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Plastic strain-induced grain refinement at the nanometer scale in copper
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Abstract

Microstructural evolution and grain refinement in pure Cu subjected to surface mechanical attrition treatment (SMAT) were inves-
tigated by means of systematic transmission electron microscope observations. Two different mechanisms for plastic strain-induced grain
refinement in Cu were identified, corresponding to different levels of strain rate. In the subsurface layer of the SMAT Cu samples with
low strain rates, grains are refined via formation of dislocation cells (DCs), transformation of DC walls into sub-boundaries with small
misorientations, and evolution of sub-boundaries into highly misoriented grain boundaries. The minimum size of refined grains via this
process is about 100 nm. In the top surface layer (thickness <25 lm) with a high strain rate, the grain refinement includes: (i) formation of
high-density, nanometer-thick twins dividing the original coarse grains into twin–matrix (T–M) lamellae; (ii) development of dislocation
walls that further subdivide the T–M lamellae into equiaxed nano-sized blocks; (iii) evolution of these preferentially oriented blocks into
randomly oriented nanosized grains. The minimum size of such refined grains is about 10 nm. The present study demonstrates the critical
role of strain rate on the plastic strain-induced grain refinement processes and on the minimum grain size obtainable via plastic
deformation.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Grain refinement induced by plastic strain in metals is a
well-known phenomenon. Various techniques based on
plastic strain have been developed for substantially refining
grains in metals and alloys in order to enhance their prop-
erties. For example, cold-rolling [1,2] and different severe
plastic deformation (SPD) approaches (e.g., equal channel
angular pressing (ECAP) and high pressure torsion (HPT))
[3–6] have been used for synthesizing ultrafine-grained
materials (with grain sizes in the submicrometer regime)
the mechanical strength of which is remarkably elevated.
Understanding of the underlying mechanism of strain-
induced grain refinement is crucial not only from a theoret-
ical point of view, but for technological development of
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advanced plastic deformation techniques for engineering
applications.

The mechanism of grain refinement based on plastic
straining has been extensively investigated in numerous
materials [7–11]. It has been well documented that for those
materials with medium or high stacking fault energies
(SFEs), such as Fe, Cu and Al, coarse grains are refined
upon continued straining by various dislocation activities.
For example, strain-induced grain refinement in Cu, the
most frequently studied sample on this topic in recent
years, involves the following processes [11]: (i) manipula-
tion of lattice dislocations; (ii) formation of dislocation
cells and/or dense dislocation walls that subdivide the
original coarse grains into refined blocks; (iii) transforma-
tion of the dense dislocation walls or cell walls into sub-
boundaries; and (iv) evolution of sub-boundaries into
conventional grain boundaries with large misorientations
(or sharpening of grain boundaries).
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As the dislocation cell size tends to a saturated value
with continued plastic strain (e.g., �100 nm for Cu
[8,12]), a saturated grain size equivalent to the minimum
cell size is expected with increasing strain. This has been
observed in a number of materials processed by means of
SPD techniques in which saturated grain sizes in the submi-
crometer regime have been obtained with increasing strain
[13–15].

Experimental evidence has shown that extensive plastic
deformation with high strain rates, such as ball-milling
[16,17] and surface mechanical attrition treatment (SMAT)
[10,18,19], may refine grains to the nanometer scale (5–
30 nm), which is much smaller than that can be achieved
with low strain rates (such as cold rolling, ECAP and
HPT). The formation mechanism of nanosized grains
induced by plastic straining is, in fact, not yet well under-
stood. From an experimental point of view, the effect of
high strain rates is obvious on formation of nanosized
grains. Nevertheless, understanding the nanocrystallization
mechanism following the dislocation processes as men-
tioned above is difficult. It is known that lattice dislocation
activities (generation and pile-up) are effectively suppressed
by extremely small grain dimensions. Formation of disloca-
tion cells would not be feasible in nanosized grains. Two
questions thus arise: What is the effect of strain rate on
the grain refinement mechanism? And how are the nano-
sized crystallites formed during plastic deformation at high
strain rates? The present work aims to answer these ques-
tions by a systematic examination of the microstructure
evolution from macro to the nanometer scale with an
increasing strain and strain rate in a pure Cu sample by
using SMAT [20,21].

