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Cu-7Cr-0.07Ag alloys were prepared by casting and directional solidification, from which deformation-
processed in situ composites were prepared by thermo-mechanical processing. The microstructure,
mechanical properties, and electrical properties were investigated using optical microscopy, scanning
electronic microscopy, tensile testing, and a micro-ohmmeter. The second-phase Cr grains of the directional
solidification Cu-7Cr-0.07Ag in situ composite were parallel to the drawing direction and were finer, which

led to a higher tensile strength and a better combination of properties.
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1. Introduction

The rapid development of the electric, microelectronic,
energy, and transport industries has increased property require-
ments, so that conductors need to possess good conductivity
and high strength, and be available at a reasonable cost. As a
consequence, there has been extensive research (Ref 1-5) on
deformation-processed Cu-based in situ composites (such as
Cu-Ag, Cu-Nb-Ag, Cu-Fe-Ag, and Cu-Cr-Ag) due to their
excellent strength and good conductivity. Recent research
(Ref 6, 7) has shown that the three most important approaches
to improve strength and conductivity of these in situ composites
are (i) heavy hot and cold working, (ii) intermediate heat
treatment (IHT), and (iii) complex alloying. Heavy hot and cold
working transforms the dendrites in the as-cast ingot into fibers
that provide the strengthening for obtaining high strength. IHT
for an appropriate time at an appropriate temperature allows
high conductivity to be achieved. Optimized complex alloying
produces an excellent combination of strength and conductivity.
However, there are few reports that have investigated the
possibility of improving the properties of in situ composites by
controlling the microstructure of the as-cast starting ingot.

Microstructure is an important factor influencing the final
properties (Ref 8). An increasing interest has been devoted to
improving mechanical and physical properties by producing the
optimum microstructure (Ref 9, 10). Directional solidification
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(DS) is one of the most widely used techniques which produce
high quality components, as it permits a precise control of the
temperature gradient and drawing velocity to obtain a desirable
microstructure (Ref 2, 11). The Bridgman DS technique was
established in the 1920s as the foundation of modern DS and
single-crystal growth techniques. Subsequently, many DS
variations have been developed and applied to the manufacture
of high quality materials, such as semiconductor materials,
magnetic functional materials, and composites, since they can
control the growth direction of crystals and can effectively
eliminate transverse grain boundaries. These techniques have
made significant contributions to achieving ultrafine columnar
crystals and to investigating solidification mechanisms.

In our previous work (Ref 12), we investigated the
microstructure and properties of deformation-processed
Cu-Cr-Ag in situ composites produced from conventional cast
ingots. This paper builds on that work and studies the influence
of DS on the microstructure and the properties of a deforma-
tion-processed Cu-Cr-Ag in situ composite.

2. Experimental Details

The Cu-7Cr-0.07Ag alloy was produced by melting appro-
priate amounts of electrolytic Cu, commercial Cr, and Ag (of at
least 99.94 wt.% purity) using a vacuum induction furnace. The
molten alloy was cast into a graphite mold to produce rod-
shaped ingots. The in situ composites were produced from the
ingot by a series of hot deformation and cold deformation steps
with THTs (Ref 12). The cumulative cold deformation strain
N = In (4¢/Ag), where Ay was the original cross-sectional area
and A4; was the final cross-sectional area.

DS was carried out using a Bridgeman-type apparatus under
the protection of high purity argon at 380 Pa. Specimens of
Cu-7Cr-0.07Ag, typically 6.8 mm in diameter and 100 mm in
length, were cut from the cast ingot and placed into an alumina
crucible, which had been coated with yttria to separate the alloy
and the crucible. The alloy was melted, homogenized by
holding for 20 min, and directionally solidified at a velocity of
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150 um/s. Figure 1(a) and (b) presents schematic and section
diagrams of the DS equipment. The molten alloy is pulled
downward by the pulling rod and pulling motor, and cooled by
the liquid metal coolant. The graphite cannula between the
aluminum oxide tube and the inductor is used to provide radiant
heat to the molten alloy due to its good conductivity and to
reduce the influence of electromagnetic fields on the thermo-
couple thermometer.

The preparation of DS deformation-processed in situ com-
posites was similar to that used previously (Ref 12), meaning
the DS specimens were (i) solution treated at 950 °C for 3 h,
(ii) cold rolled to m = 1.7, and (iii) wire drawn and subjected to
intermediate hear treatment (IHT) as follows: cold drawn (CD)
fromn = 1.7 to 3.1; IHT at 550 °C for 30 min; CD to n = 4.7;
IHT at 550 °C for 20 min; CD to n = 6.6; IHT at 650 °C for
10 min; and CD to n = 8.

The above IHT times and temperatures were found exper-
imentally to be optimum. The IHT provides partial softening
without recrystallization. It was found experimentally that grain
coarsening (leading to poor final properties) occurred if the IHT
temperature was too high and the IHT time too long.
Furthermore, it was found to be not beneficial to carry out
the next cold deformation if the IHT was at too low a
temperature and too short a duration.

