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Abstract: Pure copper was subjected to high-pressure surface rolling (HPSR) to obtain a surface
gradient layer. Effects of HPSR parameters on the surface microstructure and microhardness of Cu
were investigated by using optical microscopy, transmission electronic microscopy, X-ray diffraction,
and the microhardness test. The HPSR surface layer has a gradient microstructure consisting of
increasingly refined grains with decreasing depth from the treated surface (DFS). The thicknesses
of the refined surface layer can be up to ~1.8 mm, and the grain size of the topmost surface is
down to ~88 nm, depending on the HPSR parameters including pressure, time, and temperature.
Microhardness of HPSR samples increases with decreasing DFS, with a maximum of ~2.4 times that
of the undeformed matrix. The present results indicated that HPSR could be an effective method for
the production of a mm-thick surface layer on Cu with gradient microstructure and property.
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1. Introduction

It has been well-known that refining the grains of metals to the submicron or nanoscale can lead
to superior properties compared with the coarse-grained counterparts [1,2]. Among the available
methods for producing bulk ultrafine or nano-grained metals, severe plastic deformation (SPD) has
been widely used [2,3]. By using the SPD-based methods the level of grain refinement is dependent on
that of the plastic strain that can be imposed on the metals, which is limited by the deformability of
the bulk materials. Alternatively, the production of a surface refined layer was applied to improve
the surface properties of metallic materials without changing the characteristics of the matrix [4,5].
Various surface SPD techniques, such as surface mechanical attrition treatment (SMAT) [4,5], surface
mechanical grinding treatment (SMGT) [6,7], and high energy shot-peening [8], have been developed
to generate a surface gradient layer in metallic materials. The surface gradient layer produced by these
methods can be typically characterized by increasingly refined grains (down to the nano or submicron
level) with decreasing depth from the surface, leading to significant enhancement in the hardness [4],
wear resistance [9], and other surface-related properties [6]. Moreover, it has been found that the
gradient nano-micron structure exhibits a better combination of strength and ductility than that of the
uniform structure [10]. Also, it has been demonstrated that material parameter such as stacking fault
energy has a significant effect on the grain refinement due to the different deformation mechanisms
(dislocation slip and deformation twinning) that may occur [11].

Production of the surface refined layer on the copper surface has been obtained using different
methods in previous studies [7,11,12]. The microstructure changes of the surface refined layer typically
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include the thickness of the refined layer, grain size and orientation, grain boundary structure,
dislocation density, etc. Usually, the thickness of the gradient surface layer produced on metals is
around a few hundred micrometers in most cases [7,11]. Here producing gradient microstructure
with thickness in the mm scale is highly desired for further enhancement of surface properties.
It can also facilitate the investigation of the microstructure-property relationship of materials with
gradient nano-micron structure in the bulk size level. This study aims at the fabrication of a thicker
surface layer with gradient microstructure and properties on copper. We demonstrated the ability
of high-pressure surface rolling (HPSR) for producing mm-thick surface gradient microstructure
on Cu. Th microstructure and hardness of samples processed by different HPSR parameters were
comparatively investigated.

2. Materials and Methods

The raw material used in this study is a copper plate (99.97% in mass fraction) with dimensions
of Ø50 mm × 10 mm (Chinalco Luoyang Copper Co., Ltd., Luoyang, China). Before processing, the
samples were annealed at 600 ◦C for 2 h in Ar atmosphere, polished on silicon carbide abrasive paper
grade 800#, and cleaned with acetone in an ultrasonic oscillator.

A HPSR equipment was used to deform the Cu samples. As shown in Figure 1, HPSR was
performed by rotation of six-cylinder rollers (GCr15, Ø8 mm × 10 mm, HV ≈ 710) fixed on a roller
head under different loads (F) on the sample surface. The repeated rolling of the rollers on the sample
surface generates highly localized and gradient plastic strain in the surface layer. More details of
the HPSR can be found in [13]. Samples were treated for the different duration at room temperature
(RT) and immersed in liquid nitrogen (LN). During HPSR, no obvious increase in temperature on the
sample surface was detected. HPSR only induced small changes in the thickness of the sample due to
the localized deformation on the surface. The detailed processing parameters of samples are listed in
Table 1.
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Figure 1. A schematic illustration of the high-pressure surface rolling. (a) is an overall view and (b) is a
cross-sectional view.

