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Microstructural and mechanical stability
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The microstructural and mechanical stability of Cu-6 wt. % Ag alloy obtained by cold rolling
combined with intermediate heat treatments have been investigated. The stress-strain
responses and fracture behavior of Cu-6 wt. % Ag alloy were examined and correlated with
the microstructural change caused by thermo-mechanical treatments. The deformation
bands stabilized by silver precipitates were observed in heavily rolled Cu-6 wt. % Ag alloy.
The highly deformed microstructure stabilized by silver filament was observed to be
unstable at temperatures above 200◦C. The strength of Cu-6wt.%Ag alloys were found to
decrease remarkably if they were heat-treated above 300◦C. The fracture surfaces of Cu-Ag
two phase alloys showed typical ductile type fracture. The electrical conductivity did not
change appreciably up to the aging temperature of 200 ◦C and increased rapidly at
temperatures above 300◦C. The increase of the conductivity and the decrease of the
strength can be associated with the microstructural coarsening of heavily deformed linear
band structure. The difference of the UTS and the conductivity between the rolling
direction and the direction perpendicular to the rolling direction (on the rolling plane) were
found to be relatively small. C© 2000 Kluwer Academic Publishers

1. Introduction
Cu-based two-phase composites including Cu-Nb,
Cu-Cr and Cu-Ag are of great interest for a wide range
of electrical applications because of the outstanding
combinations of high strength and electrical and ther-
mal conductivity [1–10]. One of the most demand-
ing applications is for windings of pulsed high-field
magnets. The conductor material is required to have
high strength to resist electromagnetic forces occur-
ring at high fields and to be highly conductive to sup-
press Joule heating. The Cu-Ag alloys of most interest
for such applications are those containing more than
about 20 wt. % Ag, where a second phase (Ag) lamel-
lae and/or filaments appear in addition to the Cu ma-
trix phase [1–3]. Values of ultimate tensile strength and
conductivity for these microcomposites depend upon
the composition, degree of cold work and intermediate
annealing schedules [1–3, 9, 10]. The more general ap-
plication and use of Cu-Ag two phase alloys are limited
by the high cost of the alloys. Recently, the mechanical
and electrical properties of the two phase Cu-Ag al-
loys were found to be improved by the optimization of
thermomechanical processing [1–3, 9, 10]. The present
study has been carried out to examine the possible ways
to improve the physical properties of Cu-Ag alloys with
lower silver content. The mechanical and microstruc-
tural stability of Cu-6wt.%Ag alloy were examined and
correlated with the microstructural change caused by
thermo-mechanical treatments.

2. Experimental methods
Electrolytic copper and silver with a purity of 99.9%
were used as starting materials. Cu-6wt.%Ag alloy was
cast by a vaccum induction melting. Ingots were cold
rolled to 0.5 mm (rolling ratio= 98.5%) and 0.3 mm
(rolling ratio= 99%) thickness with intermediate heat
treatments. Heat treatments during the cold working
process were performed between 400–500◦C for 1–2 h.
Intermediate heat treatments were carried out at the
rolling ratio of 40% and 75%. Then, half of the sam-
ples were rolled to the final thickness without further
heat treatment (IH-2) and the other half were rolled to
the final thickness with another intermediate heat treat-
ment at 95% (IH-3). In order to examine the microstruc-
tural and mechanical stability after heavy deformation,
rolled Cu-6 wt. % Ag alloy sheets were heat treated
at 100◦C, 200◦C, 300◦C and 400◦C for 1 hr. Longi-
tudinal and transverse sections (perpendicular to the
rolling plane) were observed using scanning electron
microscope (SEM).

