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bstract

Bulk ultrafine-grained (UFG) materials produced by severe plastic deformation (SPD) often have low ductility. A previous study demonstrated
he possibility of lowering the stacking fault energy to simultaneously increase the strength and ductility. This paper demonstrates, there exists
n optimal stacking fault energy for the best ductility in UFG Cu–Zn alloys processed by the same SPD processing. When the stacking fault

nergy is too low, the grain size lies below 15 nm after SPD processing and the stacking faults are saturated so that it is difficult to accumulate
islocations and deformation twins during the subsequent tensile testing. These results provide significant guidance for the future design of UFG
nd nanocrystalline alloys for achieving high ductilities.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Ultrafine-grained (UFG) materials produced by severe plastic
eformation (SPD) usually have high strength but disappoint-
ngly low ductility [1–7]. In practice, the low ductility of UFG

aterials severely limits their practical utility. Therefore, in
ecent years much attention has been devoted to developing
trategies for improving the poor ductility of UFG materials
3,6–18]. The low ductility of UFG materials is attributed to the
ack of strain hardening caused by their inability to accumulate

islocations because of their small grain sizes and saturation of
islocations [1,5,15–17]. By lowering the stacking fault energy
f a copper alloy, it was reported recently that both disloca-
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ion accumulation and twin accumulation could be activated to
mprove the work hardening rate and consequently to increase
he ductility while simultaneously improving the strength [16].
his raises a question: will the ductility continue to increase
ith decreasing stacking fault energy? Alternatively, is there

n optimum stacking fault energy that yields the best ductil-
ty?

The objective of this study was to systematically investigate
he effect of stacking fault energy on the ductility of ultrafine-
rained/nanostructured Cu–Zn alloys. The investigation was
onducted using Cu, a Cu–10 wt.% Zn alloy and a Cu–30 wt.%
n alloy. The stacking fault energies of these materials are about
1 mJ/m2, 22 mJ/m2 and 7 mJ/m2, respectively [19]. It is shown
hat the Cu–10 wt.% Zn exhibits the highest ductility, thereby

uggesting there is an optimum stacking fault energy that yields
he best ductility.

It is a special pleasure to present this paper within a
ymposium honoring Prof. Carl Koch. Over a long and
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the cross-sectional direction of the HPT + cold-rolling sam-
ples.
ig. 1. Schematic representation showing cutting position of a tensile specimen
rom a UFG ribbon processed by HPT and cold rolling. The thickness of the
ensile specimen was polished to 0.15 mm after cutting.

istinguished career, Carl has made many very significant
ontributions to our understanding of the processing, struc-
ures and properties of materials with nanocrystalline grain
izes.

. Experimental materials and procedures

.1. Sample preparation

Commercial copper (99.9%) and Cu–30 wt.% Zn alloy were
urchased in the form of rods with a diameter of 10 mm and
he Cu–10 wt.% Zn was purchased in the form of plates with a
hickness of 6 mm. These materials were sliced into disks with
hicknesses of 0.8 mm and diameters of 10 mm for processing by
igh-pressure torsion (HPT) [20,21]. The HPT was performed
sing a conventional facility in which the sample, in the form
f a disk, is placed between a stationary upper and a rotational
ower Bridgman anvil. Each disk was subjected to a total of
ve revolutions at room temperature using a rotation speed of
rpm with an imposed pressure of 6 GPa. The HPT-processed

amples were then cold-rolled into thin ribbons with thicknesses
f ∼200 �m. The total thickness reduction for these samples was
75% after multiple rolling passes with a thickness reduction

f ∼10% imposed in each pass.

.2. Tensile testing

Tensile specimens were cut from the ribbons to have gauge
engths of 10 mm and widths of 1 mm as shown in Fig. 1 and
hey were then polished to a thickness of 0.15 mm. Uniaxial
ensile tests were performed at room temperature using a Shi-
azu Universal Tester with an initial quasi-static strain rate of
.7 × 10−4 s−1. Five specimens were used for each condition to
btain consistent stress–strain curves.

able 1
ists of the yield strength (σ0.2), uniform elongation (εu) (before necking) and
longation to failure (εe) of the HPT + cold-rolling processed Cu, Cu–10 wt.%
n and Cu–30 wt.% Zn samples

Samples

Cu (99.9%) Cu–10 wt.% Zn Cu–30 wt.% Zn

0.2 (MPa) 420 580 690

u (%) 2.2 3.8 3.2

e (nm) 5.1 7.1 4.7

F
C
u
n
c
b
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.3. X-ray diffraction (XRD) measurements

