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of 77.3%IACS.

This paper studied the influence of Ag micro-alloying on the deformation-processed Cu-7Cr in situ
composite, by a comparison of Cu-7Cr and Cu-7Cr-0.07Ag. For both alloys, the as-cast microstructure
consisted of a Cu matrix and Cr dendrites; after hot and cold working the microstructure consisted of
a Cu matrix containing Cr fibres elongated in the working direction. The as-cast microstructure of the
Ag-containing alloy contained finer Cr dendrites. The Ag-containing in situ composite had thinner Cr
fibres, higher tensile strength, higher ductility, and slightly higher conductivity. The Cu-7Cr-0.07Ag in
situ composite had a good combination of properties: a tensile strength of 772 MPa and a conductivity

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Heavily drawn binary Cu-based in situ composites such as
Cu-Nb, Cu-Ag, Cu-Fe, and Cu-Cr have been the subject of exten-
sive research due to their excellent strength and good conductivity
[1-5]. However, Nb and Ag are expensive metals, which impede
their use in large-scale applications. Cu-Fe in situ composites have
relatively low conductivity because of the relatively high solubility
of Fe in Cu at high temperatures, the slow kinetics of iron precipi-
tation at lower temperatures and the particularly harmful effect on
the conductivity of iron atoms in solid solution [4]. Cr is a promis-
ing reinforcing metal for Cu-based in situ composites due to the
relative economical cost, limited solubility in Cu and high tensile
strength.

In order to achieve greater strength, higher electrical con-
ductivity and better ductility, a third element such as Zr, Co, or
Ag, has been added into the Cu-Cr alloys [6-8]. Deng et al. [6]
reported that the addition of 0.4 wt.%Zr to the Cu-10wt.%Cr in
situ composite produced smaller as-cast Cr dendrites, which led
to finer filaments at higher strain ratios. Song et al. [7] found
that the distance between filaments in Cu-7Cr-0.9Ag was slightly
smaller than that of Cu-7Cr-0.9Co. Raabe et al. [8] produced the
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Cu-10 wt.%Cr-3 wt.%Ag in situ composite with a tensile strength of
1260 MPa combined with a conductivity of 62%IACS.

This paper studied a new class of ternary Cu-base composites,
where the noble metals are replaced by Cr, and the Ag content is
reduced. The aims of this work were to understand the influence
of Ag as a micro-alloying addition, and to determine what combi-
nation of properties was possible to produce in a cold worked Ag
micro-alloyed Cu-Cr in situ composite.

2. Experimental details

Cu-7Cr and Cu-7Cr-0.07Ag were melted in a vacuum induction furnace and
were cast into rod ingots of diameter, d =36 mm. The starting materials were elec-
trolytic Cu, Cr and Ag, each at least 99.94 wt.% purity. The rod ingots were (i) solution
treated at 950°C for 3 h, (ii) hot rolled at 800 °C in air, (iii) machined to d=21.5 mm
to remove surface oxides and defects, (iv) solution treated at 950 °C for 70 min, (v)
cold rolled to d =9 mm and (vi) wire-drawn. The wire-drawing was as follows: cold
drawing (CD) from d=9mm to d=4.5mm; intermediate heat treatment (IHT) at
550°C for 30 min; CD to d =2 mm; [HT at 550°C for 20 min; CD to d =0.8 mm; IHT at
650°C for 10 min; and CD to 0.24 mm. The IHTs. It was found experimentally that
grain coarsening (leading to poor final properties) occurred if the annealing temper-
ature was too high and the annealing time too long. However, it was not possible to
carry out the next cold deformation if the anneal was at too low a temperature and
too short a duration. The cumulative cold deformation strain n was 4, 4.75, 6, 6.58,
8 and 9 for d=2.92, 2, 1.07, 0.8, 0.39 and 0.24 mm, where 1 =1In(Ag/A) and Ao and A
are the original and final cross-section areas, respectively.

Microstructures were investigated using an optical microscope and a scanning
electron microscope (SEM). The mechanical properties were measured using an
electronic tensile-testing machine (EMT2203-B) equipped with an extensometer
and using custom designed wire grips. All tensile tests were performed at room
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temperature using a strainrate of 1.5 x 10~# s~ Fracture surfaces of the tensile spec-
imens were examined in a SEM (JSM-6360LV). Electrical resistivity, p, was measured
at room temperature using a ZY9987 digital micro-ohmmeter with precision of
1 n€2. The corresponding conductivity, o [%IACS], was evaluated from o =172.41/p.

