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Mechanical properties of nanostructured (NS) materials are significantly affected by both grain size and
twin density, and the twin density has a close relationship with the grain size. Therefore, it is funda-
mentally important to understand the influence of grain size on the density of deformation twins in
NS materials. In this study, we selected Cu–30%Zn alloy as a model material to study this phenomenon,
because it has low stacking fault energy of 7 mJ m−2 and twinning is its dominant deformation mech-
anism. High-pressure torsion (HPT), equal channel pressing (ECAP) and ECAP followed by rolling were
anostructured Cu–30%Zn alloy
evere plastic deformation
rain size
eformation twin

used to achieve a wide range of grain size from about 3 �m to 70 nm. It is found that, with decreasing
grain size, the average distance between deformation twins decreases gradually from 177 nm to 24 nm,
while the density of deformation twins (the length of twin boundary in unit area) exhibit a maximum
value at ECAP + 95% rolling sample with average grain size of 110 nm. Careful statistics analysis reveals
two optimum grain size ranges 60–80 nm and 40–50 nm for maximum twin density values for ECAP + 95%
rolling and HPT Cu–30%Zn samples, respectively. The underlying mechanisms governing the influence of

discu
grain size on twinning is

. Introduction

Twinning in nanostructured (NS) metals and alloys has attracted
xtensive interest because both pre-existed twin boundaries (TBs)
nd deformation twinning have been demonstrated to improve
he ductility of bulk NS materials [1–4]. In addition, deformation
winning has also been reported as one of the important defor-

ation mechanisms of bulk NS materials [5–7]. The high-density
re-existing TBs improve the poor ductility of bulk NS materi-
ls by increasing both strain hardening and strain-rate sensitivity
8–9]. The strain hardening increase has resulted from the inter-
ction between the TBs and dislocations as the TBs gradually lose
oherency during plastic deformation [10]. In addition to enhancing
train hardening rate, the deformation twinning itself also facili-

ates some plastic strain [3–4].

From the above discussion, it is clearly important to engineer
igh density of TBs into NS grains for good mechanical proper-
ies. A careful inspection of the related literature indicates that
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the propensity of deformation twinning in metals and alloys is
affected by the following factors: the stacking faults energy (SFE),
deformation strain rate and temperature, and grain size [10–17].
It is widely known that metals and alloys with a low SFE readily
deform via twinning [10]. High strain rates and low temperatures
also facilitate twinning in the face-centered cubic (fcc) metals such
as Cu and Ni, which do not typically deform by twinning under nor-
mal deformation conditions due to their relatively high SFE values
[11,12]. Grain size is an essential factor that affects the formation
of deformation twins in metals and alloys. It has been extensively
reported in the literature that larger grain sizes are more favorable
to twin nucleation for conventional coarse-grained (CG) materials
[6,13,15,18].

The influence of grain dimensions on twinning may be rational-
ized as follows. At room temperature, both the critical stresses �
for dislocation slip and twinning follow a Hall–Petch-type (H–P)
behavior, � = �0 + kd˛, where d is grain size, �0 and k are grain size

independent constants and ˛ is an exponent typically equal to 0.5.
For many CG metals and alloys, the H–P slope for deformation-
twinning-mediated plasticity (kDT) is much larger (up to 10 times)
than that for dislocation slip (kDS) [19–20]. This makes disloca-
tion slip the preferred plastic deformation mode when d is smaller

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:lavernia@ucdavis.edu
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Fig. 1. (a) Schematical representation of the twin ribbon and m

han a certain value [21]. However, when the grain size is fur-
her refined down to nanometer regions (for example smaller than
0 nm), deformation twinning has been frequently observed even

n materials with medium to high stacking fault energies such as
opper and nickel, and therefore was treated as one of the major
lastic deformation mechanisms of NS materials [22–25]. System-
tic high-resolution transmission electron microscopy revealed
hat the deformation twinning of nanostructured materials was

ormed by Shockley partial dislocation emissions from grain bound-
ries [26,27]. More recent study indicates that further decreasing
he grain size of nanostructured materials impedes twinning (i.e.
nverse grain size effect), which was explained using generalized

ig. 2. TEM images showing the typical morphology and twin characteristics of the (a) E
he inset in (a) is the corresponding selected area electron diffraction (SAED) pattern ver
in a grain. (b) Schematic of counting method of twin density.

planar fault energies and grain-size effect on partial emissions
[16].