In the SMAT process described previously [10], a gradi-
ent variation of plastic strain and strain rate was achieved
in the sample from the treated topmost surface to the deep
matrix. The strain rate was estimated to be as high as
102�3 s�1 (comparable to that of ball-milling) at the top-
most surface, decreasing down to zero in the deep matrix
(a few millimeters from the topmost surface). Conse-
quently, a gradient microstructure is obtained descending
through the sample, owing to different levels of strain rate
and/or different degrees of plastic strain. This provides a
unique opportunity to characterize the deformation mode
of a material over a wide range of strain rate and to inves-
tigate the corresponding grain refinement mechanism by
examining the microstructural features at different depths
of a single treated sample. This methodology has been suc-
cessfully applied to uncover the plastic strain-induced grain
refinement mechanism in several material systems, includ-
ing pure Fe [10], Ti [22], Al alloys [19], Ni alloys [23] and
steels [24].

2. Experimental

A copper plate (100 · 100 · 8 mm3) with a purity of
99.995 wt.% was subjected to SMAT. Before SMAT, the
plate surface was polished with silicon carbide papers and
annealed in vacuum at 973 K for 120 min to diminish the
effect of mechanical processing and to obtain homogeneous
coarse grains. The average grain size of the as-annealed
sample is about 200 lm with a few annealing twins inside
some grains.

The details of the SMAT set-up and processing have
been described previously [10]. In brief, stainless steel balls
were placed at the bottom of a cylinder-shaped vacuum
chamber that was vibrated by a vibration generator, with
which the balls were resonated to impact the sample sur-
face. Because of the high vibration frequency, the entire
surface of the treated sample was impacted with a large
number of shots within a short period of time. In this work,
samples were treated in vacuum at room temperature with
stainless steel balls (8 mm diameter) at a vibration fre-
quency of 50 Hz for 5 min (hereafter referred as to sample
SMAT-5) and 30 min (sample SMAT-30), respectively.
Microscopic observations and positron annihilation spec-
troscopy experiments confirmed that the surface layer of
the SMAT samples is free of porosity or cracks.

The microstructural evolution of the SMAT Cu samples
was characterized by using a JEM-2010 transmission elec-
tron microscope (TEM) operated at a voltage of 200 kV.
Cross-sectional thin foils for TEM observations were pre-
pared in the following steps: (i) electroplating a Ni layer
of 1.5 mm thick onto the treated surface of the SMAT
Cu samples; (ii) cutting a cross-sectional piece of the elec-
troplated sample (with a diameter of 3 mm and a thickness
of 0.5 mm) with the treated surface in the middle; (iii)
grinding it carefully to about 30 lm thick; (iv) dimpling
and ion thinning to perforation at room temperature.

The measurements of grain/cell sizes were made directly
from TEM observations and the reported values are aver-
aged from a few hundred grains (or cells) selected ran-
domly. The misorientation angles between neighboring
subgrains/grains were measured with the aid of a TEM
double-tilt sample holder.

3. Results and discussion

Cross-sectional microstructures of the original and the
SMAT Cu samples are shown in Fig. 1. Evidence of plastic
deformation is obvious in the surface layer to a depth of
about 300 lm for SMAT-5. The deformation is inhomoge-
neous in terms of depth from place to place, due to the
varying orientations of grains and the heterogeneous nat-
ure of the plastic deformation within and between grains.
After SMAT for 30 min, the deformation layer increased
to a depth of about 800 lm, within which grain boundaries
could hardly be identified. Compared to that in the SMAT
pure Fe [10], 304 stainless steel [24] and low carbon steel
samples [25], the deformation layer in the SMAT Cu sam-
ple is thicker under the same treatment conditions owing to
its better plasticity and/or lower hardness.

Characterization of the SMAT samples at various
depths by using cross-sectional TEM observations has been
carried out to reveal the microstructural characteristics at



Fig. 1. Cross-sectional observations of the original (a), SMAT-5 (b) and SMAT-30 (c) samples.
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different levels of strain and strain rate, and thereby to
uncover the underlying grain refinement mechanism. Two
different grain refinement mechanisms have been detected:
in the deformation layer (>25 lm depth), grain refinement
is primarily achieved via formation and evolution of dislo-
cation cells (DCs), a process analogous to that observed in
deformed coarse grains [8]; while in the top layer (<25 lm
depth), mechanical twinning plays an important role in the
grain refinement in both samples. In the following sections,
grain refinement processes in the two subsequent layers will
be described in detail.

