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Deformation of Two Copper Matrix Conductors
Under Cyclic Loading

K. Han , V. Toplosky, and C. A. Swenson

Abstract—High field resistive magnets use Cu matrix composites
as conductors because composite conductors have high mechanical
strength. The conductors are manufactured by cold deformation
and heat treatment that introduce refined obstacle distance to
resist dislocation motions. The increased density of these obstacles
increases the mechanical strength of the conductors. Under cyclic
loading, such as the loading condition in pulsed resistive magnets,
the conductors may soften or harden depending on the interaction
of the obstacles with the dislocations evolved during the loading.
Understanding and predicting the performance of the conductors
under cyclic loading help researchers to predict the life of the
coils made from these conductors, to make efficient use of them in
magnets, and to manufacture conductors to meet the requirements
of the magnets, particularly when the magnetic stress is above the
yield strength of the conductors. The goal of this research is to
understand the fatigue properties of two composite conductors
and to relate such properties to types of obstacles. The fatigue
test loading is in displacement-controlled mode, which is like what
occurs in a state-of-the-art pulsed magnet. This work sheds a
light on the correlation between the tensile and fatigue properties
in composite conductors by consideration of types of obstacle in
composite conductors.

Index Terms—Alloy, deformation, high strength steels, high field
magnet, reinforcement.

I. INTRODUCTION

THE term “Cu matrix conductor” is used in this article to
refer to any material that contains Cu as either the matrix

or one of the major elements. When these conductors are com-
prised of two or more dissimilar phases to produce composite,
these phases can work synergistically to produce properties that
are better than rule-of-mixture [1]. This paper is focused on
metal-metal composite conductors, in which both the matrix
and the second phase are ductile metals. These composites have
attracted attention for their blending of ultra-high strength with
good electrical and thermal conductivity. They have potential
applications in several fields where tensile strength greater than
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0.5 GPa and electrical conductivity above 60% IACS (Interna-
tional Annealed Copper Standard) are required, such as windings
of high-field magnet cables.

In general, Cu-base composites are represented as Cu-X-Y …,
with X-Y … representing such elements as Ag, Cr, Fe, Mo, Nb,
Ti, V, or Zr. These materials can be further classified by their
strengthening component: Cu-fcc (face-centered cubic), Cu-bcc
(body-centered cubic), or Cu-IM (intermetallic compounds).

For production of composites, the in-situ method is an inex-
pensive way to produce large size products. A composite is re-
ferred to as in-situ when the composite structure has been formed
during solidification or heat [2]–[11]. With proper control of
solidification rates and/or heat treatment temperature/time, this
composite structure will be a refined microstructure that can
then be further refined by heavy deformation through sheet
rolling and wire swaging/ drawing. Additional strain can be
imparted to the material via re-bundling followed by further
deformation of already heavily deformed wires [1]. Since both
metallic phases of a metal-metal nanocomposite are ductile, it is
possible to achieve true strain values greater than ten (or 1000%).
By selection of chemistry and fabrication methods, the second
phase can be made into the fiber or particle shapes. We believe
that deformation behavior is drastically different from one type
to the other with important implications for service life in magnet
coils. We therefore studied deformation behavior of Cu-Ag-Zr
(fibers) and Cu-Ag-Cr (particle) Cu-matrix in-situ composites
by close examination of their stress-strain curves for tension and
cyclic loading.

II. METHODS

A. Materials

The conductor wires were made of either Cu-Ag(Zr) or
Cu-Ag-Cr. The materials were received in a dimension of 4x6
mm2 form. The Cu-Ag(Zr) was custom-made for this study to
a higher standard of mechanical strength than is commercially
available [12]–[15]. Cu-Ag(Zr) can be considered as Cu-fcc-IM,
where fcc phase took the form of Ag fibers and IM took the
form of particle containing Zr. Because the numbers of IM
were small, we refer this material as CuAg in this manuscript.
In this composite, Ag and Cu usually has cube-on-cube re-
lationship [16]. The Cu-Ag-Cr (Wieland K-88) was made by
Wieland to the European commercial standard, which is similar
to the 18200/18400/18500 American standard (see Table I).
The strengthening component was either fcc or bcc Cr phase,
where bcc Cr had an N–W relationship with the matrix. Because
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TABLE I
CHEMISTRY OF THE ALLOYS (WT%)

Fig. 1. Tensile properties for reduced-cross-section samples. These data are
from tensile testing of cold-deformed CuAg and CuCr samples. Tests were
performed at either 295 °K or 77 °K. Data for samples are taken from either
CuCr wire, indicated by squares, or CuAg wire, indicated by triangles. (a) Yield
Strength (YS) values are shown by solid triangles or squares. Ultimate Tensile
Strength (TS) values are shown by open triangles or squares. (b) The values
of Reduction in Area at fracture (RA) are shown by solid triangles or squares.
Elongation (El) is shown by open triangles or squares.

