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a b s t r a c t

The microstructures and tensile deformation behavior of Cu–16 wt.%Ag binary alloy with coarse grains
were investigated by electron backscattered diffraction (EBSD) and scanning electron microscope (SEM).
No precipitate was found in both eutectic Cu and Ag phases, whereas abundant precipitates were observed
in proeutectic Cu matrix. Slip bands appear in the dendrites, though they are abundant in precipitates,
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utectic

and this can be attributed to the cube-on-cube orientation relationship and the coplanar slip systems
between them. Slip bands can penetrate continuously through the eutectic region and the dendrites.
The EBSD results revealed that they always had the same orientation. The tensile stress–strain curves
displayed certain work-hardening behavior and high elongation. The highly continuous slip deformation
mode and the good strain compatibility between matrix and the eutectic region will be beneficial to the
high elongation of the Cu–Ag alloy.
lip bands

. Introduction

Cu and Ag are all face-centered cubic (fcc) metals, with lattice
arameters of 0.3615 and 0.4086 nm, respectively. In particular,
hey belong to the same main group in the periodic table, and both
how good conductivity and super-high plastic deformation ability
1]. Therefore, this gives rise to an interesting question: whether
ne can fabricate some Cu–Ag binary alloys with high strength,
ood conductivity and elongation? Recently, some investigators
ave devoted to develop the Cu–Ag alloys for the application in
igh-field magnets [2–5]. During cold drawing and appropriate

ntermediate heat treatment, some Cu–Ag composites with high
trength and high conductivity have been obtained [6–10]. How-
ver, in those Cu–Ag alloys, the fundamental plastic deformation
echanisms were not well investigated though they provided some

ata about the mechanical properties. To obtain superior property
n the future, it is rather important to investigate the microstruc-
ures and the mechanical response of Cu–Ag binary alloys
rst.

The phase diagram of Cu–Ag binary alloy is shown in Fig. 1 [11].
he volume fraction of the eutectic region increases with the Ag
ontent for the Cu–Ag binary alloy, and the morphology changes

orrespondingly [12]. There were some experimental observations
n the orientation relationship between the precipitates and the
endrites in Cu–Ag alloys previously [13–15]. Besides, the cube-
n-cube orientation relationship was also found to exist between
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Cu matrix and Ag filament in the heavily drawn Cu–Ag microcom-
posites [16,17]. Whereas the microstructure and the strengthening
effects of interphase interfaces were discussed previously [18–22].

In the current study, a Cu–16 wt.%Ag binary alloy was pre-
pared under the furnace cooling condition to obtain coarse-grained
microstructures, because the active slip bands in matrix and eutec-
tic can be clearly observed, and this will enable us to investigate the
basic deformation mechanism conveniently. The present work was
conducted to gain understanding of the nucleation mechanism and
investigate the mechanical response of the eutectic region and the
dendrites. Furthermore, this will play an important role in under-
standing the toughening mechanism and the optimized mechanical
properties of Cu–Ag binary alloy in the future.

2. Experimental procedures

The starting materials are OFHC Cu of 99.999% purity and elec-
trolytic Ag of 99.99% purity, respectively. Then, a Cu–Ag alloy plate
with a dimension of 40 mm × 15 mm × 150 mm was molten at a
temperature of 1200 ◦C by the Bridgman method with a graphite
crucible in a horizontal furnace [23]. When the heating process
was over, the furnace was switched off, and the Cu–Ag alloy
began to solidify with temperature decreasing. Since the weight
loss was negligible during casting, the nominal compositions of
Cu–16 wt.%Ag (see the broken line in Fig. 1) could be regarded as

the true composition in the current study. Further element analysis
by energy dispersive X-ray spectroscopy (EDX) indicated that the
average composition was well consistent with the nominal com-
position (see Table 1). The alloy was used directly without heat
treatment since the cooling rate was slow enough. The samples
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Fig. 1. Phase diagram of Cu–Ag binary alloy [11].

