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Abstract This study presents evidence that the micro-
structural stability of fine-grained and nanocrystalline Cu is
improved by alloying with Sb. Experimentally, Cu;go_,Sb,
alloys are cast in three compositions (Cu-0.0, 0.2, and 0.5
at.%Sb) and extruded into fine-grained form (with average
grain diameter of 350 nm) by equal channel angular
extrusion. Alloying the Cu specimens with Sb causes an
increase in the temperature associated with microstructural
evolution to 400 °C, compared to 250 °C for pure Cu. This
is verified by measurements of microhardness, ultimate
tensile strength, and grain size using transmission electron
microscopy. Complementary molecular dynamics (MD)
simulations are performed on nanocrystalline Cu—Sb alloy
models (with average grain diameter of 10 nm). MD sim-
ulations show fundamentally that Sb atoms placed at ran-
dom sites along the grain boundaries can stabilize the
nanocrystalline Cu microstructure during an accelerated
annealing process.
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Introduction

Although fine-grained (FG) and nanocrystalline (NC)
materials have superior strength as compared to their
coarse-grained counterparts [1-3], the excess enthalpy
associated with the high volume fraction of grain bound-
aries [4] lowers the activation energy for grain growth [5]
leading to premature and often abnormal grain growth at
temperature and stress levels characteristic of many
important engineering applications [6-9]. Studies focused
on grain growth in NC materials using experiments [10—12]
and simulations [13, 14] have demonstrated that the unu-
sual grain growth occurs by elimination of unstable grain
boundaries and is accompanied by a combination of several
other mechanisms: grain boundary migration, grain
boundary sliding, grain rotation, and emission of disloca-
tions and twins from grain boundaries. The migration of
grain boundaries is enhanced due to the high diffusivity of
grain boundary atoms in NC materials. Natter et al. [15]
conducted in situ X-ray diffraction (XRD) experiments of
annealing in NC Fe with a grain size of 50 nm and showed
that the activation energy for grain growth from 50 to
100 nm is equal to the activation energy for diffusion of
grain boundary atoms. They also measured the activation
energy for grain growth in FG Fe from 100 to 200 nm and
found it to be equal to the activation energy for self dif-
fusion of grain boundaries, indicating a change in the
mechanism for grain growth as a function of grain size.
Although grain growth in fine-grained and nanocrystalline
materials has been studied for several decades, a complete
understanding of the limiting mechanisms for grain growth
has not been established.

It has been proposed that premature grain growth can be
suppressed by reducing the amount of high energy
boundaries [16] or through the addition of dopant atoms at
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the grain boundaries [17-20]. In the thermodynamic model
proposed by Kirchheim [18], the addition of dopants nul-
lifies the grain boundary energy (excess enthalpy), which
allows the microstructure to attain a metastable equilibrium
state. Millett et al. [19, 20] conducted a parametric study
using molecular dynamics (MD) simulations and showed
that the addition of dopants can improve microstructural
stability and that the concentration of dopants needed to
reduce the grain boundary energy to zero, for a particular
average grain size, depends strongly on the ratio of the
radius of the dopant and host atoms (Rgopant/Rhost)- Other
researchers have proposed that along with the reduction in
the grain boundary energy, dopants improve microstruc-
tural stability by altering grain boundary kinetics, leading
to “grain boundary pinning” or “solute-drag” effects. By
altering the grain boundary kinetics, dopants at the grain
boundaries increase the activation energy for diffusion of
grain boundary atoms, thereby reducing grain boundary
mobility and inhibiting grain growth [8, 21, 22]. Recently,
Chen et al. [23] and Li et al. [24] demonstrated that the
thermodynamic effect of reduction in grain boundary
energy plays a bigger role than the kinetic solute-drag
effect in microstructure stabilization.

Although placement of dopants at the grain boundaries
seems like a promising approach, it is important to note
that dopant atoms will be ineffective in stabilizing the
microstructure if they are soluble in the host grains or form
precipitates (at a specific local composition and tempera-
ture) with the host atoms [18], posing a severe limitation on
material selection. For example, MD studies of NC nickel
doped with tungsten showed that the grain boundary energy
cannot be driven to zero for any tungsten composition at
the grain boundaries [25]. This is probably because the
solubility of W in Ni is significant (12 at.% at room tem-
perature). The selection method for a dopant species suit-
able for a particular host matrix to improve microstructural
stability is not well established in the literature. Improper
selection of the dopant species can require large dopant
concentrations to stabilize the microstructure and lead to
the formation of precipitates which can negatively impact
the functional properties of the material. For example,
Botcharova et al. [26] showed that although Nb dopants
(10 at.%) can be used to produce NC Cu stable up to
900 °C, the high processing temperatures caused the for-
mation of large precipitates which resulted in a 90%
reduction in electrical conductivity.

