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bstract

Samples of pure Cu, bronze (Cu–10 wt.% Zn) and brass (Cu–30 wt.% Zn) with stacking fault energies (SFE) of 78, 35, and 14 mJ/m2, respectively,
ere processed by high-pressure torsion (HPT) and by a combination of HPT followed by cold-rolling (CR). X-ray diffraction measurements indicate

hat a decrease in SFE leads both to a decrease in crystallite size and to increases in microstrain, dislocation and twin densities for the HPT and
PT + CR processed ultrafine-grained (UFG) samples. Compared with processing by HPT, subsequent processing by CR refines the crystallite

ize of all samples, increases the twin densities of UFG bronze and brass, and increases the dislocation density in UFG bronze. It also decreases

he dislocation density in UFG brass and leads to an unchanged dislocation density in UFG copper. The results suggest there may be an optimum
tacking fault energy for dislocation accumulation in UFG Cu–Zn alloys and this has important implications in the production of materials having
easonable strain hardening and good tensile ductility.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Severe plastic deformation (SPD) is one of the most
romising methods for fabricating bulk ultrafine-grained (UFG)
aterials for use in industrial applications [1]. During the SPD

rocess, grain refinement is achieved by imposing very large
trains in the samples through plastic deformation without any
oncomitant changes in their cross-sectional dimensions. It is
ell known that the plastic deformation of metallic materi-

ls depends upon dislocation slip and twinning as two of the
rimary deformation mechanisms. To date, most investigations
ave focused on grain refinement mechanisms in metals with
elatively high values for the stacking fault energy (SFE) so that
islocation slips as the dominant deformation process [2–4]. For

hese metals, it was found that dislocation cell and/or low-angle
rain boundaries (GBs) are first formed through dislocation
ccumulation at the beginning of the SPD process and additional
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eformation then transforms these interfaces into high-angle
Bs through dislocation rearrangement and/or grain rotation.
or metals and alloys having low values for the SFE, in which

winning may play a major and even dominant role in the plas-
ic deformation, the grain refinement mechanism during SPD
rocessing is not clearly defined. Nevertheless, there are some
nvestigations showing that, when using the same SPD process,
he material with a lower SFE may have a smaller grain size
5,6].

The UFG materials processed by SPD generally have high
trength but relatively low ductility at ambient temperatures
7–9] where this low ductility is attributed to insufficient strain
ardening due to an inability to accumulate dislocations [9–11].
or single-phase UFG materials where dislocation slip is the pri-
ary deformation mechanism, low ductility is usually reported

xcept in a few isolated examples where excellent mechanical
ehavior was observed [12–17]. For UFG Cu–Zn alloys hav-

ng different SFEs where twinning and/or twinning + dislocation
lip dominate the plastic deformation, the most recent investi-
ations show there is an optimum SFE that yields the optimum
uctility [18,19]. It is reasonable to anticipate this effect arises

mailto:yzhu@lanl.gov
dx.doi.org/10.1016/j.msea.2007.06.014
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increasing percentage of Zn in the Cu–Zn alloys. The CR pro-
cess introduced an evident {1 1 0} rolling texture in which the
intensity decreased with increasing Zn percentage. In addition,
an increase in the Zn percentage in the Cu–Zn alloys led to a
Y.H. Zhao et al. / Materials Science

ecause the UFG Cu–Zn alloy with an optimum SFE has the
est capability for accumulating dislocations. When the stack-
ng fault energy is too low, the grain size becomes too small after
he same SPD processing and the stacking faults are saturated
o that it is difficult to accumulate dislocations and deformation
wins during subsequent tensile testing [19].

These results demonstrate the importance of studying the
ffect of the SFE, and therefore of the deformation mechanism,
n the evolution of defect structures in UFG materials during
urther deformation. Accordingly, the present investigation was
onducted in order to make use of X-ray diffraction (XRD) for
n evaluation of the evolution of the defect structure in UFG Cu
nd Cu–Zn alloys processed by high-pressure torsion (HPT) and
ubsequently subjected to cold rolling (CR). The three materi-
ls of Cu, bronze (Cu–10 wt.% Zn) and brass (Cu–30 wt.% Zn)
ere used as model materials where these metals were selected
ecause they have the same fcc single-phase crystal structure but
ifferent values for the SFE of 78, 35, and 14 mJ/m2 [20–22],
espectively.