3.1. Grain refinement via formation of dislocation cells

(depth >25 lm)

3.1.1. SMAT-5 sample

Fig. 2 shows typical cross-sectional bright-field TEM
images and corresponding selected area electron diffraction
(SAED) patterns at different depths from the topmost sur-
face (depth >25 lm) in SMAT-5. Adjacent to the strain-free
matrix (Fig. 2(A1)), high-density dislocations are generated
by plastic deformation and these are arrayed in tangles. At a
depth of about 200 lm, DCs were formed inside the original
grains (Fig. 2(A2)), which are roughly equiaxed (in three
dimensions (3D)) with an average size of about 800 nm.
From the corresponding SAED pattern (Fig. 2(B2)) it can
be observed that the misorientations between the adjacent
DCs are negligible. As the depth decreases, DC walls
become thinner and the cell size reduces. At about 100 lm
deep (Fig. 2(A3)), the average cell size drops to about
500 nm and the cell walls become much thinner than
that in Fig. 2(A2). The corresponding SAED pattern
(Fig. 2(B3)) shows small misorientations between the
adjacent DCs.

Formation of DCs in deformed structures is driven by
minimizing the total free energy of a high density of dislo-
cations when the level of dislocation density increases to a
certain value. Formation of equiaxal or elongated DCs in
Cu during plastic deformation is commonly seen [8,12],
and the sizes of these DCs are in the submicrometer range.

With a further decrease of depth, sharp sub-boundaries
with substantial misorientations were observed occasion-
ally (as in Fig. 2(A4) and (B4)). At a depth of 25 lm, the
sizes of subgrains with sharp boundaries decreased to
about 150 nm and misorientations between the subgrains
are further increased (Fig. 2(A5) and (B5)). The majority
of DCs and subgrains observed in this area are roughly
equiaxed, though some elongated cells are occasionally
observed. Because of the inhomogeneity of plastic defor-
mation, some DCs and deformation twins inside original
coarse grains are visible in this region; the latter will be
described in detail in Section 3.2.1. It is noted that DCs
with a size of <100 nm are seldom seen in TEM
observations.
3.1.2. SMAT-30 sample

Compared to sample SMAT-5, SMAT-30 has a much
thicker deformation layer. Above the deformation-free
matrix, the deformation layer from about 800 to 200 lm
deep is characterized by dislocation structures, which are
arranged in DCs with sizes ranging from 1 lm to 200 nm.
At a depth of 300 lm, well-developed DCs were formed
(Fig. 3(A1)), in contrast to high-density dislocations in
SMAT-5 at the same depth, across which obvious misori-
entations are noticed (Fig. 3(B1)). In the span from 200
to 25 lm, original grains were subdivided into submicro-
sized grains and/or subgrains, most of which have roughly
equiaxed shapes. As shown in Fig. 3(A2), most boundaries
are sharply delineated and the contrast across them is
small, i.e. these are typical images of sub-boundaries. The
existence of subgrains with small misorientations is also



Fig. 2. Typical TEM images (A) and the corresponding SAED patterns (B) showing the microstructures at different depths (from 300 up to 25 lm, as
indicated) from the topmost surface in SMAT-5 sample.

Fig. 3. Typical TEM images (A) and the corresponding SAED patterns (B) showing microstructures at different depths (from 300 up to 25 lm, as
indicated) from the topmost surface in SMAT-30 sample.
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confirmed by the corresponding SAED pattern (Fig. 3(B2))
in which scattered and elongated spots are shown. The mis-
orientations across the neighboring subgrains are about a
few degrees. It is noticed that some sub-boundaries have
not yet been well developed from the DC walls, across
which the misorientations are less than 1� (as indicated
by solid arrows).