Table 1. HPSR parameters for samples. t0 and tf represent the initial and final thicknesses of the
samples, respectively.

Sample Pressure Duration Temperature t0 tf

A 20 KN 20 min RT 10.0 mm 9.5 mm
B 20 KN 35 min RT 10.0 mm 9.4 mm
C 32 KN 35 min RT 10.0 mm 9.1 mm
D 20 KN 35 min LN 10.0 mm 8.8 mm

X-ray diffraction (XRD) measurements were performed with the Cu-Ka radiation in a Bruker D8
Advance X-ray diffractometer (Bruker AXS, Karlsruhe, Germany). A step size of 0.02◦ and a scanning
rate of 1◦/min were used in the 2θ range from 40◦ to 100◦ in a discontinuous mode. The cross-section
microstructure of the treated samples was investigated by optical microscopy (OM, OLYMPUS-GX71,
OLYMPUS Co., Tokyo, Japan). Samples for OM observations were prepared by mechanical grinding
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and polishing and chemical etching in a solution of Cr2O3 (20 g) + HCl (1.7 mL) + Na2S2O3 (2 g) + H2O
(100 mL). Transmission electronic microscopy (TEM) observations were performed on a JEM-2010HT
microscope (JEOL Ltd., Tokyo, Japan) operated at an accelerating voltage of 200 kV. Cross-section
samples for TEM observations were prepared first by electroplating Ni on the treated surface and then
processed by mechanically thinning, punching 3 mm disks, and then subjected to the twin-jet method
in an electrolyte of H3PO4:C2H6O:H2O = 1:1:2 by volume. Microhardness along with depth from the
treated surface was measured by an HXS-1000A (Shangguang Microscope Co., Ltd., Shanghai, China)
microhardness tester (load 50 gf, load time 5 s).

3. Results and Discussion

Figure 2 shows the cross-sectional optical microscopy micrographs of HPSR samples. OM provides
an observation of the overall microstructure of the deformed layer. As shown in Figure 2, an obvious
deformed layer with gradient refined grains can be seen in the HPSR samples. In the region close to
the surface, grains are too refined to be distinguished by OM. In the region near the matrix, elongated
grains are clearly visible. It has been shown that the microstructure of surface rolled Cu varied from
equiaxed refined grains to elongated grains with increasing DFS [14]. While distinct grain structures
were formed along with the depth from the surface, there is no sharp boundary between the refined
layer and the matrix.
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Figure 2. Cross-sectional optical microscopy images of high-pressure surface rolling samples. (a) Sample
A, (b) Sample B, (c) Sample C, and (d) Sample D.

As shown in Figure 2, the refined layer of the present HPSR samples has a thickness between
1094–1760 µm, depending on the HPSR parameters. Compared with those produced by other
techniques, such as surface mechanical attrition treatment (SMAT) of ~800 µm [11], and surface
mechanical grinding treatment (SMGT) of ~200 µm [7], the refined layer produced by the present
HPSR technique is much thicker, which can be attributed to the large pressure applied to the sample
during surface rolling.