The evaluation of mechanical properties was carried
out by tensile testing using a United machine (SFM-10)
equipped with an extensometer for accurate strain mea-
surements. All tensile tests were performed at room
temperature using a strain rate of 5.5× 10−4 s−1. In
order to examine the effect of the orientation on the
mechanical properties, tensile samples were cut in two
orientations (parallel and perpendicular to the rolling
direction on the rolling planes). The evolution of the
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microstructure was examined by scanning electron mi-
croscope and transmission electron microscope (TEM).
TEM specimens parallel to the rolling plane were pre-
pared by double jet-thinning technique. Fracture sur-
faces of the tensile specimens were examined in a SEM
to characterize the fracture behavior. Electrical resis-
tivity measurements were made using a standard four-
probe technique.

3. Results and discussion
Fig. 1A and B show the longitudinal and transverse
sections of as-rolled Cu-6 wt. % Ag alloy with three
intermediate heat treatments (IH-3). Fig. 1C shows the
three dimensional view of as-rolled Cu-Ag sheet (IH-3).
The microstructure of two intermediate heat treatments
(IH-2) was quite similar to that of IH-3 and will not be
shown here. As-rolled microstructure in the longitudi-
nal section appeared highly elongated and continuous.
It is quite interesting to observe that the fine microstruc-
ture was stabilized in Cu-6wt.%Ag alloy. Actually, the
highly elongated microstructure of Cu-6wt.%Ag alloy
of the present study appears to be quite similar to that of
eutectic Cu-72wt.%Ag alloy with fine silver filaments
(see Fig. 4b of Ref. 1). Fig. 2a and b show the EDS
spectra from the white and black lines in Fig 1A re-
spectively. EDS spectra as in Fig. 2 showed that silver
content in the linear white markings are higher than that
in the black area between linear white markings, sup-
porting that silver atoms are segregated along the lin-
ear white markings. It is impossible to obtain the exact
silver content in linear white markings since the elec-
tron beam and specimen interaction volume is much
larger than the beam diameter. However it is safe to
conclude that silver content in linear white markings is
higher than that in the black area between linear white
markings. These linear white markings in the trans-
verse section (Fig. 1B) are rather discontinuous. Since
the maximum solubility of Ag in Cu is about 7.35 wt.%
at high temperatures, the volume fraction of the second
phase in Cu-6 wt. % Ag alloy would be very small if
there is any [1, 11]. The linear bands parallel to the
rolling direction in Fig. 1 are thought to be deforma-
tion bands [12–15] stabilized by silver atoms, not silver
filaments as in eutectic Cu-Ag alloy. Another interest-
ing observation in Fig. 1A was the presence of shear
bands (indicated by arrows) inclined to the rolling plane
[12–15].

Fig. 3 shows TEM micrograph and selected area
diffraction pattern of as-rolled Cu-6 wt. % Ag alloy
parallel to the rolling plane. Linear defects in Fig. 3A
appear to be quite similar to the grain boundary phase
(GBP) observed in Cu-Zr alloys by Singhet al. [16].
Singhet al.reported that GBP is rich in zirconium and
exhibited fine planar defects in Cu-Zr. In Fig. 3B, the
selected area diffraction pattern from the area shown
in Fig. 3A indicated the presence of silver phase. The
presence of silver was also confirmed by EDS analy-
sis. Silver atoms are likely to be preferentially precip-
itated in deformation band walls (which are parallel to
the TEM foil) like the zirconium rich phases (GBP) at
grain boundaries in Cu-Zr.

Figure 1 SEM Micrographs of as-rolled Cu-6 wt. % Ag alloy with
three intermediate heat treatments (IH-3). Longitudinal (A), transverse
(B) sections and three dimensional view (C).