Quantitative XRD measurements of the HPT + cold-rolling
amples were performed on a Scintag X-ray diffractometer
quipped with a Cu target operating at 1.8 kW and a graphite
urved single-crystal 〈0 0 0 2〉 monochromator in order to select
he Cu K� radiation at the goniometer receiving slit section.
he divergence and anti-scattering slits were chosen to be 0.5◦
nd 0.5◦, respectively, and the receiving slit had a width of
.3 mm. The θ–2θ scans were performed to record the XRD
atterns at room temperature. Pure Al powder (99.999%) was
nnealed at 200 ◦C in Ar and used as an XRD peak-broadening
eference for the grain size and microstrain calculations. The
eak parameters (peak intensity, peak-maximum position, full
idth at half maximum and integral breadth) were deter-
ined by fitting a Pearson VII function to the measured peaks.
he XRD results were averaged from the whole ribbon sam-
les and they represent the microstructural information along
ig. 2. (a) Tensile engineering and true stress–strain curves of the UFG Cu,
u–10 wt.% Zn alloy, and Cu–30 wt.% Zn alloy. The open squares mark the
niform elongations and the open circles mark σ0.2. (b) And the inset show the
ormalized work hardening rate, Θ, against the true stress. The true stress–strain
urves and the Θ curves are calculated from the engineering stress–strain curves
y assuming a uniform deformation.
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.4. Transmission electron microscopy (TEM)

The TEM was performed using an FEI Tecnai F30 micro-
cope operating at 300 kV. Specimens for TEM were taken from
location corresponding to the gauge section of the tensile spec-

men. They were prepared by mechanical grinding to a thickness
f about 10 �m and then further thinning to a thickness of elec-
ron transparency using a Gatan Dual Ion Milling System with
n Ar+ accelerating voltage of 4 kV and liquid nitrogen to cool
he specimen.

. Experimental results

.1. Mechanical properties
Fig. 2 shows the tensile mechanical behavior of the UFG
u, Cu–10 wt.% Zn, and Cu–30 wt.% Zn samples. As shown

n Fig. 2a, the yield strength and the ultimate strength increase
ith decreasing stacking fault energy from Cu to Cu–10 wt.%

2
l
a
s

ig. 3. Typical bright-field TEM images from the gauge sections of tensile samples (H
u–30 wt.% Zn before tensile tests.
ngineering A 493 (2008) 123–129 125

n to Cu–30 wt.% Zn (increasing Zn content in the alloy). How-
ver, the uniform elongation and the total elongation to failure
rst increase with decreasing stacking fault energy and then
ecrease, such that the Cu–10 wt.% Zn alloy exhibits the high-
st ductility. These results demonstrate there is an optimum
tacking fault energy that yields the highest ductility. For con-
enience, the mechanical properties of these samples are listed
n Table 1.

Fig. 2b shows the normalized strain hardening rate against the
rue plastic strain or the true stress (insert). It is obvious that the
u–10 wt.% Zn alloy sample has a higher strain hardening rate

han the UFG Cu sample at true plastic strains large than 2.5%
nd this provides an explanation for the higher ductility. The
FG Cu–30 wt.% Zn alloy sample has the highest normalized

train hardening rate when the true plastic strain is smaller than

.5% but its ductility is the lowest. When the true plastic strain is
arger than 2.5%, the strain hardening rate of the Cu–30 wt.% Zn
lloy sample decreases below that of the Cu–10 wt.% Zn alloy
ample. The strain hardening rate behavior of the Cu–30 wt.%

PT + cold-rolling) of (a) the UFG Cu, (b) Cu–10 wt.% Zn sample [22] and (c)



1 and Engineering A 493 (2008) 123–129

Z
s

3

C
t
t
A
i
C
(
a
t
(
a
p
d

t
t
t
A
t
t
s
t
s
l
t
F
t
a
v
g
w
i
s
r

t
s
e
t
l
w
[
c
a
i
a
h

m
F
t

F
C

f
a

d
T
b

26 Y.H. Zhao et al. / Materials Science

n alloy sample is due to its unique microstructure which is
hown and discussed in the following sections.

.2. Microstructures and defects

Fig. 3 shows typical bright-field TEM images of the UFG
u, Cu–10 wt.% Zn [22], and Cu–30 wt.% Zn samples before

ensile testing. These TEM samples were taken from locations
hat correspond to the gauge sections of the tensile samples.
s shown, the grain sizes decrease dramatically with decreas-

ng stacking fault energy from the Cu sample (Fig. 3a) to the
u–10 wt.% Zn sample (Fig. 3b) to the Cu–30 wt.% Zn sample

Fig. 3c). In addition, twins were observed in the Cu–10 wt.% Zn
nd Cu–30 wt.% Zn samples but not in the Cu sample. Moreover,
he grains are irregular shape (Fig. 3a and b) or elongated shape
Fig. 3b and c). The sharp and straight boundaries in Fig. 3b
re twin boundaries. XRD measurement indicates that rolling
roduced a (2 2 0) texture, the intensity of which decreases with
ecreasing stacking fault energy.