Many researchers have previously used dopants (cf.
Aujgo_Cuy, Auggo_y—,Cu,—Sn, [27], Cu-0.2 wt%B [28],
Cuygo_Nb, [26], Ni-1.2 wt%P [29], Fejpo_,Ag. [30],
Fejgo_xZr, [31], Pdjgo_.Zr, [32], RuAl-12 wt%Fe [33],
Y 00_xFe, [34]) to improve the stability of fine-grained or
nanocrystalline materials. In these studies, alloys were
prepared either by electron [27, 29] or laser [30]
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deposition, or by compaction of powders processed by
mechanical alloying [26, 28, 31-33] or inert gas conden-
sation [34]. These studies showed that stability of NC
materials can be improved by adding dopants; however, the
quantities of material produced from these techniques are
not sufficient for conducting mechanical tests as per ASTM
standards which is necessary to provide an understanding
of the effect of dopant atoms on the mechanical properties
of the host material.

This study shows that the microstructural stability of Cu
is improved by alloying with Sb without negatively
affecting mechanical strength. This study focuses specifi-
cally on dilute amounts of Sb in Cu, with experimental
compositions of 0.2 and 0.5 at.%Sb. The selection criterion
for Sb as the dopant material in Cu is discussed. Experi-
mentally, the Cu;gy_,Sb, alloys are processed into fine-
grained form using an equal channel angular extrusion
(ECAE) method. Using ECAE, fully dense alloys can be
produced economically, rapidly, and in large enough
quantities to machine specimens for mechanical testing as
per ASTM standards [35]. Microstructural stability analy-
sis using tensile tests, microhardness tests, and transmis-
sion electron microscopy (TEM) shows that the Sb-doped
fine-grained alloys have improved stability when compared
to pure Cu. Analysis of the fine-grained microstructure and
fracture surfaces suggests that the improved microstruc-
tural stability is due to the segregation of Sb to the grain
boundaries. To complement experiments, MD simulations
of grain growth in nanocrystalline Cu;gy_,Sb, alloys are
performed to study the influence of Sb on microstructural
stability. These simulations are conducted for a range of Sb
concentrations (0-0.5 at.%Sb) and elucidate connections
between the reduction in excess grain boundary energy by
Sb dopants and microstructural stability. It is found that Sb
atoms placed at random grain boundary sites reduce the
total excess energy in the NC model, but kinetic contri-
butions are also present for the purposes of stabilizing the
nanocrystalline microstructure, in agreement with concepts
proposed by Chen et al. [23].

Material selection and processing
Material selection

Copper is selected as the host material because it is face-
centered cubic with good formability, known macroscale
deformation characteristics, and has been shown to develop
an average grain size in the range of 100—400 nm when
subjected to ECAE [36]. In addition, there are well-
developed interatomic potentials for Cu to be used in the
MD simulations [37-39]. The experimental techniques
to characterize the mechanical properties of Cu, both in
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fine-grained and in nanocrystalline forms have been
established [1]. Hence, Cu is an ideal model material to
study microstructural evolution in FG and NC materials.

The selection of the dopant element and concentration is
based mainly on three criteria: (i) the dopant atoms should
not form precipitates or secondary phases at the chosen
composition and temperature [18], (ii) the dopant atoms
should segregate to the grain boundaries, and (iii) the
dopant atom size should be larger than the host atom to be
effective in inhibiting grain boundary sliding [40]. Anti-
mony has limited solubility in copper at room temperature
(~1.0 at.%Sb) [41] due to the mismatch in both atomic
size and crystal structure. At equilibrium, the Cu—Sb sys-
tem will not contain intermetallic secondary phases if the
concentration of Sb is below the solvus limit. Furthermore,
there is experimental verification that Sb almost completely
segregates to the grain boundaries in Cu when heated to
675 °C [42]. Since an Sb atom is much larger than a Cu
atom (Rsp/Rcy = 1.25 [43]), Sb atoms at the grain
boundaries are hypothesized to be effective in stabilizing
the microstructure through both kinetic and thermody-
namic mechanisms. Thus, Sb satisfies all the major criteria
as a dopant material to stabilize the microstructure of Cu
and is selected in this work as the dopant for the Cu host
material.

Rectangular billets of size 23 x 23 x 202 mm with
Cu-0.2 and 0.5 at.%Sb concentrations are prepared at Oak
Ridge National Laboratory by casting in an induction arc
furnace under argon gas cover. Cu billets prepared by the
same casting process and commercially pure Cu in wrought
form (Cu-CDA102, 99.95 wt%Cu, oxygen-free) are
included in this study to establish control data. The Cu-102
sample has been previously cold-worked (extruded); the
impact of this history on hardness and strength is discussed
in “Experimental results and discussion.” The chemical
compositions of the alloys prepared by casting are shown
in Table 1. The chemical analysis results show that the Sb
concentrations are within the practical error limit of the

Table 1 Chemical composition of the Cujgg_,Sb, alloys prepared by
casting in an induction arc melting furnace under an argon gas cover