With decreasing depth, the subgrain/grain size decreases
and the misorientation angle gradually increases, as shown
in Fig. 3(A3) and (A4) and (B3, B4). Fig. 4(a) shows a
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Fig. 4. Measured misorientations across adjacent refined grains in Fig. 3(A4) (a) and the corresponding statistical distribution of misorientations (b).
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sketch of microstructure in Fig. 3(A4) with measured mis-
orientation angles (marked with numbers) across grain
boundaries. Most boundaries with distinct contrasts are
found to be high-angle ones while sub-boundaries with
low-angle misorientations exist inside some refined grains.
The refined grains are further subdivided by the sub-
boundaries. Low- to high-angle boundaries are spatially
mixed throughout the microstructures due to the inhomo-
geneity of deformation, which is consistent with that in
Cu after severe plastic deformation [8]. The misorientation
angles distributed in a wide range from several to more
than 30�, characterized by a normal logarithmic distribu-
tion (with an average value of 16�), as seen in Fig. 4(b).

At a depth of about 25 lm (Fig. 3(A5)), well-developed
equiaxed grains sized about 100 nm are seen. The grain
boundaries are clearly visible with an obvious contrast.
The corresponding SAED pattern (Fig. 3(B5)) shows a
set of rings without obvious preferential orientations, indi-
cating the existence of highly misoriented grains. High-
density dislocations are still present inside the grains, as
is typical of microstructures developed by severe plastic
deformation [3].

Based on the microstructure observations described
above, a grain refinement mechanism via DCs in the
SMAT Cu (depth >�25 lm) might be summarized as fol-
lows. The refinement involves the formation of DCs in ori-
ginal grains, transformation of cell walls into subgrain
boundaries with small misorientations separating individ-
ual sub-grains, and evolution of sub-boundaries into highly
misoriented grain boundaries (GB sharpening). This grain
refinement process is continuous with increasing strain, in
which dislocation activities dominate the process.

3.1.3. Variation of grain (or cell) size with depth

(depth >25 lm)

From a large number of TEM images of both samples,
the sizes of grains, subgrains and DCs were measured as
a function of depth from the topmost treated surface, as
plotted in Fig. 5. For SMAT-5, DCs were formed from
depths of 200 up to 25 lm and a mixture of subgrains
and grains was obtained in the 50–25 lm zone. For
SMAT-30, DCs exist from depths of 800 to 200 lm, and
refined grains and subgrains were observed in from 200
to 25 lm. For both samples, a decreasing trend is noticed
for the grain/cell size with a reduction of depth, indicating
that the grain refinement proceeds continuously with an
increasing strain.

Compared to SMAT-5, the spans of both DCs and
grains are much larger in SMAT-30. At the same depth,
the sizes of DCs and grains in SMAT-30 are much less than
those in SMAT-5, and the boundaries are better developed
in SMAT-30. With a decrease in depth, the size difference
between the two samples diminishes. At a depth of
25 lm, the average size of grains/DCs in SMAT-5 is about
160 nm, while the mean grain size in SMAT-30 is
about 100 nm, as shown in Fig. 5(b). The grain size of
about 100 nm is coincident with the steady-state size of
refined grains when bulk Cu samples are processed by
means of severe plastic deformation such as ECAP, HPT,
repeated cold-rolling or multiple compressions [6,8,12].

In terms of the grain refinement mechanism, it is possi-
ble to locate the origin of the steady-state grain size
induced by continuing plastic straining. It is known that
formation of dislocation cells minimizes total strain energy.
With an increasing plastic strain and a concurrent increase
in dislocation density, DC size decreases. An empirical
relationship between the cell size (dDC) and the applied
shear stress (s) has been found [26]:

dDC ¼
KGb

s
ð1Þ

where K is a constant with a value close to 10, G is the shear
modulus and b is Burgers vector. This relation applies to
the materials in which the applied shear stress is well in ex-
cess of the friction stress. It is apparent that with an incre-
ment of the applied shear stress, the cell size decreases,
consistent with our experimental observations.