. Experimental materials and procedures

.1. Sample preparation

Commercial copper (99.9% purity) and brass (Cu–30 wt.%
n) were received in the form of rods with a diameter of 10 mm
nd bronze (Cu–10 wt.% Zn) was received in the form of plates
ith a thickness of 6 mm. These materials were sliced into disks
ith thicknesses of 0.8 mm and diameters of 10 mm for pro-

essing by HPT. The HPT was performed using a conventional
rocessing facility in which the sample disk is placed between
stationary upper and a rotational lower Bridgman anvil [23].
ach disk was subjected to a total of five revolutions at room

emperature using a rotation speed of 1 rotation/min with an
mposed pressure of 6 GPa. The samples processed by HPT are
enceforth designated the HPT samples.

To investigate the evolution of the defect structure in the HPT
amples during subsequent deformation, some of the disks were
rocessed by HPT and then cold-rolled into thin ribbons with
final thicknesses of ∼200 �m. The total thickness reduction

or these samples was ∼75% after multiple rolling passes with
thickness reduction of ∼10% imposed in each separate pass.
hese samples are designated the HPT + CR samples.

.2. X-ray diffraction

Quantitative X-ray diffraction measurements of the HPT and
PT + CR samples were performed using an X-ray diffractome-

er equipped with a Cu target operating at 1.8 kW and a graphite
urved single-crystal 〈0 0 0 2〉 monochromator. The Cu K� radi-
tion was selected at the goniometer receiving slit section, the
ivergence and anti-scattering slits were set at 0.5◦ and 0.5◦,
espectively, and the width of the receiving slit was 0.3 mm. A

eries of θ–2θ scans was performed to provide a record of the
RD patterns at room temperature. Pure Al powder (99.999%
urity) annealed at 200 ◦C in Ar was used as an XRD peak-
roadening reference for both the grain size and the microstrain

F
(
i
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alculations. The peak parameters, including peak intensity, the
eak-maximum position, the full width at half maximum and the
ntegral breadth, were determined by fitting a Pearson VII func-
ion to the measured peaks. The XRD results were averaged from
he whole disk/ribbon samples and they provide a representa-
ion of the defect structure information along the cross-sectional
irections of the HPT and HPT + CR samples.

. Experimental results

The XRD patterns of the HPT and HPT + CR samples are
hown in Fig. 1(a) and (b), respectively. For the HPT samples,
he HPT process introduced a {1 1 1} texture and the intensity
f the texture decreased with decreasing SFE and therefore with
ig. 1. XRD patterns for (a) HPT and (b) HPT + CR processed copper, bronze
Cu–10 wt.% Zn) and brass (Cu–30 wt.% Zn), respectively: the XRD peak
ndices are indicated.
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Table 1
Lists of the XRD-measured average grain sizes and microstrains (d and 〈ε2〉1/2),

grain sizes and microstrains (d1 1 1 and d2 0 0, 〈ε2
1 1 1〉

1/2
and 〈ε2

2 0 0〉
1/2

) along
〈1 1 1〉 and 〈2 0 0〉 directions, dislocation density (ρ), twin density (β), lattice
parameters (a), absolute values of Burgers vectors (b), SFE (γ) [20–22] and
shear modulus (G) [24] of HPT processed Cu, bronze (Cu–10 wt.% Zn) and brass
(Cu–30 wt.% Zn): the errors of the XRD-measured grain sizes and microstrains
are less than 20% and the errors of the lattice parameters are ∼0.0005 nm

Samples Copper
(99.9% Cu)

Bronze
(Cu–10 wt.% Zn)

Brass
(Cu–30 wt.% Zn)

d (nm)
d1 1 1 62 44 15
d2 0 0 106 64 19
d 84 54 17

〈ε2〉1/2 (%)