The thicknesses of the refined layer of the HPSR samples (measured with an average of ten
regions in the sample) are shown in Figure 3. Comparing samples A and B with the same pressure and
temperature, it is indicated that the increase of HPSR duration can lead to an increase of the thicknesses
of the refiner layer. This is because as rolling time increases, the degree of plastic strain imposed on the
sample increases, the deeper it can be transferred to the subsurface. Thereby a thicker refined layer
was formed. For samples B and C having the same HPSR duration and temperature, the thicknesses of
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the refiner layer increase with an increase of the HPSR pressure. The reasons are that an increase of the
pressure can lead to an increase in the plastic strain on the surface. Obviously, an increase in the HPSR
time or the pressure leads to the increase of the amount of deformation and hence the thicknesses of
the refiner layer. In comparison with sample B, sample D has a thicker refined layer, indicating the
significant effect of HPSR temperature. By HPSR at a lower temperature, dislocation annihilation or
dynamic recrystallization can be suppressed; thus, a deeper refined layer can be obtained. It is noted
that the error bars in Figure 3 represent the range of the thickness of the refined layer, which is mainly
due to the unevenness of the deformed layer as a result of the heterogeneity of the plastic deformation
by HPSR from a microstructural point of view. It is also noted that a strict relationship between the
thickness of the refined layer and the HPSR parameters is beyond the scope of this study, and the exact
value of the mean thickness may depend on the statistical method of the data. In our case, it is clearly
showed that the thickness of the refined layer depends on the HPSR parameters. This relation makes it
possible to tailor the thickness of the refined layer on a relatively large scale by using HPSR.

Metals 2020, 10, x FOR PEER REVIEW 4 of 8 

 

imposed on the sample increases, the deeper it can be transferred to the subsurface. Thereby a 

thicker refined layer was formed. For samples B and C having the same HPSR duration and 

temperature, the thicknesses of the refiner layer increase with an increase of the HPSR pressure. The 

reasons are that an increase of the pressure can lead to an increase in the plastic strain on the surface. 

Obviously, an increase in the HPSR time or the pressure leads to the increase of the amount of 

deformation and hence the thicknesses of the refiner layer. In comparison with sample B, sample D 

has a thicker refined layer, indicating the significant effect of HPSR temperature. By HPSR at a lower 

temperature, dislocation annihilation or dynamic recrystallization can be suppressed; thus, a deeper 

refined layer can be obtained. It is noted that the error bars in Figure 3 represent the range of the 

thickness of the refined layer, which is mainly due to the unevenness of the deformed layer as a 

result of the heterogeneity of the plastic deformation by HPSR from a microstructural point of view. 

It is also noted that a strict relationship between the thickness of the refined layer and the HPSR 

parameters is beyond the scope of this study, and the exact value of the mean thickness may depend 

on the statistical method of the data. In our case, it is clearly showed that the thickness of the refined 

layer depends on the HPSR parameters. This relation makes it possible to tailor the thickness of the 

refined layer on a relatively large scale by using HPSR. 

A B C D
0

500

1000

1500

2000

2500

 

 

T
h

ic
k
n

e
s
s
 (

m

)

Sample  

Figure 3. Thickness of the refined layer of the HPSR samples. 

X-ray diffraction patterns of the HPSR samples are shown in Figure 4. An obvious broadening 

of the diffraction peaks is observed, indicating the significant grain refinement and microstrain in 

the HPSR samples. The grain size of the HPSR sample can be quantitatively estimated by the 

Scherrer–Wilson equation [15]. The grain sizes at the topmost surface are 185.5 nm, 458.9 nm, 360.2 

nm, and 88.0 nm, for samples A, B, C, and D, respectively. 

In the present study, we obtained a refined layer with a minimum grain size of ~88.0 nm on 

copper by HPSR, which is much larger than that produced by SMAT and SMGT [7,11]. It is probably 

because that deformation twinning plays an important role in plastic deformation in SMAT and 

SMGT, which facilitates the refinement of grains. 

Figure 5 shows the TEM micrographs of HPSR samples. As shown in Figure 5, equiaxed grains 

of several hundreds of nanometers were formed in the near-surface after HPSR. Meanwhile, a 

mixture of elongated and equiaxed grains can be observed in the HPSR samples, as shown in Figure 

6a, indicating a co-existence of different mechanisms for strain-induced grain refinement, e.g., 

dynamic recrystallization and formation of geometrically necessary boundaries. As shown in Figure 

6b, it is also noted that much smaller grains were observed in some local regions, which can be 

attributed to the highly localized plastic strain inside the sample subjected to HPSR. 

