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a b s t r a c t

The effect of stacking fault energy (SFE) on the mechanical properties was investigated in Ni–Co alloys
which have minimum solution hardening effects. Cobalt reduces the SFE in nickel and this promotes
grain refinement during processing and increases the dislocation and twin densities. A reduction in SFE
increases strength and tensile ductility. The higher strength is due to grain refinement and higher disloca-
eywords:
uctility
igh-pressure torsion
evere plastic deformation
tacking fault energy

tion and pre-existing twin densities whereas the higher ductility is attributed to a higher work hardening
rate.

© 2009 Elsevier B.V. All rights reserved.
trength

. Introduction

The development of severe plastic deformation (SPD) tech-
ologies in the past decade has enabled the production of
ltrafine-grained (UFG) metals in bulk form [1]. These UFG met-
ls are fully dense and contamination-free so that they are ideal
andidate materials for investigating the fundamental mecha-
isms and physical behavior of refined microstructures. It has been
idely reported that the strength increases but the tensile duc-

ility is sacrificed in many UFG materials [2–8], thereby limiting
heir industrial applications. Recently, substantial effort has been
evoted to improve the poor tensile ductility of UFG materials
2,3,5,6,8–15].

The low tensile ductility in UFG materials is often attributed

o their premature geometric instability (necking) which is a con-
equence of their low strain hardening. Strain hardening results
ypically from the accumulation of dislocations [16]. Large grains

ay have sufficient space within the grains for significant numbers

∗ Corresponding author. Tel.: +886 4 24517250x5345; fax: +886 4 24510014.
E-mail address: plsun@fcu.edu.tw (P.-L. Sun).

921-5093/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2009.06.030
of dislocations to intersect/tangle with each other and, conse-
quently, to accumulate during deformation. However, in UFG
materials the dislocations may no longer accumulate inside grains
so that the grain interior is often relatively dislocation-free [17–19].
Thus, dislocations are often emitted from a grain boundary segment
and deposited directly on other boundary segments with minimal
dislocation accumulation and strain hardening in UFG metals. It
has been shown that enhanced tensile ductility may be achieved
in UFG materials through the use of various procedures such as
a bi-modal grain size distribution [2,3], nanotwins [5], boundary
structure engineering [6,9,13,15] and second phase precipitation
[12,14,20]. However, these approaches often trade the increase in
tensile ductility with a corresponding decrease in strength.

Recently, an investigation of the effect of stacking fault energy
(SFE) on the mechanical behavior of UFG Cu–Zn alloys showed
that a reduction in SFE may simultaneously increase both the ten-
sile stress and the ductility [21]. This effect was attributed to the

activation of both deformation twins and pre-existing twins due
to processing by high-pressure torsion (HPT). Both the dislocation
density and the twin density were reported to increase during the
tensile testing. However, the presence of Zn in the alloys leads to
significant solution hardening while also lowering the SFE and this

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:plsun@fcu.edu.tw
dx.doi.org/10.1016/j.msea.2009.06.030
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have high angles of misorientation.
The engineering stress–strain curves of the two samples are

shown in Fig. 2. It can be seen that the Ni–65 wt.% Co alloy has
higher yield and ultimate tensile strengths than the Ni–40 wt.% Co
alloy. The Ni–65 wt.% Co alloy also exhibits a higher normalized
4 P.-L. Sun et al. / Materials Science

akes it difficult to specifically isolate the role played by the low
FE on the increase in strength. In practice, Co and Ni elements have
imilar atomic diameters [22] and it is known that their alloys expe-
ience very limited solution hardening [23,24]. Therefore, Ni–Co
lloys are ideal candidate materials for clarifying this issue. In this
tudy, nanostructured Ni–Co alloys processed by HPT and rolling
ere used to study the effect of SFE on the mechanical proper-

ies.

. Experimental

Two Ni–Co alloys were produced by induction melting from Co
nd Ni pellets to give compositions of Ni–40 wt.% Co and Ni–65 wt.%
o. These two alloys form fcc solid solutions. It is well established
hat the addition of cobalt reduces the SFE of the alloy. Using a
etailed compilation of SFE data for various Ni–Co alloys, which
re plotted to give a line of best fit [25], the SFE were estimated as
100 and ∼20 mJ/m2 for the Ni–40 wt.% Co alloy and Ni–65 wt.%
o alloys, respectively. The estimated difference in the SFE for the
wo alloys by a factor of ∼5 is consistent with the data available
rom embedded-atom calculations [26]. The as-cast alloys were

achined into discs of 1 mm in thickness and 10 mm in diameter
nd these discs were processed by HPT at room temperature to a
otal of 5 revolutions at 1 rpm under an applied pressure of 6.0 GPa.
ollowing HPT, the discs were cold-rolled at ambient temperature
o thin ribbons with a thickness of 0.2 mm corresponding to a rolling
eduction of 80%.