Element Alloys (cast)
Cu 0.2 at.%Sb 0.5 at.%Sb

Sb - 0.229 0.634
(6] 2.44 0.637 0.593
C (ppm) 38 41 32.5
Cr, Fe, Mg, Mn, <10 <10 <10

Ni, Si, Ti (ppm)
Cu Balance Balance Balance

The concentrations of Sb, C, and O represent averages from mea-
surements on two billets

casting process, but oxygen has penetrated the billets
during casting. Scanning electron microscopy (SEM)
analysis of the cast microstructures reveals that oxygen is
present in the form of oxide particles of diameter 2-5 um
and that a large fraction of the oxide particles are located at
the grain boundaries; the impact of these oxide particles on
grain growth will be discussed in “Experimental results
and discussion.” In the case of Sb-doped alloys, energy
dispersive X-ray spectrometry (EDS) analysis shows that
the oxide particle positions coincide with much of the Sb.
SEM and EDS results for Cu-0.5 at.%Sb are shown
in Fig. 1; similar results are obtained for Cu and
Cu-0.2 at.%Sb. The segregation of the Sb atoms to the
oxide particles is due to the limited solubility of Sb in Cu
and a preference for interfaces such as those at oxide
particles and grain boundaries. The grain size of the cast
alloys is between 50 and 100 pm.

Equal channel angular extrusion

Techniques capable of producing FG or NC materials can
be divided into two categories. Bottom-up approaches
include electron deposition and compaction from powders
created via inert-gas condensation [44] or ball milling [45].
Top-down techniques, such as the ECAE, commonly
involve severe plastic deformation and are capable of
producing larger quantities of FG and NC samples with
low residual porosity and contamination, compared to
bottom-up approaches. The smallest average grain size
produced by ECAE to date is about 100 nm, depending on
extrusion conditions and die geometry [46, 47]. The billets
in this study are extruded using the ECAE “E” route where
billets are passed through the die four times. According to
the E route, the billets are rotated 180° after the first pass,
90° after the second pass, and finally 180° after the third
pass. Initially, billets were extruded at ambient tempera-
ture. However, the cast billets (Cu, Cu-0.2 at.%Sb, and
Cu-0.5 at.%Sb) cracked and failed before the fourth pass.
This is likely due to the presence of oxide particles which
reduces the ductility of the cast billets; the oxygen-free
Cu-102 samples were successfully extruded at ambient
temperature through four passes. In order to extrude the
cast billets without cracking, the extrusion temperature is
increased.

To determine an appropriate higher extrusion tempera-
ture, 25.4 x 25.4 x 6.5 mm sections were cut from the
cast Cu—Sb alloy billets and rolled to 95% reduction in
thickness in five steps at room temperature. Although the
cast billets failed during ECAE at room temperature, no
cracking was observed after rolling, likely due to a dif-
ference in the stress states between the ECAE and the
rolling processes. Sections from the rolled alloys were then
annealed at selected temperatures between 200 and 600 °C
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Fig. 1 SEM and EDS maps of
Cu-0.5 at.%Sb alloy after
casting (before ECAE)
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Fig. 2 Vickers microhardness (HV) measurements for cold-rolled
Cu-0.2 and 0.5 at.%Sb samples after annealing for 1 h at each
temperature. The indenter load used for all measurements is 0.01 kg.
Each data point represents the average of four measurements and the
error bars indicate + standard error

for 1 h in a N, environment. Microhardness measurements
on the annealed samples were performed and are plotted
versus the annealing temperature in Fig. 2. The microh-
ardness shows a decrease after 250 °C, indicating coars-
ening begins beyond this annealing temperature for this
microstructure. Thus, to impart maximum ductility and
prevent grain growth during ECAE, extrusions of the cast
billets are performed at 250 °C, below the temperature at
which microstructural evolution occurs. With a punch
speed of 0.42 mm/s (0.10 in/min), the cast billets were
extruded successfully for all four passes except for some
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surface cracks, which appeared in the billets during the
third pass. To further increase the ductility of the material,
a second batch of cast billets was extruded at 300 °C with a
lower punch speed of 0.22 mm/s (0.05 in/min). The billets
extruded at 300 °C were completely crack-free. Note, prior
to each extrusion pass, the billets were heated in a muffle
furnace for 15 min at the extrusion temperature. The entire
die assembly was also heated to the desired temperature
prior to extrusion.