Figure 3. Thickness of the refined layer of the HPSR samples.

X-ray diffraction patterns of the HPSR samples are shown in Figure 4. An obvious broadening of
the diffraction peaks is observed, indicating the significant grain refinement and microstrain in the HPSR
samples. The grain size of the HPSR sample can be quantitatively estimated by the Scherrer–Wilson
equation [15]. The grain sizes at the topmost surface are 185.5 nm, 458.9 nm, 360.2 nm, and 88.0 nm, for
samples A, B, C, and D, respectively.

In the present study, we obtained a refined layer with a minimum grain size of ~88.0 nm on copper
by HPSR, which is much larger than that produced by SMAT and SMGT [7,11]. It is probably because
that deformation twinning plays an important role in plastic deformation in SMAT and SMGT, which
facilitates the refinement of grains.

Figure 5 shows the TEM micrographs of HPSR samples. As shown in Figure 5, equiaxed grains of
several hundreds of nanometers were formed in the near-surface after HPSR. Meanwhile, a mixture
of elongated and equiaxed grains can be observed in the HPSR samples, as shown in Figure 6a,
indicating a co-existence of different mechanisms for strain-induced grain refinement, e.g., dynamic
recrystallization and formation of geometrically necessary boundaries. As shown in Figure 6b, it is
also noted that much smaller grains were observed in some local regions, which can be attributed to
the highly localized plastic strain inside the sample subjected to HPSR.
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Figure 5. Transmission electronic microscopy images of HPSR samples taken at ~50 µm from the
surface. (a) Sample A, (b) Sample B, (c) Sample C, and (d) Sample D.

Figure 7 shows the microhardness along with the depth from the surface of the HPSR samples.
As seen in Figure 7, the surface hardness was significantly enhanced after HPSR. With decreasing DFS,
the microhardness increases up to ~2.4 times that of the matrix for sample D. The enhancement of
microhardness of the HPSR samples can be attributed to the grain refinement induced by HPSR, as
described by the Hall–Petch relation [16]. Also, an increase of the microstrain (dislocation density) in
the HPSR samples can contribute to the strengthening of the surface layer.
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Figure 7. Microhardness as a function of depth from the surface of the HPSR samples.

The thickness of the hardened layer (the depth from surface at which the microhardness equals
that of the matrix) is larger than that of the refined layer as determined by microstructure. This is due
to the fact that while dislocation strengthening contributes to the strengthening (hardening) of the
sample, dislocations cannot be clearly distinguished by the OM images. A comparison of different
methods for surface strengthening by surface refinement is shown in Table 2. It is seen from Table 2
that while remarkable surface strengthening can be achieved through surface grain refinement by
using different methods, the present HPSR method provides a way for the formation of a mm-thick
layer with gradient-refined grains.

Table 2. Comparison of the surface refined layer on Cu generated by different methods.

Method Thickness of Refined
Layer (µm)

Min. Grain Size
(nm)

Max. Hardness
(GPa) Ref.

HPSR ~1760 88 1.9 This study
SMAT ~800 10 1.3 [11]
SMGT ~200 22 2.1 [7]

4. Conclusions

To summarize, a gradient-refined surface layer was successfully produced on copper by means
of high-pressure surface rolling. The thickness of the refined layer is up to ~1760 µm, with the
minimum grain size of about ~88.0 nm on the top surface layer. HPSR parameters were found to
have significant influences in the thickness of the refined layer. Increasing HPSR pressure or HPSR
duration or decreasing temperature can lead to an increase of the thickness of the refined layer. The
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microhardness increases with decreasing DFS for HPSR samples, up to ~2.4 times that of the matrix,
which is due to the grain size strengthening. The present study provided a technique for generating a
mm-thick layer with gradient-refined microstructure and enhanced hardness in metals.
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