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a  b  s  t  r  a  c  t

A  series  of  binary  Ag80−xCu20+x ultrafine  eutectic  composites  with  x =  0,  10,  20,  30  and  40 is prepared
by  copper  mold  casting  in order  to  systematically  investigate  an  influence  of  asymmetrical  solubility
between  Ag  and  Cu solid  solutions  on  the  strengthening  of ultrafine  eutectic  composites.  The  asymmet-
rical  solubility  of  the  ultrafine  eutectic  composites  determined  by  the  effective  solubility  index  derived
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from  rule  of  mixtures  plays  an important  role  to maintain  the strength  even  with  increasing  the  vol-
ume  fraction  of  the  micron-scale  dendrites.  Based  on  the  results,  the  control  of  the  strengthening  of  the
ultrafine  eutectic  composites  is governed  by not  only  well-known  volume  fraction  of  the  micron-scale
dendrites  but  also  the  solubility  in  the  micron-scale  dendrites.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Bulk metallic glasses (BMGs) and nano/ultrafine-grained metal-
ic materials have received much attention due to their unique
hysical properties, i.e. high strength compared with conventional
oarse-grained metallic materials [1,2]. However, the final fracture
f the BMGs and nano/ultrafine-grained metallic materials often
appens catastrophically and involves very little macroscopic plas-
ic deformation due to highly localized shear bands [3].  Recently, a
eries of ultrafine eutectic composites has been successfully devel-
ped in Ti-[4,5], Zr-[6,7] and Mg-[8] based alloy systems. These
nique composites exhibit promising high strength combined with
uperior plastic deformability at room temperature. The detailed
nvestigation of the deformation mechanisms points out that the

icron-scale dendrite has a strong influence to control the plastic-
ty whereas the ultrafine eutectic matrix can be effective to back
p the strength of the sample [3,9–13]. Based on these results, it

s possible to understand that the harmonic combination of the
ize difference between the micron- scale dendrites and ultrafine
utectic matrix i.e. length-scale heterogeneity can result in both
igh strength and large plasticity of the samples.

Along the line to demonstrate the influence of the length-scale

eterogeneity on the mechanical properties of the ultrafine eutec-
ic alloys, several trials have been performed in Ti- [4,14] and
l- [15,16] based alloys by adding the minor elements possibly

∗ Corresponding author. Tel.: +82 2 3408 3690; fax: +82 2 3408 3664.
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causing the variation of the lamellar spacing during the growth
of the eutectic colony. Such approach to control the microstruc-
tural heterogeneities is very useful to form the bimodal ultrafine
eutectic structure containing the different eutectic phases with the
length-scale heterogeneity so called a mixture of the coarse and fine
eutectic colonies [12]. Furthermore, the detailed chemical analysis
of Ti-based bimodal eutectic alloys indicates the existence of the
chemical heterogeneity in the constituent phases [17]. For exam-
ple, it is clear to demonstrate a high amount of Sn solute not in TiFe
intermetallics but in �-Ti solid solution.

On the other hand, there are some reports on enhancement
of both strength and plasticity in the solid solution �-Ti alloy by
controlling the solutes even without the formation of the ultra-
fine eutectic matrix [18]. This implies that the local structural
change/clustering in the solid solution �-Ti phase can occur via
dynamic transformation along the grain boundary [19]. Hence, it is
feasible to suggest that a selection of the solute and solubility in the
micron-scale dendrites of the ultrafine eutectic composites can be
one of the crucial factors to control further enhanced mechanical
properties. However, so far there is no trial to understand the effect
of the solutes in the micron-scale dendrites on the microstructure
and mechanical properties of the ultrafine eutectic composites.

In this investigation, a series of binary Ag80−xCu20+x alloys with
x = 0, 10, 20, 30 and 40 at.% has been chosen to elucidate the
influence of the solutes on the microstructure and mechanical

properties of the ultrafine eutectic composites. Since the binary
Ag–Cu alloys consist of only a mixture of solid solution phases
having the asymmetrical solubility between the Ag and Cu solid
solutions [20], it is possible to systematically compare the effect

dx.doi.org/10.1016/j.jallcom.2011.06.021
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. XRD patterns obtained from the as-cast Ag80−xCu20+x alloys with x = 0, 10, 20,
0 and 40.

f the solutes on the strengthening of the ultrafine eutectic com-
osites combined with a variation of the volume fraction of the
icron-scale dendrites.