The diameters of the alloy were 0.95, 0.67, 0.35, 0.26, and
0.13 mm for the following cumulative cold deformation strains
n=4,4.7,6, 6.6, and 8, respectively.

The microstructures of the as-cast and deformation-pro-
cessed specimens were investigated using an optical micro-
scope (Leica DMI5000 M) and a scanning electronic
microscope (SEM/JSM-6360LV). The SEM specimens were
prepared by standard mechanical polishing and were etched in a
solution of 120 mL H,0, 20 mL HCI, and 5 g FeCls.

Tensile tests of the deformation-processed specimens were
conducted at room temperature using an electronic tensile
testing machine (EMT2203-B) equipped with an extensometer
and using custom-designed wire grips. The strain rate was
1.5 x 10~ %/s. At least three specimens were tested at each cold
deformation strain. Figure 2 presents the external appearance of
the wire grips. The surface of the alloy wire grip was covered
with a layer of rubber, which reduced the stress concentration

and increased the frictional force between the in situ composite
wire and the wire grips.

Electrical resistivity, p, was measured at room temperature
using a ZY9987 digital micro-ohmmeter with precision of
1 pQ. The corresponding conductivity was evaluated according
to the definition of the International Annealed Copper Standard
(ICAS) in which 1.7241 pQ cm is defined as 100 %IACS.

3. Results

3.1 Microstructure

Figure 3 presents the microstructure of cast and DS Cu-7Cr-
0.07Ag alloys. Figure 3(a) shows that the second-phase Cr
dendrites were embedded in the Cu matrix, and were randomly
oriented with respect to the ingot axis in the cast alloy, which is in
agreement with prior studies (Ref 12-14). The size, shape, and
distribution of second-phase Cr grains were significantly differ-
ent in the material processed from a DS ingot, as shown in
Fig. 3(b). The Cr grains of the DS Cu-7Cr-0.07Ag alloy were

Fig. 2 The external appearance of the wire grips
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Fig. 3 Microstructures: (a) longitudinal section of cast Cu-7Cr-0.07Ag alloy, (b) longitudinal section of DS Cu-7Cr-0.07Ag alloy, (c) longitudi-
nal section of cast Cu-7Cr-0.07Ag in situ composite with n = 8, and (d) longitudinal section of DS Cu-7Cr-0.07Ag in situ composite with n = 8

finer and more uniform than those of the cast alloy, and formed
thin Cr fiber-like grains parallel to the drawing direction. This is
attributed to the DS technique, which produced a strict one-
dimensional thermal flux along the sample axis and sufficient
heat exchange between the sample and cooling medium by an
appropriate temperature gradient and drawing velocity.
Figure 3(c) and (d) presents typical microstructures of longitu-
dinal sections of the deformation-processed in situ composites
with a cumulative cold deformation strain n = 8 for cast and DS
Cu-7Cr-0.07Ag ingots respectively. These show the Cu matrix
and thin Cr fibers parallel to the drawing direction. The Cr fibers
in the in situ composite from the DS ingot were finer and evener
than those from the cast ingot. This is also attributed to the DS
technique, which produced a finer and more uniform Cr phase,
and formed Cr fibers elongated parallel to the drawing direction.

To characterize the second Cr-rich phase, EDS analysis was
used at higher magnification SEM observations. The results are
shown in Fig. 4, which indicates that the mass percent of Cr was
95.45%, whereas the mass percent of Cu was only 4.55%. There
is no an intermetallic compound between Cu and Cr. When the
selected areas are not sufficiently large, their composition is
difficult to measure accurately using EDS because the EDS
signal comes from a significant interaction volume. Therefore, it
can be concluded that the second phase is largely Cr.

3.2 Tensile Strength

Figure 5 presents the tensile strength plotted for conve-
nience against cumulative cold deformation strain for the
deformation-processed in situ composites with two IHTs from
cast and DS Cu-7Cr-0.07Ag alloys. The IHTs provide partial
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softening as suggested above. The tensile strength of each
in situ composite increased with increasing strain. Previous
studies revealed that the strength of the deformation-processed
Cu-based in situ composites obeys the Hall-Petch correlation
(Ref 15):

6 =0o+ k2, (Eq 1)

where o is the tensile strength, o, the stress required to move
dislocations in the matrix and fibers, and A the average spac-
ing between fibers. Cold deformation, with a large deforma-
tion strain, transformed the as-cast microstructure into an
in situ composite. The increase in tensile strength with
increasing cold deformation strain is attributed to the decrease
of average spacing between fibers, i.e., the tensile strength
obeys the Hall-Petch correlation and is determined by the
fiber spacing. The tensile strength of the DS Cu-7Cr-0.07Ag
was much higher than those from the cast ingot at the same
cold deformation strain. At m =8, the increase in tensile
strength was almost 300 MPa. The higher tensile strength of
DS Cu-7Cr-0.07Ag is attributed to the DS technique, which
made the Cr grains finer and more uniform, promoted the
directional alignment of the Cr phase, and resulted in smaller
fiber spacing at the same m. The tensile strength decreased
after IHTs, maybe due to the recovery and recrystallization of
the composites (Ref 16-18).