Experimental results and discussion
Thermal stability analysis using TEM and OIM

The cast billets extruded at 250 and 300 °C were used for
the experimental analysis of microstructural stability and
mechanical properties. The end portions of the billets
processed using ECAE were not extruded completely, thus
25 mm was cut from the ends of each billet and discarded;
the remaining billet section was used for testing and
analysis. To quantify the effect of Sb dopants on the
microstructural stability of Cu, grain size measurements
using Abrams Circular Intercept Procedure in ASTM E112
were taken on the extruded alloys before and after
annealing at 250 °C for 1 h. This annealing temperature
was selected because one of the potential applications for
nanocrystalline or fine-grained Cu is chip-substrate inter-
connects in integrated circuits [48] and it is critical that the
microstructure remains stable at 250 °C to be suitable for
this application [49]. Annealing was performed in a N,
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Fig. 3 TEM images of Cu-102 (a, b), Cu (¢, d), Cu-0.2 at.%Sb (e, f),
Cu-0.5 at.%Sb (g, h) in the extruded and annealed states. Figures in
the left column (a, c, e, g) are of the extruded state and in the right
column (b, d, f, h) are after annealing at 250 °C for 1 h

environment to avoid surface oxidation; the grain size
was analyzed using TEM on samples prepared by elec-
tropolishing.

The TEM results in Fig. 3 indicate that the grain size
after ECAE was approximately 350 nm with a narrow
range (£5 nm) and high dislocation density. After
annealing for 1 h at 250 °C, the microstructures of Cu and
Cu-102 undergo grain growth resulting in a grain size of
2.05 and 2.11 pm, respectively. The TEM images show
that the dislocation density decreases significantly after
annealing in the Cu and Cu-102 specimens. However, after
annealing for 1 h, the average grain size for the Sb-doped

samples remains stable for Cu-0.2 and 0.5 at.%Sb,
respectively, with some recovery providing a slight
reduction in the dislocation density. The TEM results
provide visual evidence that Sb atoms inhibit grain growth
in Cu at 250 °C.

Orientation imaging microscopy (OIM) was conducted
to study the distribution of grain boundary disorientations
[50] in the Cu;gp_,Sb, alloys after ECAE and to elucidate
the influence of annealing on the grain boundary orienta-
tion distribution function. The OIM analysis shown in
Fig. 4 reveals that each fine-grained sample has concen-
trated regions of small angle grain boundaries separated by
large angle grain boundaries. One specific OIM result for
ECAE processed Cu-0.2 at.%Sb is shown in Fig. 4a—d.
Samples contain a high fraction of low-angle boundaries
(<15° disorientation angle) which is shown in Fig. 4b and
d. As a result of the somewhat arbitrary cutoff between
low- and high-angle boundaries, some boundaries change
category along their length as the misorientation between
the adjacent grains varies in these deformed specimens.
Similar results for grain boundary disorientation angle
distribution functions are obtained for pure cast Cu. Dalla
Torre et al. [36] studied the influence of the number of
ECAE passes on the grain boundary misorientation distri-
bution and also observed a similar large fraction of low-
angle boundaries after four ECAE passes, the fraction of
which decreased with increasing number of passes. The
OIM results for the Cu-0.2 at.%Sb after annealing show
that there is no change in the grain orientation distribution.
However, the pure Cu fine-grained sample undergoes grain
growth (Fig. 3b) and the microstructure is completely
altered after annealing. These results further verify that
along with the grain size, the Sb doping is able to retain the
grain orientation distribution in Cu thereby preventing any
changes in the properties associated with material texture.

Thermal stability analysis using microhardness
and tensile tests

To evaluate the effect of Sb dopants on the temperature
associated with microstructural evolution in fine-grained
Cu, microhardness tests are conducted for ECAE processed
alloys that are annealed at temperatures between 50 and
700 °C for 1 h at intervals of 50 °C in a N, environment.
The effect of the annealing temperature on microhardness,
for the alloys extruded at 250 °C, is shown in Fig. 5. It is
clear from Fig. 5 that microhardness decreases sharply
between 200 and 250 °C for the Cu-102 and cast Cu
materials, indicating that grain growth has begun, whereas
the Sb-doped Cu alloys retain their microhardness up to
approximately 400 °C. Beyond 400 °C, the microhardness
of each cast material decreases and plateaus at a value
similar to that of the samples before ECAE. The annealed
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Fig. 4 Inverse pole figures
(IPF) of nanocrystalline Cu-0.2
at.%Sb showing the high-angle
boundaries (a), low-angle
boundaries (b), and the low- and
high-angle boundaries in the
same image (c). Grains are
colored by the orientation of
their normal to the surface,
corresponding to the IPF key.
The grain boundary
disorientation distribution is
shown in (d)
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Fig. 5 Effect of annealing temperature on the Vickers microhardness
(HV) of Cu samples and Cugg_,Sb, alloys. The Cujgo_,Sb, alloys
are extruded at 250 °C and Cu-102 is extruded at ambient temper-
ature. Each data point represents the average of four measurements
and the error bars indicate +standard error