3. Results and discussion
3.1. Microstructure

Fig. 1(a) and (b) presents the microstructure of as-cast Cu-7Cr
and Cu-7Cr-0.07Ag alloys, respectively. These two alloys had sim-
ilar as-cast microstructures. The second-phase Cr dendrites were
evenly distributed in the Cu matrix and randomly oriented with
respect to the ingot axis. The dendrites of Cu-7Cr-0.07Ag were
finer than those of Cu-7Cr, in agreement with Song et al. [9]. Ag is
known to wet solid Cr if the oxygen partial pressure is low, which
may lower the interface energy and result in easier nucleation of
Cr dendrites. The effect of Ag on Cr nucleation in Cu is not clear at
present and needs more in-depth investigation.

Fig. 1(c) and (d) respectively presents typical microstructures
of longitudinal sections of the deformation-processed Cu-7Cr and
Cu-7Cr-0.07Ag in situ composites with 7=4: Cu matrix plus elon-

gated Cr grains and thin Cr fibres parallel to the drawing direction.
The deformation of the Cr dendrites of Cu-7Cr was not uniform;
there were still many round Cr grains. In contrast, the Cr dendrites
of as-cast Cu-7Cr-0.07Ag had been all drawn into long thin fibres.
The more uniform and finer fibres in the Cu-7Cr-0.07Ag in situ
composite was attributed to the initial finer dendrite size in the
as-cast Cu-7Cr-0.07Ag and the easier refinement of fibres due to
a stronger Cu matrix, strengthened by Ag in solid solution. The
microstructures of the cold worked in situ composites were similar
to those reported in previous studies [10,11]. The initially randomly
distributed Cr dendrites in the as-cast microstructure were trans-
formed into Cr fibres aligned parallel to the drawing axis, with fibre
aspect ratio increasing with increasing 1.

Fig. 1(e) and (f) presents the microstructure of transverse sec-
tions of the Cu-7Cr and Cu-7Cr-0.07Ag in situ composite with
n=4. The fibres of Cu-7Cr-0.07Ag were finer than those of Cu-7Cr
in agreement with the microstructures of longitudinal sections.
The fibres had a ribbon-like morphology rather than a circular
section. This is attributed to the deformation producing Cr fibres
with a (11 1) fibre texture, which promoted plane strain deforma-
tion rather than axially symmetric flow. However, the Cu matrix
did deform in an axially symmetric manner during wire-drawing,

Fig. 1. Microstructures: (a) as-cast Cu-7Cr, (b) as-cast Cu-7Cr-0.07Ag, (c) longitudinal section of the Cu-7Cr in situ composite with =4, (d) longitudinal section of the
Cu-7Cr-0.07Ag in situ composite with n=4, (e) transverse section of the Cu-7Cr in situ composite with n=4, and (f) transverse section of the Cu-7Cr-0.07Ag in situ

composite with n=4.
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Fig. 2. Tensile strength (a) and conductivity (b) of Cu-7Cr and Cu-7Cr-0.07Ag in situ composites with two IHTs vs deformation strain.

which constrained and forced the Cr fibres to fold or twist about the
wire axis to maintain compatibility with the matrix and produced
the irregular cross-section.

3.2. Strength and conductivity

Fig. 2(a) and (b) presents the tensile strength and conduc-
tivity versus cumulative deformation strain for the Cu-7Cr and
Cu-7Cr-0.07Ag in situ composites with two IHTs. This is not
to imply that there is a causal relationship between these two
parameters as it is expected that the strength and conductivity
are determined by the microstructure and chemical composi-
tion of the constituent phases. Fig. 2(a) shows that the tensile
strength increased with increasing strain. Though the two IHTs
decreased the tensile strength, cold drawing, with a large defor-
mation strain, transformed the as-cast microstructure into an in
situ composite. The increase in strength with increasing deforma-
tion strain is attributed to the decrease of space between fibres, i.e.
the strength obeys the Hall-Petch relation and is determined by
the fibre spacing [4]. The tensile strength of Cu-7Cr-0.07Ag was
50-20 MPa higher than that of Cu-7Cr. The difference of strength
decreased with increasing deformation strain. The higher strength
of Cu-7Cr-0.07Ag is attributed to the Ag, which made the Cr den-
drite finer, and resulted in fibre formation in Cu-7Cr-0.07Ag at a
lower deformation strain.