A limiting size of DCs can be estimated when a maxi-
mum shear stress is applied. Taking the maximum shear
stress as G/30, a minimum cell size of d�DC ¼ 300b is
obtained; hence, DCs may not be smaller in size than this
value. In other words, formation of DCs smaller than
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d�DC would require a shear stress even larger than the max-
imum shear stress, which is unrealistic. For Cu, d�DC is
about 90 nm, which is consistent with the experimental
observations reported in the literature. It was found that
when drawing Cu wire the size of DCs decreases with an
increasing drawing strain, tending to a saturation value
of about 100 nm [27].

As discussed earlier, the eventual refined grains originate
from the DCs formed in the early stage of plastic deforma-
tion. Therefore, the DC size limit will naturally be the limit
of grain size obtainable via this grain refinement mecha-
nism. The minimum grain size we obtained is about
100 nm in this deformation layer (thickness >25 lm) in
the SMAT Cu samples, which agrees well with the pre-
dicted grain size limit (�90 nm).

3.2. Grain refinement via mechanical twinning

(depth <25 lm)

3.2.1. SMAT-5 sample

Typical cross-sectional TEM images at different depths
in the top surface layer (depth <�25 lm) of sample
SMAT-5 are shown in Fig. 6, in which multiple mechanical
twins within coarse grains are evident. The mechanical twin
density (or the twin/matrix lamella thickness) varies from
grain to grain due to different crystallographic orientations
of the grains. From a large number of TEM observations,
we noticed a general trend that with a decrease of depth,
the twin density increases substantially. In the top layer,
thicknesses of both twin and matrix are remarkably
refined, down to as small as a few nanometers (as shown
in Fig. 6(c)).
The lengths of twins are about several hundred nanome-
ters. Within a coarse grain, multiple twins are formed,
which may initiate from stress concentrations at grain
boundaries or junctions. Unlike SMAT 304 stainless steel
[24], no twin–twin intersection was found in the present
sample. Apparently, formation of these high-density nano-
sized twins introduced a large number of twin boundaries
(TBs) subdividing the original coarse grains into lamellar
nanocrystallites with special crystallographic orientations.

A close observation of the nano-sized mechanical twins
is shown in Fig. 7. The corresponding SAED pattern shows
a superposition of two Æ01 1æ diffraction patterns which are
symmetrical to each other with respect to the {111} plane,
indicating that the lamellar structure observed consists of
alternate stacks of twins and matrix. Therefore, we referred
as this structure to twin–matrix (T–M) lamellae. Fig. 7(c) is
a high-resolution electron microscope (HREM) image of
the outlined region in Fig. 7(a), which shows clearly the
T–M lamellar structure. Dislocations and steps are seen
at TBs, and are typical characteristics of mechanical twins,
in contrast to annealing twins or growth twins in which the
TBs are almost dislocation-free [28].

Dislocations are observed inside twins and matrix as
well, but dislocation cell structures could not be identified
in this regime. Dislocation arrays or walls are formed inside
some T–M lamellae, as seen in Fig. 8. The dislocation walls
are perpendicular to the TBs with a spacing of several tens
of nanometers. At the intersection of TBs and dislocation
walls, an obvious change in orientation of the TB is identi-
fied. Therefore, the TBs become curved.

Formation of multiple twins is quite common in the
deformation process of materials with medium to low



Fig. 6. Typical TEM images showing T–M lamella structures at different depths from the topmost surface in SMAT-5 sample: (a) 25 lm deep, (b) 10 lm
deep and (c) the very top surface.

Fig. 7. HREM images (a and c) and a corresponding SAED pattern (b) of the T–M lamella structure in the top surface layer of SMAT-5 sample.
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SFEs, especially at high strain rates and/or low tempera-
tures as dislocation slips are effectively suppressed. In
face-centred cubic (fcc) metals, the tendency to substitute
twinning for slip is more sensitive to the strain rate [29].
For example, nanosized thick mechanical twins are
frequently formed in the Cu samples processed by shock-
loading [30], ball milling [16] and dynamic plastic deforma-
tion [31]. During the SMAT process, the topmost surface
layer is deformed at high strain rates (estimated to be as
high as 102–103 s�1), hence twinning would be effectively
activated and numerous nanosized thick twins formed in
the top surface layer.

3.2.2. SMAT-30 sample
In the 0–25 lm thick surface layer in sample SMAT-30,

average grain sizes are found to decrease gradually from
about 100 nm (at �25 lm deep) to about 10 nm (topmost
layer).