In this work, to systematically study the grain size effect on
the characteristics of deformation twinning, we selected Cu–30%Zn
(wt% except as noted) alloy as our model material, because it read-
ily forms twins due to its low SFE (7 mJ m−2) [28]. Three processing
methods, equal channel pressing (ECAP), ECAP followed by rolling,
and high-pressure torsion (HPT), were used to produce grains wide

ranges of sizes. The grain size and twin characteristics, including
widths of twin and matrix plates, and twin density (entire length
of TB in unit area) were systematically studied using transmission
electron microscopy (TEM).

CAP, (b) ECAP + 75% rolling, (c) ECAP + 95% rolling, and (d) HPT Cu–30%Zn samples.
ifying the existence of twins.
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Table 1
Lists of average grain size, twin width, matrix width and twin density of the ECAP, ECAP + 75% rolling and ECAP + 95% rolling, and HPT samples.

Samples Grain size (nm) Twin width (nm) Matrix width (nm) Twin density (106 m−1)

2

r
a
w
p
w
t
1
u
1
i
w
E
t
t

b
t
n
6
s

ECAP 3000 90
ECAP + 75% rolling 355 17
ECAP + 95% rolling 110 12
HPT 70 11

. Experimental

Commercial pure Cu–30%Zn alloy was received in the form of
ods with a diameter of 10 mm. Disks with a diameter of 10 mm
nd a thickness of 0.8 mm, prepared from the as-received rods,
ere placed between two anvils and HPT processed at room tem-
erature under an imposed pressure of 6 GPa for five rotations
ith a rotation speed of 1 rpm; details can be found in [29]. In

he case of ECAP, the as-received rods were annealed at 600 ◦C for
h, and then ECAP-processed at 220◦ for 3 passes by Bc route [30]
sing a die with a channel angle of 90◦ to give a strain of about
on each pass [31]. The as-processed rods were then sectioned

nto plates and cold rolled at room temperature into thin plates
ith thickness reductions of 75% and 95% (designated samples

CAP + 75% rolling and ECAP + 95% rolling thereinafter), respec-
ively. The rolling direction is parallel to the longitudinal axis of
he rod.

TEM specimens were prepared by mechanically grinding the
ulk materials to a thickness <30 �m, then dimpling from both sides

o a thickness of approximately 10 �m. Further thinning to a thick-
ess of electron transparency was carried out using a Gatan PIPS
91 ion milling system at a voltage of 4 kV. Morphology images and
elected-area electron diffraction (SAED) patterns of the samples

Fig. 3. Grain size histogram of the (a) ECAP, (b) ECAP + 75% rolli
177 3.5
32 6.9
24 11.2
31 8.3

were taken on a Philips CM12 transmission electron microscope at
a voltage of 100 kV.

The widths of the twin and matrix are two parameters that can
be used to characterize twin structures in a metal, as noted by Xiao
et al. [32]. In their work, the widths of twin and matrix were mea-
sured from dark field images attained by selecting a diffraction spot
that originated from the twin structure using an objective aperture.
However, this method could not be applied to the present ECAP+
rolling and HPT samples because their grain sizes are too small to
obtain an SAED pattern for an individual grain; in fact the diffraction
spots corresponding to the twin and matrix were not quite clear,
either. In the present study, we define the width of the matrix is
larger than the width of the twin, as shown schematically in Fig. 1a.
We also define the twin density as the TB length in unit area. As
shown in Fig. 1b, one twin ribbon will get two times length counted
because it has two TBs. We calculated the overall length of the TBs
from more than 20 TEM images with observation field of several
�ms, and then divided the length by the overall TEM image area.
Note that different twin density values for the same twin structure

may be obtained when the twin is observed under TEM from differ-
ent orientations. However, statistically, the measured twin density
can still reveal the trend of twin density evolution with decreasing
grain size.