The change of the microstructure was found to be in-
significant after heat treatment at 200◦C. Fig. 4 shows
the microstructure of Cu-6 wt. % Ag alloy (IH-3) heat
treated at 400◦C for 1 hr. At 400◦C, the morphologi-
cal instability due to break-up of linear band structure
was observed. The highly deformed microstructure sta-
bilized by silver atoms may be unstable at temper-
atures above 200◦C because of the increase of the

4558



Figure 2 EDS spectra from linear white markings (a) and black areas (b).

diffusivity of silver atoms [2]. The morphological in-
stability observed in this study is consistent with the
observation on Cu-24 wt. % Ag in which heavily drawn
silver filaments spheroidized at 300◦C [2]. This sugges-
tion is compatible with the observation of Honget al.
[2, 3] that the stability of the second phase filaments
is strongly dependent on the interfacial diffusivity of
solute atoms. The observation on the break-up of heav-
ily deformed linear band at 400◦C strongly supports
that the highly deformed linear band structure in as-
rolled sheets is indeed pinned by silver atoms. Heavily
deformed structure may degenerate into more stable
microstructure if the mobility of silver atoms and insta-
bility of linear bands increase at high temperatures.

Fig. 5 shows the stress-strain responses of as rolled
and annealed Cu-6 wt. % Ag alloy (IH-3). There was
negligible work hardening for Cu-6 wt. % Ag alloy.
The total strain to failure was reduced after anneal-
ing at 100 and 200◦C. The reduction of ductility at 100
and 200◦C was associated with a slight increase in UTS.

Figure 3 TEM Micrograph and selected area diffraction pattern of
Cu-6Ag (IH-3) heat treated at 200◦C. Longitudinal (A) and transverse
(B) sections.

Figure 4 SEM Micrographs of Cu-6Ag (IH-3) heat treated at 400◦C.
Longitudinal (A) and transverse (B) sections.
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Figure 5 Stress-strain responses of as rolled and annealed Cu-6 wt. %
Ag alloy (IH-3).

Figure 6 Variation in ultimate tensile strength of Cu-6 wt. % Ag alloys
(IH-2 and IH-3) after annealing.

Fig. 6 shows the variation in ultimate tensile strength
of Cu-6 wt. % Ag alloys (IH-2 and IH-3) after the heat
treatment at 100◦C, 200◦C, 300◦C and 400◦C for 1 hr. It
is seen that slight increase of the strengthening was ob-
tained by aging at 100◦C, and above 300◦C, the strength
levels fell rapidly. This observation is consistent with
that of Benghalem and Morris [1] on Cu-6 wt.% Ag
wires. The slight increase of ultimate tensile stress of
Cu-6 wt.% Ag alloy heat treated at low temperatures
suggests that some silver precipitated during heat treat-
ment at low temperatures as suggested by Hong and
Hill [2]. They [2] also observed the slight increase of
the strength in Cu-24wt.%Ag microcomposites heat
treated at 100 and 200◦C. They also suggested that the
significant decrease of the ductility by aging in the 100–
200◦C range was promoted by the presence of shearable
precipitates. As shown in Fig. 6, the strength of the as-
rolled Cu-6 wt. % Ag increased by 50–60 MPa with

increasing rolling ratio from 98.5 to 99%. However,
the strength of Cu-6 wt. % Ag alloy with higher rolling
ratio (99%) dropped more rapidly at higher aging tem-
peratures (above 250◦C) and became lower than that of
Cu-6 wt. % Ag alloy with lower rolling ratio (98.5%).
This observation suggests that the driving force for mi-
crostructural change is higher in Cu-6 wt. % Ag alloy
with higher rolling ratio, resulting in softer microstruc-
ture with lower internal energy.