Table 1
Chemical composition of the Cu–Ag alloy.

Cu (at.%) Cu (wt.%) Ag (at.%) Ag (wt.%)

N
T

w
5
a

d
r
f
m
m
p
s
m
t
c
o

Ag phases, whereas abundant Ag precipitates are observed in the
ominal composition 90 84.1 10.00 15.9
rue composition 90.2 ± 0.5 84.4 ± 0.5 9.8 ± 0.5 15.6 ± 0.5

ere ground and polished first, then etched in a solution of 2 g FeCl3,
ml HCl, and 100 ml C2H5OH, and observed by optical microscope
nd scanning electron microscope (SEM).

Since Cu–Ag hypoeutectic alloys contain Ag and Cu phases, the
ifference in electropolishing rate results in difficult sample prepa-
ation. Up to now, a proper electropolishing solution has not been
ound yet. In order to obtain a flatter surface and thus enable area

easurement of orientations for EBSD mapping, an ion milling
ethod was developed [24]. A slice of the alloy was ground and

olished to a thickness less than 200 �m first, and then some EBSD
amples of 3 mm in diameter were punched for ion milling. The ion

illing conditions were as below: 1.5 h at a voltage of 4 kV and gun

ilt angle of 15◦, followed by 0.5 h at a gun tilt angle of 12◦, and with
ooling by liquid nitrogen during milling. Finally, the samples were
bserved by LEO SUPRA 35 SEM equipped with an EBSD system.

Fig. 2. Microstructures of the Cu–16 wt.%Ag alloy: (a) taken by optica
Engineering A 508 (2009) 209–213

The tensile specimens with a gauge dimension of 16 mm ×
5 mm × 4 mm and a total length of 60 mm were machined by spark-
cutting technique. Before tensile deformation, all the specimens
were ground and polished carefully for surface observation. Ten-
sile tests were performed using an Instron 8871 testing machine at
a nominal strain rate of about 5 × 10−4 s−1. After tension, the speci-
mens were observed by using SEM to reveal the surface deformation
morphologies and fracture behavior.

3. Results and discussion

3.1. Microstructures

For hypoeutectic Cu–Ag binary alloy (see Fig. 1), when the Ag
content is low, the eutectic colonies disperse as isolated islands in
the interdendritic spaces. Whereas increasing the Ag content, the
percentage of eutectic region increases too, as shown in Fig. 2a. The
eutectic region shows a continuous net-like distribution between
the dendritic arms [12]. Though the grain sizes are not uniformly
distributed (the biggest one is ∼5 mm), it was very helpful to inves-
tigate the mechanical response of the eutectic and the dendrite (see
the next section). Grain boundaries are missing, because the high
volume fraction of the eutectic reduces the probability that two
dendrites directly adjoin each other during solidification [25], but
the dendrites have slight difference in contrast. Here, the boundary
of two regions with different orientations is still defined as grain
boundary in order to facilitate the description and discussion later.
Generally, the dendritic arm spacing is related to the cooling rate,
and changes insignificantly with Ag content [6]. In the present work,
the dendritic arm spacing is estimated to be 60–180 �m, which is
much bigger than that reported before [6,7,10,12,13,25].

Fig. 2b shows the typical microstructure of etched Cu–16 wt.%Ag
alloy taken by SEM. No precipitate is found in both eutectic Cu and
proeutectic Cu matrix. The disappearance of Ag precipitates in the
eutectic region can be attributed to the short distance between
the Cu and Ag phases, so the Cu and Ag atoms can diffuse into
the corresponding phase, in that case, no precipitate appears with

l microscopy and (b–d) taken by SEM at different magnitudes.
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ig. 3. (a) SEM backscatter diffraction image, (b) EBSD orientation map of the same
rea and (c) Kikuchi band contrast and high angle boundary map of the same area
f the Cu–16 wt.%Ag alloy.

