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Abstract The crystallographic orientation and interface
structure of Ag precipitates were investigated for aged Cu-6
wt.% Ag. The hardness and resistivity were determined for
the aged alloy for different times. Ag secondary particles
form in the Cu matrix from a discontinuous precipitation
and the precipitated cells extend with the increase in aging
time. There are the cube-on-cube relationship and semi-
coherent interface between the Ag precipitate and the Cu
matrix. Some dislocations are regularly arranged at the
interface. The improvements of the hardness and conduc-
tivity can mainly be attributed to the increase in interface
strengthening and the decrease in solute scattering in the Cu
matrix during aging treatment. The high lattice-matching
level and regular dislocation arrangement at the interface
produce high strain resistance and low electron scattering.

Introduction

Cu-Ag alloys are the important candidates of conductor
materials to manufacture the excitation windings of pulsed
high-field magnets due to their excellent combination of
strength and conductivity to endure Lorentz forces and
minimize Joule heating [1-6]. Strong drawing deformation
is an effective approach to produce the double-phase fila-
mentary structure in the alloys. The strength determined
from the filamentary structure is far higher than that pre-
dicted from the summation of phase components, while the
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electrical conductivity of the filamentary structure can still
be retained at a relatively high level.

The microstructure of Cu—-Ag alloys is usually com-
posed of Cu matrix, eutectic colonies, and Ag precipitates.
The Cu and Ag phases in different structure components
should have different interface structure and phase orien-
tation since both phases have different formation
conditions in different structure components. For example,
it was pointed out that there always was a cube-on-cube
orientation relationship between both phases in all pro-
eutectic regions but only in partial eutectic areas [7]. Many
studies were also focused on the effect of structure com-
ponent volume or interface density on the properties of Cu—
Ag alloys [2, 8-10]. Sakai et al. [11] indicated that the
precipitation reaction to form Ag secondary particles in
intermediate heat treatments improved the strength and
electrical conductivity of Cu-24 wt.% Ag. Han et al. [7]
demonstrated that the strength of drawn Cu—Ag alloys was
strongly dependent on the spacing between Ag fibers
evolved from the Ag precipitates in pro-eutectic Cu den-
drites. Hong and Hill [1] also suggested that the strength of
the precipitation region could be calculated according to
the average spacing of Ag precipitates. Our recent study
[12] revealed that Ag precipitates could produce a similar
strengthening effect in both Cu-6 wt.% Ag and Cu-12 wt.%
Ag at low drawing strain levels although the Ag concen-
tration in both alloys was evidently different.

As mentioned above, it is obvious that the interface
between the Ag precipitate and the Cu matrix plays a main
role in the strengthening and conducting behaviors for the
composite structure of Cu and Ag fibers. Moreover, the
interface characteristic of the filamentary structure is
basically dependent on the primary status of interface
formation. However, the crystallographic orientation and
interface structure of original precipitates in Cu—Ag alloys
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before the formation of filamentary structure is still
understood insufficiently. High-resolution transmission
electron microscopy (HRTEM) can effectively observe the
interface characteristic and has been used to investigate the
strengthening and conducting mechanisms related to the
phase feature, interface structure, dislocation distribution,
lattice defect, and crystallographic orientation in double-
phase alloys, such as Cu-Nb and Cu-Ag [13-19]. In this
paper, Cu-6 wt.% Ag was solution treated and aged to
produce Ag precipitates. HRTEM was used to reveal the
phase orientation and interface structure of Ag precipitates
in the Cu matrix. The hardness and resistivity were deter-
mined for the alloy aged for different times in order to
discuss the relationship of interface characteristics with the
mechanical and electrical properties.

Experiments

Cu-6 wt.% Ag was melted in a vacuum induction furnace
and cast into cylindrical ingots in a copper mold. Metallic
silver and electrolytic copper with the purity higher than
99.98% were used as starting materials. The ingots were
solution treated at 720 °C for 4 h followed by water
quenching and aged at 450 °C for different times to form
Ag precipitates in super-saturated Cu dendrites.

The morphology of Ag precipitates was observed using
a SIRRON200 field emission scanning electron microscope
(FESEM). The phase orientation and interface structure
between the Ag precipitate and the Cu matrix were
examined using a JEM-2010 HRTEM operated at 200 kV.
The TEM specimens were prepared by mechanically
thinning and then ion milling at 5 kV with an incidence
angle of 12°. The hardness was determined using a Vickers
hardness tester with a load 100 g and holding time 15 s.
The hardness value for each sample was taken from the
arithmetical mean of the measured data more than ten
indentations. The electrical resistivity was measured by a
standard four-probe technique at ambient temperature.