ng, (c) ECAP + 95% rolling and (d) HPT Cu–30%Zn samples.
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Fig. 4. Matrix and twin plate width histogram of (a) ECAP, (b) EC

. Results

The TEM images shown in Fig. 2 illustrate the typical microstruc-
ures including grain size and twin characteristics of the samples:
a) ECAP, (b) ECAP + 75% rolling, (c) ECAP + 95% rolling, and (d) HPT.
t is readily seen from the TEM images that the twin morphology in
he ECAP sample is lamellar, with a length about 3 �m. The inserted
elected area electron diffraction (SAED) pattern in Fig. 2a verified
he existence of the twin. Rolling process gradually refined the grain
ize and broke the long twin ribbons (as shown in Fig. 2b and c).

t is evident that the twin frequency appeared in the ECAP + 95%
olling sample is larger than that in the ECAP + 75% rolling sample
ue to larger plastic strain. Fig. 2d reveals a TEM image of the HPT
amples, which the smallest grain size among the four samples has
tudied herein. The twin frequency is also very high: almost every
% rolling, (c) ECAP + 95% rolling, and (d) HPT Cu–30%Zn samples.

grain contains one or multiple twins. Noteworthy is the fact that
a significant proportion of the grains in the HPT sample contain a
single twin.

To provide quantitative insight into the influence of process
route on grain size and twin formation, we performed careful sta-
tistical analyses on the TEM images, and the results are summarized
in Table 1 and Figs. 3–7. We counted about 100 grains for the ECAP
sample and more than 200 grains for the other three samples to
obtain grain size distributions, as shown in Fig. 3. The average grain
size D is 3 �m, 355 nm, 110 nm and 70 nm for the ECAP, ECAP + 75%

rolling, ECAP + 95% rolling and HPT samples, respectively.

Fig. 4a–d shows the histograms corresponding to the widths of
the twin and matrix for the four samples, from which the average
values can be determined and listed in Table 1 as well as shown
in Fig. 5. There are two trends worth noting. First, the width of



3946 Y. Li et al. / Materials Science and Engineering A 527 (2010) 3942–3948

Fig. 5. Twin plate and matrix widths as well as their average values versus grain size (3 �m of sample initial ECAP, 355 nm of sample ECAP + 75% rolling, 110 nm of sample
ECAP + 95% rolling, and 70 nm of sample HPT). The inset is a partially magnified image from the area that is indicated by arrow.

F in the same sample (received from same process method) for (a) ECAP + 75% rolling, (b)
E
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ig. 6. The twin and matrix plate width fluctuation curve with different grain size
CAP + 95% rolling, and (c) HPT Cu–30%Zn samples.

he matrix is almost twice as large as that of the twin for all four
aterials. Second, the average widths of the twin/matrix decreased

rom 90 nm/177 nm to 12 nm/24 nm when the grain size decreased
rom 3 �m to 110 nm. The average width saturated when the grain
ize further reduced to about 70 nm. To further verify the above
ependence of twin width on grain size, we measured the twin
idths in ten grains with different sizes from a single TEM specimen

or the ECAP and ECAP + rolling samples, and the results are shown
n Fig. 6. One can see that the twin width decreases as the grain size
ecreases in the same sample.

Fig. 7 shows the influence of grain size on twin density. One
an see that with decreasing grain size, the twin density increases
rom 3.5 × 106 m−1 (3 �m) to 11.2 × 106 m−1 (110 nm), and drops
own to 8.3 × 106 m−1 at a grain size of about 70 nm. This result

ndicates that rolling process gradually increases the twin density.

owever, the HPT sample has a lower twin density in comparison
ith the ECAP + 95% rolling sample but is higher than ECAP + 75%

olling sample. The ECAP sample exhibited the lowest twin density
ue to large twin width. Further rolling introduced more deforma- Fig. 7. The twin density against the average grain size for the four different samples.
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Fig. 8. The variations of twin density versus grain size for (a) ECA

ion twins and therefore increased the twin density. Since many
rains in HPT sample only have one or two twin plates, the amount
f twin in one grain is smaller than that in the ECAP + 95% rolling
amples. Therefore, the twin density in the HPT sample is lower
han that in the ECAP + 95% rolling sample.