emperature decreasing. In addition, it is observed that a thick Ag
ayer encloses on the external surface of the eutectic region. In the
icinity of the Ag layer, there is a Ag-poor zone [13]. A possible
xplanation is as follows: because of the chemical potential differ-
nce between the dendrite and the eutectic region, the partitioning
f Ag into eutectic region and Cu into dendrite close to the interface
s a result of inter-diffusion after the eutectic region has solidified.
he result would be a depletion of Ag in the boundary layer of the
endrite plus an enrichment of Ag in the boundary layer of the
utectic region. Fig. 2c shows the rod-like precipitates in the proeu-
ectic Cu matrix. At higher magnification, as shown in Fig. 2d, it is
learly seen that a line of rod-like precipitates distributed regularly,
ith average diameter of about 50–90 nm. These rod-like precipi-

ates are arranged closely, and their diameters are nearly the same
s the spacing, as a result, they cannot be distinguished clearly at
ower magnification.

Fig. 3a–c shows the SEM backscattered diffraction image, EBSD
rientation map, Kikuchi band contrast and high angle bound-
ry map, respectively. The misorientation angles were labeled on
he EBSD orientation map, as shown in Fig. 3b, whereas Fig. 3c
hows the high angle boundary with angles higher than 15◦. Mostly,
t is found that the eutectic region and the dendrites have the
ame orientation. Supposing that there are three proposed eutectic
ucleation and growth modes [26], i.e. (1) nucleation at or adjacent
o the mould wall and front growth opposite the thermal gradient,

2) nucleation of eutectic region on primary dendrites, and (3) het-
rogeneous nucleation of eutectic region on nucleation particles in
he interdendritic liquid. So in the current study, the second nucle-
tion and growth mode may be the predominant one. Interestingly,
n some areas of the eutectic colony, the Cu and Ag phases show
Fig. 4. Engineering and true tensile stress–strain curves of the Cu–16 wt.%Ag alloy
at a strain rate of 5 × 10−4 s−1.

other orientations (see inset ellipse in Fig. 3b). In Al–Si hypoeu-
tectic alloy, it was hypothesized that the appearance of eutectic
aluminum with other orientations might result from encountering
solidifying from eutectic growing in the third dimension or possi-
bly by re-nucleation on the leading silicon phase during eutectic
growth [27]. In the current Cu–16 wt.%Ag alloy, the appearance of
the eutectic colony with other orientation does not seem to result
from the homogeneous nucleation, as the homogeneous nucle-
ation energy barrier is high enough [28,29]. Besides, such areas
distributed widely and did not grow big enough though the cooling
rate is very slow. So the Cu and Ag phases inside the eutectic colony
may have the same orientation, or show no orientation relationship
[13]. What is more, some regions with high misorientation angles
inside the dendrites were found (see inset rectangle in Fig. 3b).
This can be attributed to the missing of the eutectic colony in the
interdendritic region during solidification.

3.2. Tensile properties and plastic deformation behaviors

Based on the understanding of the microstructures of
Cu–16 wt.%Ag binary alloy, tensile test was performed to investi-
gate the mechanical property and plastic deformation behaviors.
Fig. 4 shows the engineering and true tensile strain–stress curves,
it appears that the Cu–Ag alloy only displays a relatively low tensile
strength, but has a good elongation as high as ∼50%, which can be
attributed to the coarse-grained microstructure obtained at slow
cooling rate. In the hypoeutectic Cu–Ag alloy, the eutectic colonies
disperse between the dendritic arms and the grain boundaries after
the solidification of dendrites. Different solidifying sequences and
growth conditions result in the eutectic colonies with different
characters. So the mechanical response and the tensile deformation
morphologies were investigated after loading.