Results

The microstructure of the solution treated Cu-6 wt.% Ag
contains the Cu matrix and original eutectic colonies
(Fig. 1a). Dendritic segregation is visibly observed, but Ag
precipitates are hardly found in the Cu matrix. For the
specimens aged only for 1 h, Ag secondary particles are
precipitated from a discontinuous precipitation reaction in
the Cu matrix and tend to form some discontinuously
precipitated zones adjacent to grain boundaries (Fig. 1b).
The discontinuously precipitated cells extend and the pre-
cipitates slightly coarsen with increasing aging time. A

Fig. 1 FESEM images of Cu-6 wt.% Ag (a) solution treated and (b)
aged forl h

similar discontinuous precipitation reaction was also
observed in Cu-7 wt.% Ag and the discontinuous precipi-
tates were fine due to aging at a lower temperature [20].

The morphology of Ag precipitates and selected area
diffraction patterns (SADP) for the specimens aged for
16 h are shown in Fig. 2. The Ag precipitates uniformly
distribute in the precipitated cells. The double-diffraction
patterns are obtained from different incident directions of
the electron beam. Some small spots diffracted from Ag
precipitates regularly arrange around large spots diffracted
from the Cu matrix. The diffraction aspect shows that there
exists a perfect cube-on-cube orientation relationship,
{111}y //{111} 5, and (011>Cu//(011>Ag, between the Ag
precipitate and the Cu matrix. This result is also well
in accordance with the previous studies on Cu—Ag alloys
[7, 19].

The transmission electron microscopy image of the
interface between the Ag precipitate and the Cu matrix is
shown in Fig. 3. Two-direction Moiré fringes can be
observed in the Ag precipitate. This implies that the crystal
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Fig. 2 (a) Morphology of Ag
precipitates and SADP with the
electron-beam incident direction
paralleled to Cu axes (b) [001],
(¢) [011], and (d) [112] in the
precipitation regions of Cu-6
wt.% Ag aged for 16 h (double
diffraction spots are indicated
by arrows)
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orientation of the Ag precipitate is the same with that of the
Cu matrix. It is known that once two crystal orientations
have shown parallel relationship between both face-centered
cubic phases, for instance, [111]c//[111]ag and [110]cy//
[110] g, other crystal orientations must also be parallel
relationship between both phases. Therefore, the two-
direction Moiré fringes in the interface image can further
confirm the presence of the cube-on-cube orientation
relationship.

The images of the interface between the Ag precipitate
and the Cu matrix and the corresponding inverse fast Fourier

Fig. 3 TEM image of the interface between Ag precipitate and the
Cu matrix in Cu-6 wt.% Ag aged for 16 h
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transformation (IFFT) are shown in Fig. 4. The (100),,
parallels to (100)c, and there are some dark regions of strain
contrasts along the interface. The spacings of (100),, and
(100)c, are 0.204 and 0.181 nm, respectively. Some dislo-
cations in the Cu side are regularly arranged at the interface.
The average interval between the interfacial dislocations is
nine plane spacings of (100)c,. The parallel orientation
relationship and the interfacial dislocations indicate that
there is a semi-coherent interface between the Ag precipitate
and the Cu matrix. The lattice misfit, J, between Ag and Cu
can be given by [19, 20]

0 = 2(dag — dcu)/(dag + deu), (1)

where dag and dc, are the interplanar spacings of Ag and
Cu, respectively. The lattice misfit between (100),, and
(100)cy is 0.119. The dislocations introduced periodically at
the interface can partially release the misfit strain. However,
there still are some relatively high-strain fields from the
lattice distortion around the interfacial dislocations and
these strain fields can form the dark regions of strain
contrasts in the observation. The distance, Dy, between
the interfacial dislocations can be calculated by [19, 20]

dey +d
Dyisric = CuTsAg . (2)

The determined average interval of the interfacial dislo-
cations is nine plane spacings of (100)c, i.e., 1.63 nm,
which is in agreement with the calculated value
Dissic = 1.61 nm.



J Mater Sci (2008) 43:2006-2011

N

Fig. 4 The images of (a) HRTEM and (b) corresponding IFFT of the
interface with parallel (100) between Ag and Cu phases in Cu-6 wt.%
Ag aged for 16 h (the arrows in the Cu side indicate interfacial
dislocations)

The semi-coherent interface between the Ag precipitate
and the Cu matrix can also be observed from the parallel
orientation relationship between (111)p, and (111)¢y
(Fig. 5). Similarly, there are the interfacial dislocations and
dark regions of the strain contrasts. The average interval
between the interfacial dislocations is nine plane spacings of
(111)¢y. The spacings of (111), and (111)¢, are 0.236 and
0.209 nm, respectively. The lattice misfit between (111)4,
and (111)¢, is 0.121 from Eq. 1. The distance between the
interfacial dislocations is calculated to be 1.83 nm using
Eq. 2. In this observation, the determined average distance
between the interfacial dislocations is 1.88 nm, which is also
in agreement with the calculated result.

The hardness and electrical resistivity dependent on
aging time are shown in Fig. 6. The hardness increases
markedly at initial aging period and slowly after 16 h. In
contrast to the change of the hardness with aging time, the
electrical resistivity decreases markedly at initial aging
period and slowly after aging for 16 h.