Transmission electron microscopy (TEM) samples were pre-
ared from the as-deformed specimens by mechanically grinding
amples to a thickness of ∼80 �m and with a final thinning by Ar+

on milling at 4 keV ion energy. The microstructures were charac-
erized using a Philips CM200 transmission electron microscope at
00 kV. Dark-field images were employed to determine the grain
izes. Selected area electron diffraction (SAED) patterns were also
ecorded in both alloys and these patterns were used to determine
he misorientation angles of the grain boundaries.

X-ray diffraction (XRD) measurements were performed using
u K� radiation to estimate the dislocation densities. The �–2�
cans were performed at room temperature at a scan rate of
◦/min. Pure Al annealed at 400 ◦C was used as an XRD peak-
roadening reference for both the grain size and the microstrain
alculations. The peak parameters, including the peak intensity,
he peak-maximum position, the full-width half-maximum and the
ntegral breadth, were determined using Microcal (TM) Origin® by
tting a Lorentzian function to the measured peaks. The entire ten-
ile specimens were scanned for the XRD analysis.

Tensile test samples were machined from the cold-rolled speci-
ens to a gauge length of 10 mm, a width of 2 mm and a thickness

f 0.2 mm. Uniaxial tensile tests were performed on the samples
ith an initial strain rate of 1.0 × 10−4/s at 298 K. The strain was
easured from the cross-head displacement without correction

or the compliance. To minimize errors, duplicate tests were also
onducted.

. Results and discussion

Typical microstructures in the two as-processed alloys are
hown in Fig. 1. Both samples have diffuse microstructures in the
EM indicative of high dislocation densities. An extensive exam-

nation of the microstructures showed the majority of grains are

quiaxed and twins are present in the grain interiors of both alloys.
n example of a twin is labeled in Fig. 1(b). Using dark-field TEM,

he average grain sizes were estimated as ∼85 and ∼115 nm for the
i–65 wt.% Co alloy and the Ni–40 wt.% Co alloy, respectively. The
AED patterns, taken from areas of ∼0.8 �m2, show rings thereby
Fig. 1. The as-deformed microstructure and SAED patterns of (a) Ni–40 wt.% Co alloy
and (b) Ni–65 wt.% Co alloy.

suggesting that most of the grain boundaries within these areas
Fig. 2. Engineering stress–strain curves for both Ni–40 wt.% Co alloy and Ni–65 wt.%
Co alloy.
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Fig. 3. The normalized work hardening rate versus the true strain for both
Ni–40 wt.% Co alloy and Ni–65 wt.% Co alloy.
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ig. 4. The XRD patterns of as-deformed (untested) and tensile tested (tested) sam-
les. The peaks become broader after tensile test for both samples, indicating the

ncrease in defect density (dislocation and twin).

ork hardening rate (�), which extends to higher strains than in
he Ni–40 wt.% Co alloy (Fig. 3). � is defined by � = 1/�(∂�/∂ε)ε,
here � is true stress and ε is true strain. The elongation to failure
as also measured from the broken samples after the tensile test-

ng. The average elongation to failure is 2.8% in the Ni–40 wt.% Co
lloy and 3.6% in the Ni–65 wt.% Co alloy. The mechanism responsi-
le for the stronger strain hardening in samples with lower SFE was

nvestigated by XRD analyses of the samples before and after ten-
ile testing. The XRD patterns of these samples are shown in Fig. 4
here the Al peaks are from the fixtures. It is apparent that the
RD peaks of both samples become broadened after tensile testing

hich is indicative of an increase in the density of lattice imper-

ections such as dislocations and twins. In addition, the Ni–65 wt.%
o alloy has broader peaks than the Ni–40 wt.% Co alloy. By using
he Williamson–Hall integral-breadth method [27], it was possi-

able 1
rain size, dislocation density and twin density of the Ni–Co alloys.