hardness of the Cu-102 sample is less than that prior to
ECAE because the previous cold-work is removed by the
annealing process. Similar results are obtained for the
Cujgo_.Sb, alloys extruded at 300 °C, where the Sb-doped
Cu material retains its microhardness at a higher temper-
ature as compared to pure (undoped) Cu.
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In addition to the microhardness study, the effect of
annealing temperature on ultimate tensile strength is ana-
lyzed for the Cu;go_,Sb, alloys extruded at 300 °C and the
Cu-102 sample. For efficient utilization of material and
lower machining costs compared to round specimens, small
flat dog-bone-type specimens of gauge length 8.2 mm,
width 3 mm, and thickness 1 mm are utilized for the ten-
sile tests. The test specimens are annealed in a N, envi-
ronment over a range of temperatures (0—450 °C) before
testing. The ultimate tensile strength (UTS) for each sam-
ple is reported in Fig. 6; observations are similar to the
microhardness results in Fig. 5. Specifically, the tensile test
results show that the strength of the pure Cu samples (cast
Cu and Cu-102) decreases for annealing temperatures of
200 °C or higher, indicating microstructural coarsening,
whereas the 0.5 at.%Sb-doped Cu alloy retains its strength
up to 350 °C.

In summary, Sb-doped Cu alloy specimens retain their
mechanical strength up to a higher annealing temperature
as compared with Sb-free Cu samples. Furthermore, since
grain growth is observed in Sb-free cast Cu at annealing
temperatures greater than 250 °C, oxygen impurities do not
appear to assist in improving the stability of the host
material; the improvement in the stability can be attributed
primarily to the presence of Sb dopants.
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Fig. 6 Effect of annealing temperature on the ultimate tensile
strength of Cuygg_,Sb, alloys and Cu samples. The Cujgy_,Sb,
alloys are extruded at 300 °C and Cu-102 is extruded at ambient
temperature. The samples are annealed for 1 h in a N, environment

Fracture surface analysis

SEM and Auger Electron Spectroscopy (AES) are used to
investigate whether Sb atoms have segregated to the grain
boundaries during casting or ECAE processing. The sam-
ples used for SEM and AES analyses are prepared from the
cast alloys extruded into fine-grained form at 300 °C in the
shape of a round bar with length 20 mm and diameter
3.2 mm. Specimens are fractured by striking a “knife”
edge through each Cu—Sb sample at a high rate in an ultra
high vacuum chamber followed immediately by analysis of
the fracture surfaces. Figure 7a shows a SEM image of the
fracture surface in a Cu-0.2 at.%Sb specimen. The SEM
image in Fig. 7a shows the presence of ridges on the
fracture surface with dimples that are approximately
5-20 pm in diameter in between the ridges. The ridges may
indicate the positions of grain boundaries after casting
(grain size 50-100 pm) while the dimples provide
evidence that fracture is ductile. Figure 7b shows a higher-
magnification image of a Cu-0.5 at.%Sb specimen, show-
ing oxide particles in many of the dimples on the fracture

Fig. 7 a SEM image of the
fracture surface in a Cu-

0.2 at.%Sb specimen. The white
box indicates the region over
which AES scans are performed
as shown in Fig. 8. b SEM
image of fracture surface in a
Cu-0.5 at.%Sb specimen. Points
ol, 02, and o3 indicate where
element composition analysis
was performed with results
presented in the Table 2

surface. Recall, Fig. 1 shows that the majority of the oxide
particles are located at the grain boundaries in the cast
samples; thus, it is hypothesized that the ductile fracture
mode is intergranular along the grain boundaries in the cast
samples and that oxide particles act as nucleation sites for
voids along the grain boundary planes.

Figure 8 shows the nonuniform distribution of Sb on the
fracture surface in the Cu-0.2 at.%Sb sample; similar
results are obtained for Cu-0.5 at.%Sb alloys. The ele-
mental maps of O are very similar to those of Sb, analo-
gous to that observed in the EDS maps of Sb and O in
Fig. 1. The thickness of the Sb and O layers on the fracture
surface is quantitatively measured by sputtering the frac-
ture surface with Ar™ ions. A region larger than the SEM
image shown in Fig. 7b is sputtered, with data collected at
a specific point within one of the dimples (e.g., point ol).
The concentration profiles of Cu, Sb, and O as a function
of the sputtering depth on the fracture surface of a
Cu-0.5 at.%Sb sample are shown in Fig. 9. The Sb con-
centration on the fracture surface is quite high
(4.5 at.%Sb), which is much greater than the measured
average bulk concentration 0.634 at.%Sb (Table 1).
Moreover, the concentration of Sb at the fracture surface is
greater than the solid solubility of Sb in Cu at room tem-
perature [41]; this suggests that fracture follows regions of
high Sb concentration which Fig. 1 shows are at the grain
boundaries after casting prior to ECAE. The concentration
of Sb gradually decreases with increasing sputtering depth,
and plateaus at a depth of 1.5 nm. The sputtering profile
obtained for oxygen is similar to the profile of Sb. It is
important to note that the O coverage on the fracture sur-
face is also nonuniform and is not from contamination of
the surface after the fracture, as evident from Fig. 8c
(Table 2).