In the layer close to �25 lm deep, high-density disloca-
tions are observed in the submicron-sized grains, and mul-
tiple mechanical twins appeared inside many grains of
about 100 nm or less in size, as shown in Fig. 9. In each
grain, twin boundaries are parallel to each other and they
subdivide the grain into a thin T–M lamellar structure, of
which the thickness varies from several to several tens of
nanometers. The lengths of the twins, about 100 nm or less,
are comparable to the grain size. Dislocations are still vis-
ible in the lamellar nanostructures.

More twins were observed with a decrease of thickness
owing to an increased strain rate and plastic strain. It is
interesting to note that inside the T–M lamellae, high-
density dislocations exist and the two-dimensional (2D)



Fig. 8. A TEM image showing dislocation arrays (as indicated by arrows)
in the T–M lamellae in SMAT-5 sample (close to the topmost surface).

Fig. 9. A typical TEM image showing formation of multiple twins inside
various refined (submicron-sized) grains at a depth of about 20 lm in
SMAT-30 sample.

Fig. 10. A TEM image showing formation of dislocation walls (as
indicated by arrows) inside twin lamellae in SMAT-30 sample.
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lamellae are further refined by dislocation arrays or walls.
As shown in Fig. 10, several dislocation walls (as marked
with arrows), roughly perpendicular to the twin bound-
aries, are formed in the lamellae. This scenic was very likely
developed from dislocation arrays (as seen in Fig. 8) by
accumulating more dislocations in the lamellae. The spac-
ing between dislocation walls varies from lamella to
lamella, and is several tens of nanometers. These disloca-
tion walls are eventually developed into sub-boundaries
and boundaries accompanied by increasing misorienta-
tions, dividing the 2D lamellae into 3D equiaxed nanosized
structures. High-density dislocations were still observable
inside about 50 nm grains.

Formation of randomly orientated nanosized grains
from ‘‘cutting’’ 2D T–M lamellae by perpendicular disloca-
tion walls can also be evidenced by a close analysis of
the orientation relationship between adjacent grains.
Fig. 11(a) and (b) shows typical bright- and dark-field
TEM images of nanostructures in the top surface layer.
From the images, one can see that roughly equiaxed nano-
crystallites were formed and they seem to be arranged in
parallel arrays in feature. The corresponding SAED pat-
tern from a large area (Fig. 11(c)) showed elongated spots,
indicative of rather large misorientations (roughly ran-
dom). However, the nanobeam diffraction (NBD) pattern
(Fig. 11(d)) of some adjacent grains indicated fcc twin rela-
tions between them. This indicated clearly that in a
relatively large area with many nanograins, random orien-
tations are seen, while the neighbouring nanograins still
remain, to some extent, preferential orientations of original
T–M lamellae. This finding provides a strong evidence to
support the argument that the nanocrystallites originate
from ‘‘cutting’’ nanometer-thick T–M lamellae by disloca-
tion activities.

Equiaxed nanocrystallites with random orientations
were observed close to the top surface. Fig. 12 shows a typ-
ical TEM image from a depth of several micrometers. The
microstructure is characterized by nanometer-sized, equi-
axed grains. The corresponding SAED pattern (identified



Fig. 11. TEM observations of the microstructure very close to the topmost surface in SMAT-30 sample showing nanocrystallites derived from T–M
structures: (a) bright-field image, (b) dark-field image, (c) a SAED corresponding to the large circle in (a), and (d) the micro-area electron diffraction
pattern corresponding to the small circle in (a).

Fig. 12. (a) Bright-field image, (b) dark-field image, (c) HREM images and (d) the corresponding SAED of the topmost surface layer structure in SMAT-
30 sample.
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as fcc polycrystalline Cu) shows fairly uniform rings, indi-
cating a continuous and wide distribution of misorienta-
tions among the nanograins. The average grain size
obtained from the dark-field images is about 10 nm. A
close observation of the nanostructure in the top surface
layer was also performed under HREM, as shown in
Fig. 12(c). The nanosized crystallites with different misori-
entations could be clearly identified.