The statistical grain size distributions from TEM images of
he three samples are shown in Fig. 4, where these distribu-
ions were achieved after processing by HPT + cold-rolling and
hey correspond to the gauge sections of the tensile samples.

total of 300 grains was measured for each distribution. For
he Cu–30 wt.% Zn alloy sample, the measured grain size was
he grain width. It can be seen in Fig. 4 that the average grain
ize decreases from 180 nm to 10 nm with decreasing SFE. Fur-
hermore, these grain sizes are larger than those occurring in
amples processed by HPT alone as documented in an ear-
ier report [23]. This is due to the general non-uniformity of
he HPT-processed samples [20–23]. Thus, the TEM images in
ig. 3 were taken from samples at locations corresponding to

he gauge sections of the tensile samples and these grain sizes
re larger than those near the edges of the disk reported pre-
iously [23]. In addition, there is also a possibility of grain
rowth during the cold rolling [24]. Fig. 4 also shows that the
idth of the grain size distribution is reduced with decreas-

ng stacking fault energy, thereby demonstrating that the grain
tructure becomes more uniform as the stacking fault energy is
educed.

Fig. 5 shows high-resolution TEM images of (a) deforma-
ion twins and (b) stacking faults in the UFG Cu–10 wt.% Zn
ample [16]. The stacking faults in Fig. 5b are especially inter-
sting because they have limited width and lie inside a grain,
hereby suggesting they were formed by dissociation of full dis-
ocations. It is important to note also that such staking faults
ere not observed in the nanocrystalline Cu processed by HPT

25,26] but were observed in nanocrystalline Al [27,28]. It is not
lear why the Cu–10 wt.% Zn alloy behaves differently from Cu
nd this is an issue that warrants further investigation. However,
t is possible that the high density of stacking faults may inter-
ct effectively with slipping dislocations to increase the strain
ardening rate.
A high-resolution TEM image of the high density of defor-
ation twins in the UFG Cu–30 wt.% Zn sample is shown in
ig. 6 where the insert is the enlarged image of a threefold

win. Such multifold twins usually appear in nanocrystalline

s
s
m
m

ig. 4. Grain size distributions after HPT + cold-rolling in (a) Cu [22], (b)
u–10% Zn sample [22] and (c) Cu–10 wt.% Zn sample before tensile tests.

cc metals with small grain sizes [25,29–31] and are formed by
sequential twinning mechanism [31,32].

Table 2 lists the crystallite sizes, dislocation densities, twin
ensities and lattice parameters measured using XRD analysis.
he twin density, β, is defined as the probability of finding a twin
oundary between any two neighboring {1 1 1} planes [17]. As

hown, the crystalline sizes for the Cu and UFG Cu–10 wt.% Zn
amples are smaller than the grain sizes measured from the TEM
icrographs. This difference is anticipated because the X-rays
easure coherent diffraction domains [33,34] which include
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Fig. 5. High-resolution TEM images to show both deformation twins (a) and
stacking faults (b) in the UFG Cu–10 wt.%Zn sample [16].

Table 2
Lists of the XRD-measured average grain sizes (d), dislocation density (ρ), twin
density (β), and lattice parameters (a) of the HPT + cold-rolling processed Cu,
Cu–10 wt.% Zn sample and Cu–30 wt.% Zn sample in the as-processed state
(before tensile testing)

Samples

Cu (99.9%) Cu–10 wt.% Zn Cu–30 wt.% Zn

d (nm)
dXRD 70 50 15
dTEM 180 110 10

ρ (×1015 m−2) 0.23 0.59 3.10
β (%) 0.1 4.8 8.0
a (nm) 0.3617 0.3640 0.3690

The errors of the XRD-measured grain sizes and dislocation density are less
than 20%. The errors of the lattice parameters are ∼0.0005 nm.
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ig. 6. High-resolution TEM images to show deformation twins in the UFG
u–30 wt.% Zn. Insert shows a threefold twins.

islocation cells and subgrains. By contrast, the crystallite size
easured for the UFG Cu–30 wt.% Zn sample is larger than the

rain size from the TEM micrograph. This may be caused by
n overlapping of small grains in the TEM micrographs which
ould lead to an apparently smaller grain size. Thus, it is sug-
ested that the grain size measured from TEM micrograph may
nderestimate the true grain size if the grain size is too small
24]. Table 2 also shows that both the dislocation density and
win density increase dramatically with decreasing stacking fault
nergy from the Cu sample to the UFG Cu–10 wt.% Zn sample
o the UFG Cu–30 wt.% Zn sample. As discussed in the follow-
ng section, these observations have a significant impact on the
uctility.

