the average surface



grain size decreases from 48.77 um to 39.22 nm, the hardness reaches to 2.105 GPa,
and the thickness of the SPD layer reaches to approximately 500 mm after CEPUT.
Furthermore, a computational model is developed and the grain refinement
mechanism is proposed to describe the electrical-thermalmechanical phenomena
during CEPUT. This simple and costeffective method, which will find potential
applications in a wide range of industrial processes, is effective, especially on metals
with high thermal and electrical conductivity. CEPUT provides a rapid and highly
efficient method for the introduction of a GN at the surface of metal samples in
fundamental and applied interest. CEPUT effects really consists of contact stress
effect and thermal effect (joule heating) with electroplastic effect such as
electronwind-force. However, we did not separate their contribution to grain
refinement and effective depth quantificationally in this paper, and these works will

be done in the future.
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Table 1 The distance of the test point from the treated workpiece top surface.

Test point list 1 2 3 4 5 6 7 8

Distance of test point from 30 60 90 120 150 200 400 600
top surface (um)

Table 2 Material properties of the workpiece and the treatment tool.

Copper Cemented carbide
Density (kg/m?) 8.93 x 10° 12.90 x 10°
Thermal expansion coefficient (K1) 1.7 x10° 6x 10
Heat conductivity (W/m K) 388 110
Specific heat (J/kg K) 395 950

Yield strength (MPa) 70.1 946



Elastic modulus (GPa) 110 710
Poisson's ratio 0.34 0.19

Fig. 1. Physical model and experimental device for CEPUT. (A) Physical model, (B)
Pulse current waveform, (C) Experimental device.

Fig. 2. Grain color map and grain size distribution of copper sample. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 3. XRD pattern of the copper sample.

Fig. 4. Geometrical model for CEPUT.

Fig. 5. Simulation procedure for CEPUT process.

Fig. 6. Microstructure of copper sample section after CEPUT. (A) The
microstructural transition in the top 700 um of the treated sample, (B) TEM bright
field image, and the corresponding SAED pattern of the top surface indicated in A,
(C), (D), (E) the grain color maps at the different regions outlined by white line in
A, (F) XRD pattern of the top surface indicated in A, (G), (H), (1) the corresponding
grain size distribution of (C), (D), (E), respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 7. Microstructure of copper sample section after ultrasonic treatment only. (A)

The microstructural transition in the top 700 um of the treated sample, (B) TEM



bright field image, and the corresponding SAED pattern of the top surface indicated
in A, (C), (D), (E) the grain color maps at the different regions outlined by white
line in A, (F) XRD pattern of the top surface indicated in A, (G), (H), (I) the
corresponding grain size distribution of (C), (D), (E), respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 8. Microstructure evolution and rearrangements of dislocation structures
induced by SPD during CEPUT. (A) The original coarse grains, (B) low density
dislocations produced randomly at SPD early stage, (C) high density dislocations
produced in the grains, (D) sub-grain boundaries produced to divide the original
coarse grain into small grains, (E) nanocrystal grains produced by many passes
treatment.

Fig. 9. The distribution of grain boundary and misorientation angle of the sample
treated with CEPUT. Grain boundary distributions of the region of (A) 200 - 400
um, (C) 50 - 100 um, (E) 5 - 20 um, depth from the top surface, respectively.
Misorientation angle distributions of the region of (B) 200 - 400 um, (D) 50 - 100
um, (F) 5 - 20 um, depth from the top surface, respectively

Fig. 10. FEM simulation results during CEPUT. (A) Contact stress distribution at
the contact point region, (B) the variance of the contact stress at the contact point,
(C) temperature field at the contact point region, (D) the variance of the temperature

at the contact point.



Fig. 11. Dislocation distribution in the top surface after CEPUT [red dashed zone
indicates dislocations with high density]. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
Fig. 12. Performance of copper sample treated with CEPUT. (A) Load-displacement
responses for treated specimen, (B) nanohardness distribution of treated copper
section, (C) and (D) pole figures of treated sample section of the region shown in

Fig. 6C and base material shown in Fig. 2, respectively.
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