Fig. 2(b) shows that the conductivity of Cu-7Cr-0.07Ag was
about 2-4%IACS higher than that of Cu-7Cr at each deformation
strain. The resistivity of the Cu-Cr in situ composites can be evalu-
ated using a parallel-circuit model [12]:

1_ o | fer
P Pcu  Pcr
where pcy and pcy are the resistivity of the Cu and Cr phase, respec-

tively; and fc, and fc; are volume fraction of the Cu and Cr phase,
respectively. The contribution to the total resistivity from the Cr

(1)

fibres was similar for both alloys; Cu-7Cr and Cu-7Cr-0.07Ag had
similar amounts of total Cr fibre fraction; i.e. fc; was the same for
both alloys; and the resistivity of Cr is much higher than that of
Cu. Therefore, the main difference of the two alloys is attributed to
the resistivity of copper matrix, which can be partitioned into the
contribution of four main scattering mechanisms [12]:

(2)

where ppyo is the resistivity contribution from phonon scattering,
ppis the dislocation scattering, pjnt interface scattering, and ppvp
impurity scattering. Composites with the same draw ratio have
similar values of ppyo and pp;s. The interface between the Cu matrix
and Cr fibres was similar for the same deformation strain, so the
difference in oy between composites was also small. The main
differences in the measured resistivity came from the Cr and Ag
atoms dissolved in Cu. The increase in the resistivity of Cu caused by
dissolved 1 wt.%Cr is bigger than that caused by dissolved 1 wt.%Ag.
Therefore, the conductivity of Cu-7Cr-0.07Ag was higher than that
of Cu-7Cr. The conductivity of Cu-7Cr and Cu-7Cr-0.07Ag in situ
composites increased with increasing deformation strain from n =4
to n=8, which may be attributed to IHTs after cold drawing to
d=2mm and d=0.8 mm. Each IHT promotes Cr precipitation from
the Cu matrix, which decreases the resistivity. In addition recov-
ery and recrystallization during IHTs also reduce the resistivity.
In contrast, the conductivity decreased as the deformation strain
increased from n = 8 to = 9; this conductivity decrease is attributed
to increased dislocation, and increased interface scattering.

PM = PPHO + PDIs + PINT + PIMP

3.3. Ductility

The facture surfaces of the tensile samples of the cold worked
Cu-7Cr and Cu-7Cr-0.07Ag in situ composites were examined in
SEM. In each case, the surfaces represented ductile fracture. The
dimples size was smaller for the Cu-7Cr-0.07Ag in situ compos-
ite consistent with the smaller fibre size and smaller inter-fibre

e

Fig. 3. Fracture surfaces of the Cu-7Cr and Cu-7Cr-0.07Ag in situ composites.
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Fig. 4. Elongation to fracture of cold worked Cu-7Cr and Cu-7Cr-0.07Ag in situ
composites with two IHTs vs deformation strain.

space. Fig. 3(a) and (b) presents typical fracture surfaces of ten-
sile samples for the particular case of the cold worked Cu-7Cr and
Cu-7Cr-0.07Ag with n=4. Fig. 4 shows that the elongation to frac-
ture of the Cu-7Cr-0.07Ag in situ composite with two IHTs was
higher than that of Cu-7Cr at each deformation strain. The higher
ductility of Cu-7Cr-0.07Ag is attributed to its finer microstructure.
The elongation to fracture of Cu-7Cr and Cu-7Cr-0.07Ag increased
with increasing deformation strain from 7 =4 to n = 8. This increase
is also attributed to the finer microstructure. In contrast, the elon-
gation to fracture decreased as the deformation strain increased
from 1=8 to n=9, which may be attributed to work hardening of
the copper matrix.

4. Conclusions

Finer Cr dendrites in as-cast microstructure and thinner Cr
fibres in deformed microstructure of Cu-7Cr were produced by

Ag micro-alloying. The Cu-7Cr-0.07Ag in situ composite had a
tensile strength of 772MPa and a conductivity of 77.3%IACS.
The Cu-7Cr-0.07Ag in situ composite had higher ductility and
slightly higher conductivity than with the Cu-Cr in situ compos-
ite. The increased strength and ductility is attributed to the finer
microstructure when the alloy contains Ag. The higher conductiv-
ity is attributed to a lower Cr concentration remaining in the Cu
matrix when the alloy contains Ag.
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