It should be noted that in the topmost layer of a few
micrometers thick, some of the contaminations introduced
during the SMAT processing (such as iron and oxygen)
could not be excluded, although no other phase has been
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identified from the electron diffraction except pure fcc Cu.
The extremely fine grains (�10 nm) might be stabilized by
the contaminations.

Unlike the grain refinement process via DCs in the sub-
surface layer, twinning plays an important role in grain
refinement in the top surface layer at high strain rates.
High-density mechanical twins induce numerous TBs to
subdivide the original grains into special oriented lamellar
nanostructures. Strain-induced dislocation walls further
subdivide lamellar nanostructures into equiaxed nanostruc-
tures. Apparently, the boundaries of these equiaxed struc-
tures consist of twin boundaries and dislocation
boundaries. As numerous dislocations accumulate and
annihilate at these boundaries, they developed into ran-
domly oriented, large-angle boundaries. Such a grain
refinement process involving the interactions of strain-
induced twins and dislocations has been found in the
SMAT Ni-based alloy [23,32]. The average size of obtained
grains is obviously dependent upon the thickness of T–M
lamellae. When deformed at high strains and strain rates,
the thickness of T–M lamellae is as small as several nano-
meters, as seen in Fig. 7. For deformed Cu, the average size
of grains refined via mechanical twins is usually in the
nanometer range, i.e. much smaller than the size of grains
refined via DCs (submicrometer scale).

3.2.3. Variations of grain size and T–M lamellae thickness

with depth (<25 lm)

The average grain sizes and T–M lamella thickness
determined from TEM observations as a function of depth
(<25 lm) in SMAT-5 and SMAT-30 samples are summa-
rized in Fig. 13. For SMAT-5, mechanical twins were
formed in the range of 0–25 lm deep and the average thick-
ness of T–M lamellae decreased from a few hundred to sev-
eral nanometers with decreasing depth. The average
lamella thickness tends to about 10 nm in the top surface
(as shown in Fig. 13(b)).

In SMAT-30, mixtures of nanosized grains and nanome-
ter-thick T–M lamellae were obtained in the region of from
25 up to 20 lm deep. In the top layer with depth <15 lm,
only equiaxed nanograins were detected. Both the T–M
lamella thickness and the grain size decrease gradually with
a reduction of depth. The average size of nanocrystallites in
the top surface is about 10 nm for the SMAT-30 sample, as
indicated in Fig. 13(b).

It is interesting to note that the minimum T–M lamellar
thickness in SMAT-5 is comparable to the minimum grain
size in SMAT-30 in the very top surface layer, both being
about 10 nm. This coincidence provides further evidence
to support the proposed refinement mechanism that the
equiaxed nanocrystallites result from the ‘‘cutting’’ of
nanometer-thick T–M lamellae by dislocation activities.

4. Conclusions

Plastic strain-induced grain refinement in Cu closely
relates to its deformation modes. In the SMAT Cu samples
studied, we identified two different strain-induced grain
refinement mechanisms corresponding to different levels
of strain rate.

In the subsurface layer (thickness >25 lm) of the SMAT
Cu samples, where strain rate is low and the plastic defor-
mation is dominated by dislocation activities, submicron-
sized grains were obtained via formation and development
of dislocation cells. The minimum size of the refined grain
is approximately 100 nm. The grain refinement process
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involves formation of DCs in original grains, transforma-
tion of DC walls into sub-boundaries with small misorien-
tations separating the initial grains into individual
subgrains, and evolution of sub-boundaries into highly
misoriented grain boundaries.

In the top surface layer (thickness <25 lm) of the
SMAT Cu samples, strain rates are much elevated so that
deformation twinning plays an important role in plastic
deformation. The grain refinement process includes: (i) for-
mation of high-density, nanometer-thick twins dividing the
original coarse grains into T–M lamellae; (ii) development
of dislocation walls that further subdivide the T–M lamel-
lae into equiaxed nanosized blocks; and (iii) evolution of
these preferentially oriented blocks into randomly oriented
nanosized grains. The minimum size of refined grains is
about 10 nm.

This study clearly demonstrates that strain rate plays a
critical role in the plastic strain-induced grain refinement
processes and in the minimum grain size obtainable via
plastic deformation.
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