〈ε2
1 1 1〉

1/2
0.11 0.12 0.38

〈ε2
2 0 0〉

1/2
0.17 0.20 0.70

〈ε2〉1/2 0.14 0.16 0.54

ρ (1015 m−2) 0.24 0.40 4.22
β (%) 0.1 1.5 4.4
a (nm) 0.3619 0.3641 0.3691
b (nm) 0.2559 0.2575 0.2610
γ
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For the UFG Cu–30 wt.% Zn processed by HPT, the value of
d2 0 0 (19 nm) is very close to the value of d1 1 1 (15 nm) thereby
indicating that equiaxed crystallites are formed in UFG brass
with a low SFE.
(mJ/m2) 78 35 14
(GPa) 48.3 46.5 40.1

hift in the XRD peaks towards lower diffraction angles. This
as attributed to an increase in the lattice parameter due to the
resence of the Zn solute, as listed in Tables 1 and 2.

.1. Grain size and microstrain
Using the XRD peak broadening [25–27], it is possible
o calculate the crystallite or coherent domain sizes and the

icrostrains of the HPT and HPT + CR samples. Because of
he existences of {1 1 1} and {1 1 0} textures, it is possible in

able 2
ists of the XRD-measured average grain sizes and microstrains (d and 〈ε2〉1/2),

rain sizes and microstrains (d1 1 1 and d2 0 0, 〈ε2
1 1 1〉

1/2
and 〈ε2

2 0 0〉
1/2

) along
1 1 1〉 and 〈2 0 0〉 directions, dislocation density (ρ), twin density (β), lattice
arameters (a) and absolute values of Burgers vectors (b) of HPT + CR processed
u, bronze (Cu–10 wt.% Zn) and brass (Cu–30 wt.% Zn): the errors of the XRD-
easured grain sizes and microstrains are less than 20% and the errors of the

attice parameters are ∼0.0005 nm

amples Copper
(99.9% Cu)

Bronze
(Cu–10 wt.% Zn)

Brass
(Cu–30 wt.% Zn)

(nm)
d1 1 1 55 43 12
d2 0 0 85 57 18
d 70 50 15

ε2〉1/2 (%)

〈ε2
1 1 1〉

1/2
0.08 0.16 0.25

〈ε2
2 0 0〉

1/2
0.16 0.28 0.45

〈ε2〉1/2 0.12 0.22 0.35

(1015 m−2) 0.23 0.59 3.10
(%) 0.1 4.8 8.0
(nm) 0.3617 0.3640 0.3690
(nm) 0.2558 0.2574 0.2609
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a

〈
p
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ractice to calculate only the grain sizes (d1 1 1 and d2 0 0) and

he microstrains (〈ε2
1 1 1〉

1/2
and 〈ε2

2 0 0〉
1/2

) using the pairs of
1 1 1)–(2 2 2) and (2 0 0)–(4 0 0) reflections. The values of the
ean crystallite size d and the microstrain 〈ε2〉1/2 were averaged

rom d1 1 1 and d2 0 0, 〈ε2
1 1 1〉

1/2
and 〈ε2

2 0 0〉
1/2

, respectively, and
hese mean values are listed in Tables 1 and 2 and depicted in
ig. 2(a) and (b), respectively.

As shown in Fig. 2(a), a decrease in SFE from 78 to 14 mJ/m2,
s in the transition from copper to brass, leads to a decrease in
he average crystallite size from 84 to 17 nm for copper and
rass, respectively, whereas the average microstrain increases
rom 0.13% in copper to 0.54% in brass. Moreover, it is readily
pparent that the crystallite size and microstrain are anisotropic.
or example, the value of d2 0 0 for UFG Cu processed by HPT
106 nm) is much larger than the value of d1 1 1 (62 nm) and in

ddition, the value of 〈ε2
2 0 0〉

1/2
for the UFG brass processed by

PT (0.70%) is much larger than the value of 〈ε2
1 1 1〉

1/2
(0.38%).