It is interesting to find that SEM analysis of the fracture
surface shows evidence of ductile fracture while Ar"
sputtering of the fracture surface returns Sb concentrations
higher than those typically associated with Sb in Cu solid
solution. The concentration of Sb on the fracture surface
should promote very brittle behavior, similar to that shown

oxide particles
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Fig. 8 AES element maps of the fracture surface in the Cu-0.2 at.%Sb alloy. The elemental maps are derived by analyzing the area inside the

white box shown in Fig. 7a
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Fig. 9 Sputtering profile of fracture surface of nanocrystalline

Cu-0.5 at.% Sb. The depth scale is determined using a calibrated
sputter rate on a standard 100 nm SiO, film

Table 2 Elemental composition analysis at the points o1, 02, and 03
in Fig. 7b

Point Composition (at.%)

(0] Cu Sb
ol 7.2 88.2 4.6
02 54.3 4.9 40.8
03 13.8 77.0 9.3

previously by Staley and Saxena [42]. There are two pos-
sible explanations for this behavior: (i) a disproportionate
amount of the free Sb has segregated to the incoherent
interfaces between the oxide particle and the Cu leaving
the grain boundary regions, and/or (ii) the nanostructure
created during ECAE is capable of absorbing some of the
Sb from the original grain boundaries after casting lower-
ing the effective concentration at each interface in the
alloy. This provides an interesting direction for future
research, to produce oxide-free Cu;go_,Sb, alloys with Sb,
so that a more in depth analysis of Sb segregation can be
performed in the absence of oxide particles.
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Fig. 10 Room temperature tensile tests of Cu and Cu-Sb alloys
processed using ECAE. The cast alloys were extruded at 300 °C and
Cu-102 was extruded at ambient temperature. The “Cu-102
(annealed)” sample is annealed at 500 °C for 2 h in a N, environment
to return the sample to a coarse-grained microstructure. Note that the
curves are slightly offset for clarity

Tensile strength and ductility of Cu-Sb alloys

Tensile tests are conducted at a strain rate of 0.001 s™' in
accordance with the ASTM E8 standard to study the
influence of ECAE processing, extrusion temperature, and
Sb concentration on the mechanical strength of Cu;gg_,Sb,
alloys. These tests are conducted at ambient temperature
(~23 °C) using round tensile specimens with a gauge
length and gauge diameter of 20 and 4 mm, respectively.
Tensile test results for the cast alloys extruded at 300 °C
and Cu-102 are shown in Fig. 10. The tensile test result for
coarse-grained Cu-102, annealed at 500 °C for 2 h, is
included in Fig. 10 to compare with the ECAE processed
samples. Three important conclusions can be derived from
the results presented in Fig. 10. (i) Comparing the tensile
strength of the extruded and annealed Cu-102 sample, it is
clear that processing the material using ECAE increases the
yield strength of Cu from 92 to 435 MPa without a dra-
matic decrease in ductility. This is of course due to grain
size strengthening. (ii) The presence of oxide impurities in
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Fig. 11 Comparison of tensile properties of Cujgo_,—Sb, cast alloys
processed using ECAE at 250 °C (solid line) and 300 °C (dashed
line). Note that the curves are slightly offset for clarity

Cu has a deleterious effect on ductility; Cu prepared by
casting is significantly less ductile than that of Cu-102. The
difference in strength between cast Cu and Cu-102 is pri-
marily due to the cold-worked history of the Cu-102
specimen and the processing procedure as the Cu-102
sample was deformed via ECAE at ambient temperature,
both of which will provide increased dislocation density
compared to cast Cu. (iii) Comparing the tensile test results
of the alloys prepared by casting only (Cu, Cu-0.2 at.%Sb,
and Cu-0.5 at.%Sb) shows that the tensile strength
increases with increasing Sb concentration. This behavior
could be caused by solid solution strengthening and the fact
that Sb atoms reduce the grain boundary energy, leading to
increase in the stress required for sliding and nucleation of
dislocations from the grain boundaries [40, 51]. Further,
oxides in the Cu-0.2 and 0.5 at.%Sb samples contain Sb,
whereas oxides in the cast Cu samples do not, which may
contribute to the mechanical response.

Tensile tests are conducted on cast billets extruded at
250 °C are compared to the test results of the alloys
extruded at 300 °C in Fig. 11. The Cu and Cu-0.2 at.%Sb
alloys extruded at 300 °C have slightly lower yield
strengths (approximately 15% reduction) but much
improved ductility (300% increase) compared to the alloys
extruded at 250 °C. There was no observable difference in
the grain sizes of the alloys extruded at 250 and 300 °C,
and the improvement in the ductility are likely caused by
increased dislocation annihilation during ECAE at 300 °C
as compared to 250 °C. However, there is no significant
effect on the mechanical strength and ductility of the
ECAE processing temperature for the Cu-0.5 at.%Sb alloy.
In summary, the tensile test results demonstrate that there
is no significant advantage of processing the billets at
250 °C over 300 °C. Recall that processing the billets at

250 °C resulted in cracking, whereas the billets processed
at 300 °C were completely crack-free. It can therefore
be concluded that it is more efficient to process the
Cu;gg_—Sb, billets at 300 °C compared to 250 °C.