3.3 Conductivity

Figure 6 presents the conductivity versus cumulative cold
deformation strain for the deformation-processed in situ com-
posites with two IHTs from cast and DS Cu-7Cr-0.07Ag alloys.
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Fig. 4 SEM morphology and EDS analysis: (a) SEM morphology of Cu-7Cr-0.07Ag alloy and (b) EDS analysis of the second phase
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Fig. 5 Tensile strength of cast and DS Cu-7Cr-0.07Ag with differ-
ent deformations and intermediate heat treatments vs. cold deforma-
tion strain

For both the cast and DS deformation-processed Cu-7Cr-
0.07Ag in situ composites, the conductivity decreased with
increasing cumulative cold deformation strain. The conductiv-
ity increased after each IHT and then decreased gradually with
further cold deformation, which was in agreement with the
prior studies for the deformation-processed Cu-based in situ
composites (Ref 18, 19). In addition, for each cumulative cold
deformation strain, the conductivity of the deformation-pro-
cessed Cu-7Cr-0.07Ag in situ composite from DS alloys was
slightly lower than those from the cast ingots

4. Discussion

Figure 6 shows that the conductivity of both DS and cast
deformation-processed in situ composites decreased with
increasing strain, and the conductivity of DS Cu-7Cr-0.07Ag
was slightly lower than that of the cast alloy at the same cold
deformation strain. This is not to imply that there is a causal
relationship among these parameters. In fact, the conductivity is
determined by the microstructure and composition of the
constituent phases as described in the following.
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Fig. 6 Conductivity of cast and DS Cu-7Cr-0.07Ag with different
deformations and intermediate heat treatments vs. cold deformation
strain

The resistivity of the deformation-processed Cu-based
in situ composites can be evaluated using a parallel-circuit
model (Ref 20, 21):

1/p = feu/Pey +Jfer/Pers (Eq 2)

where pc, and pc; are the resistivity of the Cu and Cr phase,
respectively, and fc, and fc, are volume fractions of the Cu
and Cr phase, respectively. The contribution to the total resis-
tivity from the Cr fibers was similar for both composites
because of the same volume fraction, i.e., fc, was the same, and
the resistivity of Cr is much higher than that of Cu. Therefore,
the main difference of the two composites is attributed to the
resistivity of copper matrix, which can be partitioned into the
contribution of the four main scattering mechanisms (Ref 20):

Pm = PpHo T Ppis T PINT T+ Pivps (Eq 3)

where py, is the resistivity of copper matrix, ppyo is the resistiv-
ity contribution from phonon scattering, pp;g is dislocation scat-
tering, pt 1S interface scattering, and ppyp 1S impurity
scattering. Composites with the same cold deformation strain
have similar values of ppyo and ppis. The ppyp of the two in situ
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composites was similar for the same component and volume frac-
tion. The main differences in the measured resistivity came from
different interface scatterings, i.e., pynt The interfacial density of
the composites increases with fiber refinement caused by increas-
ing cold deformation strain, which results in increasing pr
Therefore, the conductivity of the in situ composites decreased.
For the same reason, at the same cold deformation strain, the con-
ductivity of DS Cu-7Cr-0.07Ag was slightly lower due to the
finer fibers. The conductivities of both in situ composites
increased after each IHT. This may be attributed to the fact that
the IHTs promote Cr precipitation from the Cu matrix, which
decreases the resistivity (Ref 22). In addition, recovery and recrys-
tallization during THTSs also reduce the resistivity (Ref 16-18).

5. Conclusions

(1) DS Cu-7Cr-0.07Ag alloy had aligned, finer, and evener
second-phase Cr grains than those of the as-cast
Cu-7Cr-0.07Ag.

(2) The cold-worked DS Cu-7Cr-0.07Ag in situ composite
had Cr fibers finer than the cold-worked as-cast Cu-7Cr-
0.07Ag in situ composite.

(3) For each deformation strain, the tensile strength of the
cold-worked DS Cu-7Cr-0.07Ag in situ composite was
higher than that of the cold-worked as-cast Cu-7Cr-
0.07Ag in situ composite, and the conductivity of the
cold-worked DS Cu-7Cr-0.07Ag in situ composite was
slightly lower than that of the cold-worked as-cast
Cu-7Cr-0.07Ag in situ composite.

(4) The higher tensile strength of the cold-worked DS
Cu-7Cr-0.07Ag in situ composite is attributed to the
finer microstructure.

(5) The cold-worked DS Cu-7Cr-0.07Ag in situ composite with
M = 8 achieved a tensile strength of 1037 MPa and a con-
ductivity of 79.6 % IACS compared with a tensile strength
of 752 MPa and a conductivity of 80.4 % IACS for the
cold-worked as-cast Cu-7Cr-0.07Ag in situ composite. The
tensile strength was significantly improved, whereas there
was only a small decrease in conductivity, which indicated
that DS produced an in situ composite with significantly
increased strength and improved combination of properties.
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