urthermore, Fig. 2(a) shows also that the difference between

1 1 1 and d2 0 0 decreases, while the difference between 〈ε2
1 1 1〉

1/2

nd 〈ε2
2 0 0〉

1/2
increases, with a decreasing value in the SFE.
ig. 2. XRD-measured average crystallite sizes and microstrains (d and 〈ε2〉1/2)

nd the crystallite sizes and microstrains (d1 1 1 and d2 0 0, 〈ε2
1 1 1〉

1/2
and

ε2
2 0 0〉

1/2
) along 〈1 1 1〉 and 〈2 0 0〉 directions for (a) HPT and (b) HPT + CR

rocessed copper, bronze (Cu–10 wt.% Zn) and brass (Cu–30 wt.% Zn), respec-
ively: the errors of the XRD-measured grain sizes and microstrains are less than
0%.
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Fig. 2(b) shows that processing by CR does not affect either
he variation trends of the crystallite sizes and microstrains or
he extent of the anisotropy with respect to the SFE. Thus, a
ecrease in the SFE leads to a corresponding decrease in the
rystallite size and its anisotropy as well as an increase in the
icrostrain and its anisotropy. This result further confirms the

nfluence of the SFE on the crystallite size and microstrain under
he same deformation strain. Nevertheless, the CR process fur-
her refined the crystallites of all three samples and it is apparent
rom inspection of Tables 1 and 2 that this crystallite refinement
ecreases with decreasing SFE. More importantly, the CR pro-
ess leads to a decrease in the microstrains of UFG Cu and brass
rom 0.14 to 0.12% and 0.54 to 0.35%, respectively, while pro-
essing by CR increases the microstrain of UFG bronze from
.16 to 0.22%.

.2. The dislocation and twin densities

The dislocation density ρ, may be calculated from the crys-
allite size d, and microstrain, 〈ε2〉1/2, measured by XRD using
he relationship [28–31]:

= 2
√

3〈ε2〉1/2

dXRDb
(1)

here b is the absolute value of the Burgers vector which for
cc metals, is the length of a unit dislocation along the 〈1 1 0〉
irection so that b = (

√
2/2)a where a is the lattice parameter.

he calculated values of ρ and b and the appropriate values of a
re listed for the HPT and HPT + CR samples in Tables 1 and 2,
espectively. The twin density β, defined as the probability of
nding a twin boundary between any two neighboring {1 1 1}
lanes, was calculated using the expression [32,33]:

= �C.G.(2θ)1 1 1 − �C.G.(2θ)2 0 0

11 tanθ1 1 1 + 14.6 tanθ2 0 0
(2)

here �C.G.(2θ)111 and �C.G.(2θ)200 are the angular devia-
ions of the gravity center from the peak maximum of the {1 1 1}

nd {2 0 0} XRD peaks, respectively. In practice, Eq. (2) pro-
ides only a qualitative estimate of the twin density because it
s known that the asymmetry of the XRD peaks may be affected
y several other features in addition to twinning [34].

ig. 3. Dislocation densities ρ, in HPT and HPT + CR processed copper, bronze
Cu–10 wt.% Zn) and brass (Cu–30 wt.% Zn).
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ig. 4. Twin densities β, in HPT and HPT + CR processed copper, bronze
Cu–10 wt.% Zn) and brass (Cu–30 wt.% Zn).

As listed in Tables 1 and 2 and shown in Fig. 3 for both the
PT and HPT + CR samples, the dislocation density increases
ith decreasing SFE. For example, the dislocation density of

he HPT samples increases from 0.20 × 1015 m−2 for copper
o 4.22 × 1015 m−2 for brass when the SFE decreases from
8 to 14 mJ/m2, respectively. Moreover, the CR process sig-
ificantly increases the dislocation density in the UFG bronze
rom 0.40 × 1015 to 0.59 × 1015 m−2 while at the same time
aintaining an essentially constant value for ρ in UFG cop-

er where the values are 0.24 × 1015 m−2 for the HPT process
nd 0.23 × 1015 m−2 for the HPT + CR process and, in addition,
ecreasing the value of ρ in UFG brass from 4.22 × 1015 to
.10 × 1015 m−2. These measurements show that the CR process
ives rise to dislocation recovery in UFG brass while introducing
ore dislocations in UFG bronze.
As shown in Fig. 4, a decrease in the SFE leads to an increase

n the twin density for both the HPT and the HPT + CR samples.
or the HPT samples, the twin density increases from 0.1 to 4.4%
hen the SFE decreases from 78 to 14 mJ/m2 for copper and
rass, respectively. However, the CR process does not change
he twin density in UFG copper although it increases the twin
ensities in UFG bronze and brass from 1.5 to 4.8% and 4.4 to
.0%, respectively. Thus, the increase in the twin density with
rocessing by CR increases with decreasing SFE.