Molecular dynamics simulation method

The fundamental role of Sb atoms at the grain boundaries on
excess grain boundary energy and microstructural stability
is analyzed using MD simulations. MD simulations are
conducted using the code LAMMPS, developed by Plimp-
ton et al. [52] at Sandia National Laboratories. The NC
model is cubic with side lengths of 35 nm and contains over
3.5 million atoms. The Cu—Cu interaction is calculated
using the EAM potential by Mishin et al. [37], while the Sb—
Sb interactions and Cu—Sb interactions are calculated using
a two-body Lennard—Jones (LJ) potential developed spe-
cifically to match the heat of solution and other structural
aspects of dilute amounts of Sb in Cu [53] (this potential is
not capable of modeling Cu—Sb alloys with higher Sb
concentrations leading to intermetallic phase formation).
The LJ parameters for Cu—Sb and Sb—Sb interactions used
in this study are ocy sy = 2.744 A, ecu_sp = 0.1798 eV
and ogp,_gp, = 3.15 A, esp_sp = 0.079 eV, respectively. The
cut-off radius for the LJ potential is selected to be three
times the value of og,_gp, (9.45 10\), which is approximately
the radius of the strain field around an Sb atom in a Cu
lattice [53]. The suitability and accuracy of these potentials
have been discussed in previously by Spearot et al. [54, 55]
and Rajgarhia et al. [53, 56].

The NC microstructure is constructed using the Voronoi
tessellation method with a target grain size of 10 nm. With
this grain size, direct comparison between the MD simu-
lations and the experiments on FG Cu are not possible.
Instead, the MD simulations provide an understanding of
the underlying mechanisms of grain boundary stability in
grain boundary-doped NC materials. The grain size dis-
tribution is constructed to be log-normal with random grain
boundary disorientation distribution, in agreement with
Mackenzie [57]. Further details of the construction method
for the NC microstructure used in this study can be found
in [58]. The Sb atoms are distributed randomly at the grain
boundaries as substitutional defects by replacing Cu atoms
at the grain boundaries with Sb atoms (using the centro-
symmetry parameter [59] as a means to identify grain
boundary atoms). At this time, no attempt is made to tailor
the Sb concentration at each boundary as a function of
grain boundary disorientation. The simulation cell is first
subjected to energy minimization using a Polak—Ribiere
nonlinear conjugate gradient process. The NC model is
then annealed at 1200 K at O bar in the isobaric—isothermal
canonical ensemble [60, 61] for 1 ns, analogous to previous
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calculations by Millett et al. [19, 20]. High temperature
annealing is used simply to accelerate the grain growth
process within the short-time scales characteristic of MD
simulations. MD simulations are conducted for a range of
Sb concentrations (0.0-2.0 at.%Sb) using identical initial
NC microstructures.

MD simulation results and discussion

The influence of Sb concentration on excess grain bound-
ary energy in nanocrystalline Cu is shown in Fig. 12. Grain
boundary energy is computed at 0 K after the NC model is
subjected to energy minimization. The excess grain
boundary energy is computed as the difference between the
total potential energy of the NC simulation model after
energy minimization and an identical system with each
atom considered to be in the bulk. The bulk energy of Cu is
—3.54 eV/atom [37], and the bulk energy of Sb is
approximated to be —2.207 eV/atom [53]. Grain boundary
area is computed by summing the surface area of each
grain assuming they are spheres with diameter equal to the
average grain size, and then multiplying this by one-half to
account for double counting, since two adjacent grains
share a common grain boundary. Simulation shows that the
excess grain boundary energy per unit grain boundary area,
I', reduces with increasing Sb concentration. The zero
value of I represents the concentration of Sb at which the
thermodynamic driving force for grain growth is no longer
present. These results are qualitatively consistent with
grain boundary engineering concepts proposed previously
by Weissmuller [17] and Kirchhiem [18].