Ag content was low, we refer this material as CuCr in this
manuscript.

B. Tensile Property Characterization

Most mechanical tests were performed at 295 K and 77 K,
per ASTM E8-00b and ASTM A370-97a. In tensile tests, the
samples were machined to a gage cross-section of 3x4 mm2. the
samples were loaded in displacement control mode at a rate of
0.5 mm/min on a 100 kN servo-hydraulic MTS test machine.
From the measured stress-strain curves, both ultimate tensile
strength (TS) and 0.2% offset engineering flow stress (YS =
Yield Strength) were recorded (Fig. 1).

We used reduced cross-section samples to reduce the stress-
concentration introduced by grips. At both room and cryogenic

temperatures, our experiments showed that samples from re-
duced cross-section samples showed higher mechanical strength
than that from full cross-section samples.

C. Fatigue Tests

Reverse cycle fatigue tests were performed with the same
machine and test temperatures as tensile tests. Testing was
performed in a displacement control mode via a diametral dis-
placement gauge until failure. Testing frequency was 5 Hz.

D. Electrical Conductivity Tests

For conductivity measurements, voltage taps were mechani-
cally clamped on the specimens at approximately 100 mm apart.
Current leads are attached to the ends of the specimens and input
currents of 0.25, 0.50, 0.75, and 1.0 amps are used to obtain the
voltage drop across the voltage tap distance. Three samples were
measured, and the value reported here is the average of the three
measurements and is estimated to be accurate within +/−1%
IACS.

III. RESULTS

A. Tensile Properties and Electrical Conductivity

Tensile tests performed at cryogenic and room temperatures
showed a range of variation in both ultimate Tensile Strength
(TS) and Yield Strength (YS). Property differences within the
same materials tested under the same condition, however, were
minor. At 77 K, variation in the value of TS was 0.6% for CuAg
and 0.4% for CuCr. The maximum variation in the value of YS
was about 3% for both. This indicates that both conductors are
homogeneous.

We used both TS and YS to compare properties from CuAg
and CuCr samples. At both cryogenic and room temperatures,
tests showed higher mechanical strength in CuAg than in CuCr
(Fig. 1). At room temperature, for example, the value of TS for
CuAg was 55% higher than for CuCr. At 77 °K, the value of
TS for CuAg was 53% higher than for CuCr. Variation between
samples of different materials was much greater than variation
between samples of the same material, thus indicating that the
difference between the tensile properties of these two materials
could not be dismissed as experimental error. We attributed it
rather to the difference in the chemistry and geometry of the
strengthening components of the two materials. Although both
materials were made by drawing and aging cast ingots, the CuAg
was strengthened by Ag in the form of fibers while the CuCr was
strengthened by Cr in the form of particles [16]–[38]. As both
materials have the same Cu matrix, our result indicates that fibers
strengthen wire more effectively than particles.

Both materials showed more than 20% higher tensile strength
at 77 °K than at room temperature and they had a higher modulus
(12% higher for Cu-Ag and 3% higher for Cu-Cr). This may
reflect an improvement at cryogenic temperature in their ability
to withstand further plastic deformation after their initial elastic
deformation.

To estimate strain-hardening rates, we calculated the ratio
between TS and YS in both materials. We found that the values
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Fig. 2. Stress-strain curves of CuCr (thin line) and CuAg (thick line). Tests
were performed: (a) at room temperature and (b) at 77 K.

of TS/YS for CuAg were 1.09 at room temperature and 1.04
at 77 °K, and for CuCr 1.09 at room temperature and 1.11 at
77 °K. The greater value of TS/YS for CuCr at 77 °K clearly
indicated that CuCr could be further hardened by deformation.
Despite the fact that CuAg already had very high tensile strength,
these TS/YS ratios indicated that it too could be hardened
even further by deformation. We noticed that CuAg samples
had higher TS/YS values at room temperature than at 77 °K,
while CuCr samples had higher TS/YS values at 77 °K than at
room temperature (Fig. 1). This may indicate that, during room
temperature deformation, dynamic recovery plays a bigger part
in CuCr than in CuAg. In other words, cryogenic temperature
tends to suppress dynamic recovery in CuCr more than in CuAg
(Fig. 2).

Values for elongation-to-failure (EL) were all above 7%, and
values for reduction-in-area-at-fracture (RA) were all above
30% in both materials at both temperatures. The value of EL at
room temperature, which was similar for the two materials, was
7%, the lowest among all the ductility values. Our previous ex-
periments indicated that this value was sufficient for conductors
to reach bending strain above 40%. At this strain, a 4-mm-thick
wire can be wound in a coil with a diameter smaller than 10 mm.