. Discussion

.1. Grain size and microstrain

It is important to note that the crystallite sizes of the HPT + CR
amples measured by XRD are smaller than the grain sizes mea-
ured by transmission electron microscopy (TEM). For example,
he measured TEM grain sizes in the middle positions of UFG
opper and bronze ribbons processed by HPT + CR are 180 and
10 nm, respectively [6]. This difference arises because the XRD
rocess determines the size of the coherent diffraction domains
nd this includes both the subgrains and the dislocation cells

2]. However, the measured XRD grain sizes of the whole HPT
isks are slightly larger than the TEM values at the edges of
he disks, which are 75, 50 and 10 nm, respectively for copper,
ronze and brass [5], because of the inhomogeneous grain size
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istribution of the HPT processed disk from the disk edge to
enter.

The data from XRD indicate that a decrease in the SFE leads
o a decrease in the crystallite size for the HPT and HPT + CR
amples. This can be explained qualitatively by noting that a
ower SFE promotes deformation twinning and this is con-
ucive to promoting additional grain refinement. Moreover, a
ower value of the SFE increases the difficulty for dissoci-
ted dislocations to recombine and cross-slip thereby impeding
he dislocation recovery process and consequently leading to a
maller grain size.

An important theoretical model was developed recently by
ohamed [35] to predict the minimum grain size of nanocrys-

alline metals processed by ball milling. This model essentially
haracterizes the microstructure through the structural decom-
osition of an array of large grains due to the imposition of
evere plastic deformation. Since the model is based explicitly
n the effect of processing by SPD and the consequent introduc-
ion of large strains, it is reasonable to anticipate the model will
e equally applicable to other types of SPD processing includ-
ng HPT and CR. According to the model [35], the measured

inimum grain size dmin, is related to the SFE γ , through a
elationship of the form:

dmin

b
= A

( γ

Gb

)q

(3)

here A is a constant and G is the shear modulus. The values of
[20–22] and G [24] for copper, bronze and brass are listed in

able 1. According to the theory, the value of the exponent of
he normalized SFE is given by q = 0.5.

Fig. 5 shows a plot of ln(dmin/b) versus ln(γ/Gb) using the

RD and TEM [5,6] data. It is apparent that the data from UFG

opper and UFG bronze lead to exponents for the normalized
FE within the range of ∼0.45 to ∼0.64. Thus, these values of
are close to the value of ∼0.65 derived from earlier results

ig. 5. Plot of ln(dmin/b) vs. ln(γ/Gb) showing data for UFG copper and bronze
ead to exponents for the normalized SFE within the range of ∼0.45–0.64 and
ata for UFG brass deviate downwards yielding exponents for the normalized
FE within the range of ∼1.50–2.10. The measured TEM grain sizes of HPT
nd HPT + CR samples were reported earlier [5,6].
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eported by Mohamed [35] and they are also supportive of the
heoretical model where the value of q is 0.5. However, the exper-
mental data from UFG brass deviate downwards from the lines
or UFG copper and UFG bronze thereby yielding higher expo-
ents for the normalized SFE within the range of ∼1.50–2.10.
t is apparent that these values are significantly higher than the
alue predicted by the theoretical model. To resolve this apparent
ichotomy, it is important to note that high-resolution TEM has
evealed the presence of an amorphous layer along the GBs of
he HPT and HPT + CR processed brass [5,19] and this suggests
hat UFG brass deforms not only by twinning and dislocation
lip but also by GB sliding. The occurrence of GB sliding prob-
bly further reduces the minimum grain size thereby leading to
deviation from the slope predicted by the theoretical model.