4
Tm
3 \l\
PR
-gc\’:‘ 2 N
3E ] N
oS 1 N
=) 4 ~
S >
58 07 '
n O .
0 C
O O -1
3]
>< 4
LLi
-2
3 - . . . . . . . . .
0.0 0.5 1.0 1.5 2.0 2.5

Sb at.%

Fig. 12 MD simulation results showing the influence of Sb concen-
tration on the excess grain boundary energy per unit grain boundary
area (I'). The average grain size of the microstructure used for this
calculation is 20 nm. The inset image shows 3D nanocrystalline
Voronoi model used for all calculations in this study
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Fig. 13 MD simulation results showing change in number of grain
boundary atoms (atoms with centrosymmetry > 0.5) during annealing
at 1200 K for 1 ns for a range of Sb concentrations (0.0-0.5 at.%Sb).
To ensure that the entire model is in equilibrium at 1200 K, the
starting point for data collection is taken at 0.1 ns. Hence, the plotted
values are normalized by the number of grain boundary atoms at
0.1 ns

Microstructural stabilization of NC Cu by Sb is exam-
ined in Figs. 13 and 14. The role of Sb dopants on
microstructure stabilization is studied by two methods.
First, the number of grain boundary atoms in the NC
microstructure is tracked by counting the number of atoms
with centrosymmetry >0.5 A? over the annealing period, as
shown in Fig. 13. For pure Cu, the number of grain
boundary atoms clearly decreases signifying grain growth
(visual inspection of the MD results confirms this obser-
vation). However, Sb atoms dispersed at the grain bound-
aries retard grain growth, leading to a stabilized NC Cu
alloy microstructure for 0.2 at.%Sb and 0.5 at.%Sb with
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Fig. 14 MD simulation results showing the average grain size before
and after annealing nanocrystalline Cu with different Sb concentra-
tions. Grain size is calculated using the Abram’s Three Circle
Intercept method in ASTM E112
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slight thickening of the distorted region around the grain
boundaries observed in the latter case. Grain stability
improves with increasing Sb concentration and becomes
stable at 0.5 at.%Sb. The higher concentration of Sb causes
greater distortion at the grain boundaries, which explains
the increase in the number of atoms identified as belonging
to the grain boundary after the 1 ns annealing.

Second, the average grain size is calculated at the end of
the annealing period using the Abrams Three Circle
Intercept method in ASTM E112 and compared with the
grain size before annealing. The results of this comparison
for a range of Sb concentrations are presented in Fig. 14. It
is clear that grain stability increases with Sb concentration
and that grain size remains stable during the simulation
time for 0.2 and 0.5 at.%Sb concentrations. It is very
important to note that although the excess grain boundary
energy at concentration levels of 0.2 and 0.5 at.%Sb is not
zero (Fig. 12), the combined kinetic and thermodynamic
contributions are sufficient to maintain the grain stability at
the conditions tested in this work. This implies that the
excess grain boundary energy may not need to be zero to
improve stability, and additional mechanisms such as grain
boundary pinning and solute-drag at the grain boundaries
are active and assist in providing microstructure
stabilization.

Conclusions

Experiments conducted in this study show that the micro-
structural stability of fine-grained Cu (with average grain
size of 350 nm) improves by alloying with Sb. Specifically,
the temperature associated with microstructural evolution
in Cu-Sb alloys (with 0.2 and 0.5 at.%Sb) is found to be
approximately 400 °C as compared to 250 °C for pure Cu;
this result is verified by measurements of grain size using
TEM, microhardness, and ultimate tensile strength. In
addition, the yield and ultimate tensile strengths of fine-
grained Cu are found to increase with increasing Sb con-
centration. SEM images (Fig. 7) and chemical analysis
(Figs. 8, 9) of fracture surfaces in Cu—Sb alloys show a
ductile mode of fracture with high concentration of Sb
(4.5 at.%) and oxide particles on the fracture surface. The
presented results suggest that Sb dopants do segregate to
the grain boundaries present after casting and that fracture
is due to void nucleation and growth along these grain
boundaries initiating at the oxide particles. Furthermore, it
is hypothesized that a portion of the Sb concentration is
absorbed at the incoherent interfaces between the oxide
particles and/or at the new grain boundaries formed during
ECAE, allowing for ductile rather than brittle fracture.
Molecular dynamics simulations on NC samples (with
average grain diameter of 10 nm) show fundamentally that

the addition of Sb at the grain boundaries lowers the excess
free energy of the system, in agreement with previous
theoretical predictions. However, it is clear that micro-
structure stabilization can be achieved through combined
kinetic and thermodynamic mechanisms even if the excess
grain boundary energy is not zero. Molecular dynamics
simulations of accelerated annealing verify that the sta-
bility of the microstructure improves with increasing Sb
concentration at the grain boundaries and that the micro-
structure is stable for 0.2 and 0.5 at.%Sb concentrations.
The two methods used to study grain size during MD
simulation of annealing in nanocrystalline Cujgy_,Sb,
alloys are in close agreement.

This research shows that Sb is a suitable dopant for
increasing the stability of the microstructure in Cu, as is has
a tendency to segregate to internal interfaces (such as grain
boundaries), lowers the excess grain boundary energy and
has a positive effect on the mechanical strength. Using this
approach, microstructural stability of fine-grained and
nanocrystalline materials can be improved thereby enabling
their use in elevated temperature engineering applications.
In future work, creep deformation tests will be conducted to
evaluate the effect of Sb dopants in fine-grained Cu under
the combined influence of stress and temperature.
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