The tensile strength of Cu-6 wt. % Ag (830 MPa)
with lower rolling ratio (98.5%) in the present study
was found to be smaller than that of Cu-24 wt. % Ag
(924 MPa). However, the difference is relatively small.
Since the deformation band structure was observed in
Cu-6 wt. % Ag alloy, the strength can be determined
by the spacing between deformation band walls and
described by the following Hall-Petch equation:

σ = σ0+ kλ−1/2 (1)

where σ0 is the intrinsic friction stress,k is the
Hall-Petch coefficient, andλ is the spacing between
the filaments. The intrinsic friction stress,σ0, may be
negligible compared to Hall-Petch strengthening and
the coefficientk was reported to be 0.3 MN/m3/2 for
the heavily drawn Cu-Ag filamentary structure [2]. The
spacing between deformation band walls were reported
to be 0.2µm in Cu [12–15], which is comparable with
the width shown in Fig. 1. The strength component due
to the band structure (kλ−1/2) from Equation 1 was cal-
culated to be 671 MPa, which is close to the observed
yield stress (715 MPa). The difference may be associ-
ated with the friction stress due to alloying elements in
copper matrix between deformation band walls.

Fig. 7 shows the variation in electrical conductivity
of Cu-6 wt. Ag alloy as a function of aging temperature.
The electrical conductivity did not change appreciable
up to the aging temperature of 200◦C and increased
rapidly at temperatures above 250◦C. The temperature

Figure 7 Variation in electrical conductivity of Cu-6 wt. Ag alloy as a
function of aging temperature.
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Figure 8 UTS and conductivity parallel and perpendicular to the rolling
direction.

range where the conductivity began to increase coin-
cides quite closely with that where the strength began
to drop rapidly. The increase of the conductivity and
the decrease of the strength can be associated with the
microstructural coarsening and break-up of highly de-
formed linear band structure as shown in Fig. 4. The
conductivity of as-rolled Cu-6 wt.% Ag alloy dropped
appreciably with increasing rolling ratio as shown in
Fig. 8. Again, the conductivity of Cu-6 wt. % Ag alloy
with higher rolling ratio (99%) increased more dras-
tically at higher aging temperature. The effects of the
orientation on the UTS and the conductivity are shown
in Fig. 8. It is interesting to note that the differences of
the UTS and the conductivity between the rolling di-
rection and the direction perpendicular to the rolling di-
rection (on the rolling plane) are relatively small. Since
the slab-like deformation band structure [17, 18] is ap-
proximately parallel to the rolling plane, deformation
bands stabilized by Ag atoms can act as effective bar-
riers irrespective of the off-axis angle from the rolling
direction (on the rolling plane), supporting the insignif-
icant effect of the orientation on the UTS. In the same
way, the effect of the band structure on the electron
scattering would not change much with orientation on
the rolling plane since the slab-like band structure is
approximately parallel to the rolling plane.

Cu-6 wt. % Ag alloy exhibited highly ductile fracture.
The fracture morphology did not change noticeably up
to the aging temperature of 200◦C. Above 300◦C, the
dimple size, however, increased and coarsened as the
aging temperature increases. The increase of the dim-
ple size can be associated with the the microstructural
coarsening at higher temperatures.

4. Conclusions
Based on a study of microstructural and mechanical sta-
bility in Cu-6 wt. % Ag alloy, the following conclusions
can be drawn.

1. The deformation bands were found to be stabilized
by silver precipitates. The highly deformed microstruc-
ture stabilized by silver precipitates was observed to be
unstable at temperatures above 200◦C due to increasing
solubility and diffusivity of silver atoms.

2. The strength of Cu-6wt.%Ag alloys were found
to decrease remarkably if they were heat-treated above
300◦C. The drop of the strength can be associated with
the morphological instability due to break up of linear
band structure.

3. The reduction of the ductility heat treated at or be-
low 200◦C can be linked with the precipitation of small
shearble precipitates precipitated during heat treating.
The strain localization is enhanced by the presence of
shearable precipitates, resulting in low ductility.

4. The electrical conductivity did not change appre-
ciable up to the aging temperature of 200◦C and in-
creased rapidly at temperatures above 300◦C. The in-
crease of the conductivity can be associated with the
microstructural coarsening of heavily deformed linear
band structure.

5. The difference of the UTS and the conductivity
between the rolling direction and the direction perpen-
dicular to the rolling direction (on the rolling plane)
were found to be relatively small.
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