To further verify the maximum value of twin density, we mea-
ured the twin density in the grains with different sizes in a single
EM specimen for the ECAP + 75% rolling, ECAP + 95% rolling, and
PT samples. We checked more than 30 grains for each grain size

ange, such as from 60 nm to 80 nm for the ECAP + 95% rolling sam-
le. A mean value was used to represent the grain size range in
he statistical curves, for example, 70 nm was used to represent a
rain size range of 60–80 nm. As shown in Fig. 8a, the twin den-
ity decreases with increasing grain size for the ECAP + 75% rolling
ample. From Fig. 8b and c, we can see the twin density has a max-
mum value at 60–80 nm and 40–50 nm for ECAP + 95% rolling and
PT samples. These results indicate that the maximum twin den-

ity exists in a sample with grains in a certain size range, and it is
ndependent of process conditions.

. Discussion

As discussed in the introduction, when the grain size is refined
o nanometer region (ultrafine grain region for Cu–30%Zn alloy),
he twinning mechanisms operating in CG materials (e.g., the pole

echanism [33]) will be replaced by twinning via partial dislo-
ation emission. In our previous study, we have verified that for
u–10 wt.%Zn alloy with a stacking fault energy of 22 mJ m−2 [28],
he critical grain size for partial emission can be larger than 120 nm
34]. As reported recently, partial dislocation emission from grain
oundaries could also become a deformation mechanism in fcc
etal with grain size range 100–500 nm during SPD [35]. So in our

ase, twinning by partial dislocation emission is also expected to
ccur in the ultrafine grained ECAP + 75% rolling Cu–30%Zn sam-
le with a much larger average grain size because (1) Cu–30%Zn
lloy has a much lower SFE (7 mJ m−2) than Cu–10%Zn alloy, and
2) lowering SFE can increase the critical grain size for partial emis-
ion from grain boundaries. The newly formed twinning via partial
mission by cold rolling further decreases the twin and matrix
idths resulting in a decreasing twin width and increased twin
ensity versus decreasing grain size.

Our results also indicate that there exists an optimum grain
ize for obtaining the highest twin density. That is, the twin den-
ity decreases again when the grain is refined beyond a critical
ize. The decreased twin density might be caused by the following

easons. First, it has been revealed that twin boundaries could be
radually transformed into normal high-angle grain boundaries by
ccumulation of dislocations at the TBs [36]. Second, de-twinning
henomena has been observed by in situ high-resolution transmis-
ion electron microscopy and molecular dynamic simulation in Cu
% rolling, (b) ECAP + 95% rolling, and (c) HPT Cu–30%Zn samples.

films [37]. Third, the reported inverse grain size effect on twinning
makes it more difficult to form twins in grains smaller than a crit-
ical size [16]. Higher stress is required to emit partials in smaller
grains [38]. This means below a certain critical grain size, the critical
stress required for emitting a twinning partial may become higher
than the applied resolved shear stress, which makes the twinning
more difficult. In addition, grain boundary sliding or grain rotation
may become activated when the grain size become smaller, which
releases the applied stress [7,39–41]. As discussed in the introduc-
tion part, the pre-existing twins not only enhanced the strength,
but also stabilized the premature localized necking by increasing
strain hardening rate and strain-rate sensitivity of bulk nanostruc-
tured materials. Therefore, our results on the optimum grain size
for obtaining the highest twin density will provide guidance for
designing nanostructured materials with both high strength and
good ductility, that is, optimize strength and ductility by tailoring
the optimum grain size with the highest twin density [42].

5. Conclusions

We have used different SPD methods to prepare bulk Cu–30%Zn
alloys with an average grain size ranging from 70 nm to 3 �m. By
TEM and statistical analysis, we found that:

1. The twin and matrix widths decrease with decreasing grain size.
2. The twin density increases with decreasing grain size and

reaches a maximum value at a critical grain size. The optimum
grain size for highest twin density is largely independent of pro-
cessing conditions.

3. Below the critical grain size, twin density decreases when the
grain size decreases further. This could be caused by the con-
version of the twin boundary into grain boundary, detwinning
process and the inverse size effect on deformation twinning.
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