. Experimental

A series of Ag80−xCu20+x (x = 0, 10, 20, 30 and 40 at.%) alloys were prepared by
nduction melting of pure elements under argon atmosphere and directly casted
nto  cylindrical rods shape with 3 mm diameter and 50 mm length using an injec-
ion casting facility. The microstructures of as-cast sample were examined using
canning electron microscopy (SEM) (Jeol, JSM-6390). The volume fraction of the
rimary dendrites and matrix were determined by two  different method, i.e. SEM

mage analysis and lever rule with equilibrium binary phase diagram [20]. The
hase analysis was  performed using an energy-dispersive X-ray spectrometer (EDS,
evex superdry) attached to the scanning electron microscope and X-ray diffraction

XRD) (Rigaku RINT2000, monochromatic Cu K� radiation). Transmission electron
icroscopy (TEM: JEM 2010) was used for a structural characterization. Thin foils

or  TEM were prepared by conventional ion milling (Gatan, Model 600). The room
emperature mechanical properties were evaluated by uniaxial compression tests
ith 2:1 aspect ratio cylindrical specimens under loading at an initial strain rate of

 × 10−3 s−1.

. Results

Fig. 1 shows XRD patterns of as-cast Ag80−xCu20+x alloys with
 = 0, 10, 20, 30 and 40. The diffraction peaks in Fig. 1[(a)–(e)]
re identified as a mixture of face-centered cubic (fcc) Ag and Cu
olid solutions having same crystalline symmetry, (Fm3̄m).  With
ecreasing Ag content, the diffraction intensity of the Cu solid
olution gradually increases whereas that of Ag slightly decreases,
ndicating an increase of the volume fraction of Cu solid solution.

Fig. 2[(a)–(e)] displays SEM images of the as-cast Ag80−xCu20+x
lloys with x = 0, 10, 20, 30 and 40. Backscattered electron (BSE)
icrographs in Fig. 2(a) shows that the Ag80Cu20 alloy consists of

he micro-scale primary Ag dendrites homogeneously distributed
n the matrix. The volume fraction of the primary Ag dendrites can
e measured to be about 87.5 vol.%. Furthermore, the morphology
f the primary Ag dendrites is quire coarse and continuous indicat-
ng that the active growth of the Ag dendrites upon solidification.

hen the content of Ag is 70 at.% as shown in Fig. 2(b), the vol-
me  fraction of the primary Ag dendrites slightly decreases down
o 67.7 vol.% with rather sharp morphology. Interestingly, one can
nd that the volume fraction of the Ag dendrites for the Ag80Cu20
nd Ag70Cu30 alloys measured by a well-known lever rule [21] to

e about 75.4 vol.% and 40.9 vol.%, respectively is considerably dif-
erent to that measured by the SEM shown in Fig. 2(a) and (b).
urthermore, the EDX analysis from Fig. 2(b) indicates that the Ag
endrite contains 16.44 ± 3.69 at.% of solute Cu.
mpounds 509 (2011) 9015– 9018

The SEM image in Fig. 2(c) from the as-cast Ag60Cu40 alloy with
an eutectic composition reveals that no contrast difference is vis-
ible throughout the sample possibly due to the limit resolution
of the SEM in the present study. The detailed microstructure of
this alloy will be shown in Fig. 3 using TEM. Fig. 2(d) shows the
secondary electron micrograph of the Ag50Cu50 alloy consisting of
primary Cu dendrites uniformly dispersed in the matrix. The vol-
ume  fraction of the micro-scale Cu dendrites is measured to be
about 20.0 vol.%. The EDX analysis of the Cu dendrite in Fig. 2(d)
reveals that the Cu dendrite contains 7.5 ± 3.21 at.% of the solute
Ag. As the Ag content decreases down to 40 at.%, i.e. Ag40Cu60, the
volume fraction of the primary Cu dendrites continuously increases
up to 46.1 vol.% as shown in Fig. 2(e). Furthermore, there is a sig-
nificant growth of the micro-scale Cu dendrites upon solidification.
One can find that the volume fraction estimated by the lever rule
is well consistent to that measured by SEM as shown in Fig. 2(d)
and (e). By comparing the Ag dendrite-containing i.e. Ag80Cu20 and
Ag70Cu30 and Cu dendrite-containing, i.e. Ag50Cu50 and Ag40Cu60
alloys, it is possible to suggest that the solubility of Cu in the Ag
dendrites can be much higher than the solubility of Ag in the Cu
dendrites and thus cause the different morphology of the den-
drites upon solidification. The Table 1 shows a summary of the
phase identification and volume fraction of the micron-scale den-
drites based on both experimental measurement and theoretical
lever rule calculation from the a binary phase diagram. Hence, it
is clear to demonstrate that the asymmetrical solubility between
the constituent elements has a strong influence to control the mor-
phology and volume fraction of the micron-scale dendrites upon
solidification.