The Cu–16 wt.%Ag alloy undergoes the uniform plastic deforma-
tion and local necking before final fracture, as shown in Fig. 5a.
Since the deformation degree differs in different regions, generally,
we can divide the deformation surface of the specimen into two
regions, i.e. uniform deformation region (U) and necking region (N),
respectively.
Fig. 5b–d shows the surface deformation morphologies in region
N. The eutectic colonies are elongated along the loading direction
due to the necking process, as shown in Fig. 5b. Meanwhile, multi-
ple slip bands are activated within the matrix (see Fig. 5c). In most
of the grains, two sets of slip systems are stimulated to form the
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Fig. 5. (a) SEM images showing the slip morphologies and (b–d) s

ntersecting slip bands. Since region N of the specimen is distorted
ue to necking, even in the same grain, the deformation morpholo-
ies are still inhomogeneous. Though the dendrites are abundant
n precipitates, slip bands still appear. This can be attributed to
he cube-on-cube orientation relationship [13–15] and the coplanar
lip systems between the precipitates and the dendrites; besides,

here are some slip bands within the eutectic region, as shown in
ig. 5d.

In the uniform deformation region U, it is very helpful to inves-
igate the plastic deformation mechanism because the surface

Fig. 6. (a–d) SEM images showing the surface deformation
deformation morphologies in region N of the Cu–16 wt.%Ag alloy.

deformation is much more stable than that in region N. Fig. 6a
shows the slip morphologies on both sides of a grain boundary. It
is found that only primary slip system is activated in grain A, while
in grain B, some secondary slip bands appear near the grain bound-
ary. The detailed deformation morphology is revealed, as shown in
Fig. 6b. Above the white broken line, the slip direction of the eutec-

tic region is identical to that in grain A, whereas the slip bands
in grain B can pass through the eutectic region below the broken
line, and terminate at the interphase interface, indicating that the
upper and lower eutectic regions may have the same orientation

morphologies in region U of the Cu–16 wt.%Ag alloy.
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ith grains A and B, respectively. Based on the EBSD orientation
aps, it is proposed that the eutectic above the broken line may

ucleate on grain A, while the eutectic below the broken line may
ucleate on grain B. This seems reasonable because near the grain
oundary, both grains A and B can act as nucleation sites. Different
rom the deformation behavior near the grain boundary, the eutec-
ic inside the grain shows the same slip direction as the dendrites
see Fig. 6c), and the slip bands can keep one-to-one relationship.
his should be attributed to the same orientation between them,
s indicated by the EBSD results in the previous section. The sim-
lar lattice parameter and the coplanar slip systems of Cu and Ag
re also very important for the continuity of the slip bands. Inter-
stingly, a small region with different slip directions was observed
mbedding in the Cu matrix (see Fig. 6d). Besides, some coarse pre-
ipitates can also be seen at the grain boundary, as indicated by
rrows. This is because no eutectic colony distributed between the
endritic arms and two dendrites with different orientations con-

oin with each other directly. These special orientations should be
orresponding to the EBSD orientation map as shown in Fig. 3b (see
he inset rectangle).

From the observations on the slip deformation in detail, it is
pparent that the slip deformation within the matrix and near the
nterfaces has quite good compatibility in the Cu–Ag alloy with
oarse-grained microstructure, which makes it display significantly
igh tensile plasticity. Furthermore, based on the basic understand-

ng of the slip deformation around the interphase interfaces, such
wo-phase Cu–Ag alloys can be considered to be fabricated into
igh-performance structural materials with high strength and good
uctility in the future.

. Conclusions

Based on the investigation on the microstructures and tensile
eformation behaviors of the two Cu–Ag binary alloys, the follow-

ng conclusions can be drawn:

1) EBSD results show that most of the eutectic products have the
same orientation as the proeutectic dendrites. Therefore, it is
likely that the eutectic component nucleates on the proeutectic
dendrites in such areas. In other areas, eutectic component has
different orientations from the proeutectic dendrite.
2) Although the dendrites are abundant in precipitates, slip bands
are still observed in dendrites in the deformed samples. This
can be attributed to the cube-on-cube orientation relationship
and the coplanar slip systems between the precipitates and
the dendrites. Slip bands can penetrate through the interphase

[
[

[
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interfaces between the eutectic region and the dendrites, which
can also be attributed to the coplanar slip systems between
them.
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