Grain size (nm), TEM As-processed by HPT + rolling

Dislocation density (1/m2)

i–40 wt.% Co 115 5.4 × 1014

i–65 wt.% Co 85 6.5 × 1014
ngineering A 525 (2009) 83–86 85

ble to estimate the microstrain and hence the dislocation density
[28,29]. The results are given in Table 1 and it can be seen that
the dislocation densities of both alloys increase during tensile test-
ing. This increase is by ∼20% from 5.4 × 1014/m2 to 6.5 × 1014/m2

in the Ni–40 wt.% Co alloy and by ∼50% from 6.5 × 1014/m2 to
9.8 × 1014/m2 in the Ni–65 wt.% Co alloy. It is concluded that the
lower SFE in the Ni–65 wt.% Co alloy leads to a more efficient accu-
mulation of dislocations and this contributes significantly to the
higher strain hardening rate (Fig. 3).

It should be noted also that the XRD analysis provides only
qualitative estimates of the dislocation densities and not a direct
measure of the absolute values. For example, different XRD analyses
may yield values for the dislocation densities that vary by an order
of magnitude in similar samples [21,30]. Nevertheless, it is well
established that the relative dislocation densities can be compared
for different materials if they are measured and calculated using
the same experimental method. Accordingly, the relative change
in dislocation density recorded in Table 1 before and after tensile
testing corresponds to a valid trend for these two alloys.

Another significant factor that may affect the strain harden-
ing rate is the twin accumulation during tensile testing. The twin
density, ˇ, defined as the probability of finding a twin boundary
between any two neighboring {1 1 1} planes, was calculated using
the expression [31,32]:

ˇ = �C.G.(2�)1 1 1 − �C.G.(2�)2 0 0

11 tan �1 1 1 + 14.6 tan �2 0 0
(1)

where �C.G.(2�)1 1 1 and �C.G.(2�)2 0 0 are the angular deviations
of the gravity center from the peak maximum of the {1 1 1} and
{2 0 0} XRD peaks, respectively. It was found that the twin density
increased after tensile testing in both alloys indicating an accumu-
lation of twins during the tensile testing. It is evident from Table 1
that the twin density increments are similar in both alloys. These
observations show, therefore, that the higher work hardening rate
in the Ni–65 wt.% Co alloy is primarily derived from the higher
accumulation of dislocations.

The experimental results in this study provide a clearly demon-
stration that by lowering the SFE, in the absence of any significant
solution hardening, can simultaneously increase both the strength
and the ductility of nanostructured materials. The increase in
strength is derived from a smaller grain size, a higher twin density
and a higher dislocation density in the Ni–65 wt.% Co alloy where
the SFE is low by comparison with the Ni–40 wt.% Co alloy. The
increase in tensile ductility is primarily caused by the higher dis-
location accumulation in the Ni–65 wt.% Co alloy due to the higher
initial twin density, which leads to a higher work hardening rate
during tensile testing. It has been reported that a high density of
initial pre-existing twins can produce both high strength and high
ductility [33,34]. This is because twins act as effective barriers that
block the slipping dislocations and force them to accumulate on and
near the twin boundaries. It should be noted that the enhancement
in tensile ductility remains fairly limited in this study and this sug-
gests that it may be effective to combine the present approach with
dislocation density.
It is noted that deformation twinning was activated in both

alloys during tensile testing in this investigation. At present it is
not clear why the relative increases in twin densities are similar

After tensile testing

Twin density (%) Dislocation density (1/m2) Twin density (%)

0.9% 6.5 × 1014 1.3%
2.1% 9.8 × 1014 3.0%
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or both alloys but they are expected to increase the work harden-
ng rates in these two alloys [21]. An optimum SFE was reported
ecently that produces the highest ductility in the Cu–Zn alloy sys-
em [35]. Further work is now required to determine whether there
xists a similar optimum SFE in the Co–Ni alloy system.

. Summary

This investigation evaluates the effect of SFE on the mechan-
cal behavior and microstructure of nanostructured Co–Ni alloys

ithout introducing, as in the Cu–Zn system, any additional com-
lications that may arise from solution hardening. It is shown that
lower SFE leads to a smaller grain size and an increase in the den-

ities of dislocations and deformation twins. In addition, a lower
FE simultaneously increases the strength and tensile ductility.
he higher tensile strength is facilitated by the smaller grain size,
igher dislocation density and higher density of twins formed dur-

ng HPT. The improved ductility in tensile testing is attributed to
he improved dislocation accumulation and higher rate of strain
ardening.
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