Fig. 3 shows a TEM bright-field image (a) and a corresponding
selected area diffraction pattern (b) of the as-cast Ag60Cu40 binary
alloy. The TEM image displays the formation of fine lamellar struc-
ture with an inter-layer spacing of 43–50 nm.  The selected area
diffraction pattern (SADP) in Fig. 3(b) obtained from the area indi-
cated by dashed square in Fig. 3(a) corresponds to the [1 1 2] zone
axis of the Ag and Cu solid solutions, respectively. Furthermore,
it is worth to note that typical double diffraction spots appear as
indicated in Fig. 3(b) implying the structural coherency between Ag
and Cu solid solutions. The EDX analysis in the TEM exhibits that
the Cu solid solution, i.e. the fine layer indicated by arrows contains
5.26 ± 2.82 at.% of the Ag solute whereas the Ag solid solution, i.e.
the coarse layer contains 18.43 ± 2.98 at.% of the Cu solute indicat-
ing the asymmetrical solubility between Ag and Cu solid solutions
as similarly demonstrated from SEM shown in Fig. 2(a)–(e). There-
fore, it is believed that such asymmetrical solubility can occur not
only in the ultrafine eutectic matrix but also in the micron-scale
dendrites of the ultrafine eutectic composites.

In order to evaluate the mechanical properties of a series of as-
cast Ag80−xCu20+x ultrafine eutectic composites with x = 0, 10, 20,
30 and 40 the room temperature compression tests were carried
out at a strain rate of 1 × 10−3 s−1. Fig. 4 shows the compressive
stress–strain curves of the as-cast Ag80−xCu20+x ultrafine eutectic
composites with x = 0, 10, 20, 30 and 40. All specimens undergo
considerable plastic strain without fracture implying the occur-
rence of the homogeneous deformation. One can find that the
Ag60Cu40 alloy consisting of ultrafine eutectic structure without the
micron-scale primary dendrites exhibits the highest compressive
yield strength of �y = 430 MPa. In contrast, the ultrafine eutectic
alloys containing the micron-scale Ag dendrites, i.e. Ag80Cu20 and
Ag70Cu30 alloys exhibit a tendency of the decrease of the yield
strength down to 128 MPa  with increasing Ag content. Similarly,
the yield strength of the samples containing the micron-scale Cu

dendrites, i.e. the Ag50Cu50 and Ag40Cu60 alloys decreases gradu-
ally.

Fig. 5 indicates the yield strength of a series of as-cast
Ag80−xCu20+x ultrafine eutectic composites with x = 0, 10, 20, 30 and
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Fig. 2. Backscattered electron SEM micrographs of the Ag80−xCu20+x alloys (x = 0, 10 and 20): (a) x = 0, (b) x = 10 and (c) x = 20. SEM secondary electron images of the Ag80−xCu20+x

alloys (x = 30 and 40): (d) x = 30 and (e) x = 40.
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Fig. 3. Bright field TEM image (a) and corresponding sele

0 as a function of the volume fraction of the micron-scale Ag or
u dendrites embedded on the ultrafine eutectic matrix. As shown

n Fig. 4, there is a general tendency to decrease the strength of the
amples with increasing the volume fraction of the micron-scale
g or Cu dendrites. However, the decrease of the yield strength

f the micron-scale Ag dendrite-containing ultrafine eutectic com-
osites is less sensitive compared to that of the micron-scale Cu
endrite-containing ultrafine eutectic composites possibly due to
he symmetrical solubility.

able 1
omparison between the experimental volume fraction of dendrite (Ve) and theoretical v