. Discussion

Fig. 2a clearly shows that the UFG Cu–10 wt.% Zn sam-
le, which has a stacking fault energy higher than that of the
u–30 wt.% Zn sample but lower than that of the Cu, has the
ighest uniform elongation and total elongation. To investigate
he reasons for the variation in the strain hardening rates of the
hree samples, the dislocation density and twin density were

easured after the tensile testing of the samples using X-ray
nalysis.

The results are summarized in Table 3 where it is appar-
nt that the dislocation density in UFG Cu increases only by
.5 × 1014 m−2 during the tensile testing, giving the lower strain
ardening rate and uniform elongation shown in Fig. 2. The twin
ensity does not change indicating that deformation twinning
as not activated. In contrast, the UFG Cu–10 wt.% Zn sample

xperiences both dislocation accumulation (by 1.4 × 1014 m−2)
nd twin accumulation (by 0.7%), thereby explaining its rela-

ively higher strain hardening rate and high uniform elongation.
t is surprising that the Cu–30 wt.% Zn sample shows no change
ither in the dislocation density or in the twin density before
nd after the tensile tests although this alloy has the high-
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Table 3
Change of dislocation density, ρ, and twin density, β, before and after tensile
testing of the UFG Cu, Cu–10 wt.% Zn, and Cu–30 wt.% Zn samples

Samples

Cu (99.9%) Cu–10 wt.% Zn Cu–30 wt.% Zn

ρ (×1014 m−2) before 2.3 5.9 31.0
ρ (×1014 m−2) after 2.8 7.3 31.0
Change in ρ (×1014 m−2) 0.5 1.4 0
β (%) before 0.1 4.8 8.0
β
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st strain hardening at true plastic strains smaller than 2.5%.
herefore, it is concluded that its strain hardening during the

ensile testing was not caused by either dislocation or twin
ccumulations.

The lack of change in defect density in the Cu–30 wt.% Zn
efore and after the tensile tests can be understood from its
rain and defect structures in the as-processed state. First, the
rain size of this sample is exceptionally small (∼15 nm) so that
islocations are easily annihilated at grain boundaries without
ccumulations [1,34]. Second, as listed in Table 3, the disloca-
ion and twin densities are already very high before the tensile
esting and it is probable they are already in saturated states. If
his interpretation is correct, it would be impossible to further
ccumulate dislocations or twins. Therefore, it is reasonable to
peculate that the ductility of the Cu–30 wt.% Zn sample may
e increased by annealing to reduce the dislocation and twin
ensities.

The very high strain hardening rate observed in the
u–30 wt.% Zn may be caused by grain rotation and grain
oundary sliding due to the extremely small grain size. Such
echanisms have been reported in UFG/nanostructured mate-

ials with comparable or much larger grain sizes [25,35–37].
t is not clear how grain rotation and/or grain boundary slid-
ng will affect the ductility. Nevertheless, since the dislocation
nd twin density remain unchanged before and after the ten-
ile testing, the strain hardening observed in Fig. 2 for the
u–30 wt.%Zn alloy may arise from the occurrence of grain

otation/grain boundary sliding. Similar mechanical behavior
as also reported recently in nanocrystalline Ni and its alloys

nd it was attributed to the grain size distribution and the
eduction of elastic grains with increasing stress [38,39]. The
echanism responsible for the initially high strain hardening

ate is an interesting and fundamental issue that requires further
nvestigation.

. Conclusions

It is shown that there exists an optimal stacking fault energy
ielding the best ductility in UFG metals and alloys with the
ame deformation processing strain. The small grain size of

he UFG CuZn alloy with low stacking fault energy is the

ain reason for its low ductility. The key to improving the
uctility is to improve the strain hardening rate via dislo-
ation accumulation and twin accumulation. Annealing may

[
[

[
[

ngineering A 493 (2008) 123–129

e able to improve the ductility by reducing the dislocation
nd twin density in UFG metals and alloys processed by
PD techniques, especially for those with very low stacking
ault energies. The observed effect of stacking fault energy
n the ductility should be taken into consideration in design-
ng UFG and nanostructured alloys for high strength and high
uctility.
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37] N.Q. Chinh, P. Szommer, T. Csanádi, T.G. Langdon, Mater. Sci. Eng. A
434 (2006) 326.

38] H. Li, F. Ebrahimi, Appl. Phys. Lett. 84 (2004) 4307.
39] F. Ebrahimi, Z. Ahmed, H. Li, Appl. Phys. Lett. 85 (2004) 3749.


	Determining the optimal stacking fault energy for achieving high ductility in ultrafine-grained Cu-Zn alloys
	Introduction
	Experimental materials and procedures
	Sample preparation
	Tensile testing
	X-ray diffraction (XRD) measurements
	Transmission electron microscopy (TEM)

	Experimental results
	Mechanical properties
	Microstructures and defects

	Discussion
	Conclusions
	References