/ 2nm

Fig. 5 The images of (a) HRTEM and (b) corresponding IFFT of the
interface with parallel (111) between Ag and Cu phases in Cu-6 wt.%
Ag aged for 16 h (the arrows in the Cu side indicate interfacial
dislocations)
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Fig. 6 Vickers hardness and electrical resitivity of Cu-6 wt.% Ag
dependent on aging time at 450 °C
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Discussion

During precipitation reaction, Ag precipitates nucleate and
grow by the diffusion of Ag atoms in the Cu matrix. It has
been pointed out that the habit plane of Ag precipitates in
the Cu matrix is {111} since this crystallographic plane has
the lowest interfacial energy [21-24]. However, it is also
necessary to introduce misfit dislocations at the plane to
relax the local strain since the lattice misfit between
{I11}cy and {111} s, is about 12.1%. Therefore, the semi-
coherent interface between the Ag precipitate and the Cu
matrix is dominantly presented in Cu-6 wt.% Ag.

Similar to the consideration in the strength prediction of
composite materials, the hardness of Cu—Ag alloys can be
described by the hardness summation of phase components
[1,2,7]

HVCqug = fmatrix (Hvsol + HVy;s + HVint)
+ feulectic HVeutectiC ) ( 3 )

where fiapix and feugectic are the volume fractions for the Cu
matrix and original eutectic, respectively. HV,, HV g,
and HVj,, are the hardening components given from the
solute, dislocation, and interface, respectively. HV yectic 18
the hardness of the eutectic.

There are not the eutectic reaction and dislocation
migration in the as-quenched structure during aging treat-
ment. The precipitation reaction during aging can hardly
affect the eutectic amount and dislocation density although
aging treatment can change the volume fraction of Ag
secondary particles. Therefore, the change of HVc, ag
should mainly depend on the changes of HV,, and HVj,
since fouectic and HVys are nearly constant in aging
process.

HV o should be a negative contribution to HV ¢y s, in
aging hardening because the precipitation of Ag secondary
particles in aging treatment reduces the Ag concentration in
the Cu matrix or impairs the solution hardening of the Cu
matrix. Therefore, the improvement in the hardness level
by aging treatment must only benefit from the interface
hardening or a positive contribution of the HV;,, compo-
nent. As a barrier of moving dislocations, the semi-
coherent interface between the Ag precipitate and the Cu
matrix can strongly obstruct dislocation slipping so as to
harden the alloy.

The density of the semi-coherent interface increases
since the area of discontinuously precipitated cells or the
volume fraction of Ag precipitates increases with pro-
longing aging time up to 16 h. Therefore, HVcy_a,
markedly increases in the aging period due to the enhanced
contribution of HV;,, component to the aging hardening.
After aging treatment for a long period, the precipitation
reaction slows or the interface density hardly increases
because the precipitation of Ag secondary particles has
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nearly been completed, which results in the insignificant
change of the hardness with aging time after 16 h.

Precipitation reaction reduces the level of solute scat-
tering or lattice distortion in the Cu matrix because super-
saturated Ag atoms are precipitated as Ag secondary par-
ticles during aging treatment. However, the level of
interface scattering should be enhanced in aging process
because the presence of Ag precipitates increases the
interface density. The practical results in the investigation
show that the electrical resistivity decreases with the
increase in aging time (Fig. 6). This implies that the
reduction in solute scattering level can play a more
important role in the resistivity change than the increase in
interface scattering level during precipitation reaction.
Similar results of the resistivity reduction from the pre-
cipitation reaction were also observed in Ni or Cu based
alloys [25-27]. Moreover, the perfect cube-on-cube ori-
entation relationship at the interface should also be
responsible for the insignificant effect of interface scatter-
ing on the resistivity change in this study. The excellent
matched condition of crystallographic orientation or high
lattice compatibility of atomic arrangements at the inter-
face results in low scattering capability although there are
some misfit dislocations at the interface.

Conclusions

A discontinuous precipitation occurs along the grain
boundaries in the Cu matrix of Cu-6 wt.% Ag in aging
treatment at 450 °C. The discontinuously precipitated cells
extend with the increase in aging time.

The Ag precipitate has the cube-on-cube orientation
relationship, {111}c//{111}a, and (011),//(01 1>Ag, with
the Cu matrix in the precipitation regions. There is a semi-
coherent interface between Ag and Cu phases.

Dislocations are periodically introduced at the interface
to release the interface misfit strain. The average distance
between the interfacial dislocations is nine plane spacings
of (100)c, or (111)¢y.

Aging treatment obviously improves the hardness and
conductivity. The increase in the hardness and the decrease
in the resistivity are more significant in the aging period
before 16 h than in that after 16 h.

The increase in the interface density in the Cu matrix is
mainly responsible for the hardness improvement during
aging treatment. The reduction in solute concentration in
the Cu matrix is mainly responsible for the conductivity
improvement during aging treatment. The regular disloca-
tion arrangement at the semi-coherent interface results in
high strain resistance. The interface between the Ag pre-
cipitate and the Cu matrix shows lower scattering level
than the solute atoms in the supersaturated solid solution.
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