Composition (at.%) Phases 

Ag80Cu20
Primary dendrite (Ag solid solution)
Eutectic matrix (Ag + Cu solid solutions)

Ag70Cu30
Primary dendrite (Ag solid solution)
Eutectic matrix (Ag + Cu solid solutions)

Ag60Cu4O Eutectic matrix (Ag + Cu solid solutions) 

Ag50Cu50
Primary dendrite (Cu solid solution)
Eutectic matrix (Ag + Cu solid solutions)

Ag40Cu60
Primary dendrite (Cu solid solution)
Eutectic matrix (Ag + Cu solid solutions)
area diffraction pattern (b) of the as-cast Ag60Cu40 alloy.

In  the present investigation, it is interesting to point out that
the Ag60Cu40 ultrafine eutectic alloy consisting of a mixture of Ag
and Cu solid solution phases presents quite high yield strength of
430 MPa. Considering rule of mixtures between Ag and Cu with
the yield strength of 15 and 48 [22] MPa, respectively, it is fea-

sible to suggest that the incredible increase of the yield strength
of the Ag60Cu40 ultrafine eutectic alloy can occur due to the effects
from both the solid-solution strengthening of Ag and Cu phases and
introduction of the interfaces at the lamellar eutectic structure.

olume fraction of dendrite by lever rule (VT) of Ag–Cu alloys.

Ve (%) VT(%)

87.5 75.4

67.7 40.9

0 0

20.0 18.9

46.1 36.7
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Fig. 4. Compressive stress-strain curves of the Ag80−xCu20+x alloys with x = 0, 10, 20,
30 and 40 at room temperature compression.
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ig. 5. Yield strength (�y) obtained compressive tests as a function of the volume
raction of the Ag or Cu solid solution dendrite (Vf) of the Ag80−xCu20+x alloys with
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As a first step to understand the effect of the solid-solution
trengthening, the yield strength of the ultrafine eutectic compos-
tes can be as in below;

comp = As(Vd�d + Ve�e)

here �comp is the value of the yield strength, Vd and Ve are the
olume fractions of the dendrites and ultrafine eutectic matrix, �d
nd �e are yield strength of the pure elements and fully eutec-
ic alloy and As refers to the effective solubility index. This can
pply when there is no interaction between the matrix and dendrite
hase which is continuous, uniform, unidirectional and is gripped
rmly by the matrix without slipping at the interface. The effective
olubility index of the micron-scale Ag dendrite-containing ultra-
ne eutectic composite is 1.79 whereas that of the ultrafine eutectic
omposites containing the micron-scale Cu dendrites is 0.93. This is
lso in good agreement with the EDX analysis showing that the Ag
endrites contain higher concentration of the Cu solute, i.e. 16 at.%
han the Cu dendrites with Ag solutes of about 7 at.% as described

n Figs. 2 and 3. Hence, it is possible to conclude that the solubil-
ty of the phase in the ultrafine eutectic composites can be treated
s one of the important parameters to control the strength of the
amples.

[

[

mpounds 509 (2011) 9015– 9018

4. Summary

A  series of Ag80−xCu20+x ultrafine eutectic composites with x = 0,
10, 20, 30 and 40 has been successfully fabricated varying the vol-
ume fraction of the micron-scale dendrites and ultrafine eutectic
matrix. Among them, an Ag60Cu40 ultrafine eutectic alloy exhibits
the highest yield strength of 430 MPa  whereas the ultrafine eutectic
composites containing the micron-scale Ag or Cu dendrites embed-
ded on the ultrafine eutectic matrix reveal a significant decrease of
the strength down to 128 MPa. However, the detailed investiga-
tion of these alloys indicates that the decrease of the strength has
a strong dependence on the solubility in the solid solution phase.
The alloys with the micron-scale Ag dendrites having the large sol-
ubility of Cu is less sensitive to those with the micron-scale Cu
dendrites having the small solubility of Ag even though these alloys
have more or less identical volume fraction of the micron-scale den-
drites. Furthermore, such asymmetrical solubility between Ag and
Cu solid solution can be identified using the effective solute index.
Therefore, it is feasible to suggest that the strengthening of the
Ag–Cu ultrafine eutectic composites is depending on not only the
volume fraction of the micron-scale dendrites but also the solubility
in the solid solution phases.
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