.2. The twin and dislocation densities

The results show the twin density increases with decreasing
FE in both the HPT and HPT + CR samples and this trend is a
irect consequence of the lower SFE, which makes the formation
f deformation twins significantly easier. The twin density of the
FG copper processed by HPT is very low and the additional
rocessing by the CR process has no significant effect because
he SFE of Cu is relatively high and the primary deformation

ode at room temperature is dislocation slip. The increase in the
win density in UFG bronze and UFG brass through processing
y CR suggests the twin density was probably not saturated
fter HPT and therefore it increases with further deformation.
hus, the deformation mechanisms in brass and bronze include
oth twinning and dislocation slip and the newly formed twins
eveloped during CR lead to additional grain refinement in UFG
rass and bronze.

There is a simple explanation for the increase in the dislo-
ation density with decreasing SFE in the HPT and HPT + CR
amples. First, the reduction in the SFE promotes the splitting of
he full dislocations into two partials containing a wide stacking
ault ribbon. This splitting makes it difficult for the dislocation to
ross-slip or climb when it encounters a barrier, thereby hinder-
ng these two potential recovery mechanisms. This means that a
eduction in the SFE usually leads to a higher dislocation density.
econd, a lower SFE also promotes the formation of deforma-

ion twins. Experiments on Cu showed recently that boundaries
f both growth and deformation twins may act as locations for
islocation accumulation and this also increases the dislocation
ensity [15–17]. Therefore, the high-twin density in UFG bronze
nd brass should assist in raising their dislocation densities.

The lack of any significant change in the dislocation density
n UFG copper during processing by CR probably reflects the
resence of saturation in the dislocation density after processing
y HPT. This means in practice that processing by CR is unable
o further increase the dislocation density due to the dynamic
quilibrium between dislocation formation and annihilation.

As already demonstrated, a high twin density usually leads

o a high dislocation density. Therefore, the increase in the twin
ensity in UFG brass and bronze during CR should promote
n increase in the dislocation density. In practice, however, this
as not the case for UFG brass where the dislocation density
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ecreased during processing by CR. The reason for this reduc-
ion is not fully understood at the present time and this trend
equires additional investigations using high-resolution TEM.
y contrast, the increased dislocation density in UFG bronze
uring processing by CR is due primarily to the increased twin
nd stacking fault density. These results suggest, therefore, there
s an optimum SFE which leads in subsequent processing by CR,
o a maximum accumulation of dislocations and hence this opti-

um condition provides the capability of attaining reasonable
train hardening and good tensile ductilities in tests conducted
t ambient temperatures.

Finally, it should be pointed out that the XRD peak anal-
sis, used in this investigation to calculate the grain size and
icrostrain/dislocation density, is a simplified method. It does

ot take into consideration some detailed structural parameters
uch as the presence of twins, the anisotropies of grain shape,
tc. Recently, a modified XRD peak broadening method was
ntroduced [36–38] and a recent report described the use of this
rocedure for measuring mean grain sizes [39].

. Summary and conclusions

. Investigations by X-ray diffraction using samples of copper,
bronze and brass processed by high-pressure torsion (HPT)
and by HPT with subsequent cold rolling (CR) indicate that a
reduction in the stacking fault energy leads to both a decrease
in the crystallite size and an increase in the dislocation and
twin densities.

. When samples processed by HPT are further processed by
CR, there is a reduction in the crystallite size in ultrafine-
grained (UFG) copper, bronze and brass, an increase in the
twin density in UFG bronze and brass, an increase in the
dislocation density in UFG bronze but a decrease in the dis-
location density in UFG copper and brass. These results are
reasonably explained based on a consideration of the domi-
nant deformation mechanisms.

. The results for UFG copper and bronze show reasonable con-
sistency with a theoretical model predicting the minimum
grain size produced through processing using severe plastic
deformation but there is a deviation from the model for UFG
brass.

. The results suggest there is an optimum stacking fault energy
for dislocation accumulation in UFG Cu–Zn alloys and it is
reasonable to anticipate this optimum condition will yield
good strain hardening and tensile ductility.
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