At 77 °K, both EL and RA values increased for Cu-Cr, less
in RA than in EL. We attributed this increase mainly to the

Fig. 3. Stress-strain curves of Cu-Cr (thin line) and Cu-Ag (thick line) under
cyclic loading with total strain amplitude of 0.8%. Tests were performed under
symmetric displacement control mode at room temperature. (a) Comparison of
the curves at first cycle. (b) Comparison of the curves at 100th cycle.

larger homogeneous deformation strain that resulted from the
enhanced strain hardening that occurred because of suppressed
dynamic recovery or recrystallization at cryogenic temperatures
(Fig. 2). At 77 °K, Cu-Ag showed good ductility before the onset
of instability, although it showed certain softening after yielding.
After the onset of instability, however, Cu-Ag showed higher EL
but lower RA than at room temperature, indicating some loss of
ductility. Cu-Ag showed higher electrical conductivity at 77 K
than Cu-Cr (Fig. 5)

B. Cyclic Loading Properties

Reinforcement materials are used in most of the high-field
pulsed magnets in our laboratory because reinforcement limits
the displacement that occurs in those conductors. Consequently,
we chose to apply the displacement-controlled mode when we
performed our cyclic tests.

At room temperatures, once strain exceeded the relevant elas-
tic strain limit, different plastic deformation behavior appeared
in each of the two materials tested. This was consistent with
the results of tensile tests. (For an example of this behavior
difference between two samples under cyclic loading of a total
strain amplitude (et) of 0.8%, see Fig. 3). During the first cycle
of loading, the Cu-Ag samples, whose YS was higher, showed a
higher stress level and less plastic deformation strain (ep) than
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Fig. 4. Stress-strain curves of Cu-Cr (thin line) and Cu-Ag (thick line) under
cyclic loading with total strain amplitude of 1.2%. Tests were performed under
symmetric displacement control mode at 77 °K.

Fig. 5. Electrical conductivity of CuAg and CuCr samples. Tests are performed
at either 295 °K or 77 °K. Data for CuAg and CuCr samples are indicated by
triangles and squares, respectively.

Cu-Cr samples under the same et. In this first cycle, tensile
stress levels (st) were almost the same as the absolute value
of compressive stress levels (-sc) for both materials, indicating
that they responded symmetrically to tensile and compressive
loads (Fig. 3). When both materials were loaded to cycle 100,
the values of st were smaller than those of -sc. Cu-Ag showed
almost the same st level as Cu-Cr but had a higher -sc under
the same et. Cu-Ag continued to show significantly less plastic
deformation strain (ep) than Cu-Cr. As a result, Cu-Ag samples
outlasted those of Cu-Cr, even though the Cu-Ag was subjected
to higher stress amplitude (Fig. 6).

Because both materials showed higher YS at 77 °K, we loaded
the materials to a greater ep at 77 °K than at room temperature
in order to study their plastic deformation behaviors. At 77
°K, plastic deformation began as soon as strain exceeded the
elastic strain limit. This was similar to what we observed in
room temperatures. (For an example of this behavior difference
between two samples under cyclic loading of an et of 1.2%, see
Fig. 4). During the first cycle of loading at 77 °K, the materials
showed plastic deformation behavior similar to that at room
temperature. When both materials were loaded to cycle 100,
the values of st remained almost the same as those of -sc. At the
same ep level, Cu-Ag showed higher stress levels than Cu-Cr.

Fig. 6. Strain amplitude with respect to the number of cycles to failure. Data
taken from CuAg samples are indicated by open or solid triangles, from CuCr
samples by open or solid squares. Room temperature data indicated by open
triangles or squares. Data obtained at 77 °K under symmetric strain are indicated
by solid triangles or squares; that obtained under asymmetric strain, by shaded
triangles or squares.

Even so, Cu-Ag continued to show less plastic deformation strain
(ep) than Cu-Cr (Fig. 4). The smaller value of ep in Cu-Ag led
to longer service life (Fig. 6).

IV. DISCUSSION

In this study, fiber-strengthened Cu showed higher mechanical
strength than particle strengthened Cu. Both types of materials
showed higher mechanical strength at cryogenic temperatures
because of the suppression of dynamic recovery. When the two
materials were subjected to the same total strain amplitude at
both room and cryogenic temperatures, fiber-strengthened Cu
showed longer fatigue life, even though the fiber-strengthened
Cu had been forced by its higher strain-hardening rate to reach
higher stress levels. This longer fatigue life was attributed to
the fact that less plastic deformation strain occurred in fiber-
strengthened Cu because its fine fiber spacing reducd the travel
distance of dislocations in comparison to particle-strengthened
Cu.

V. CONCLUSION

Cu-Ag samples that were strengthened by fibers had higher
strength but lower ductility than Cu-Cr samples that were
strengthened by particles. At same total strain amplitude, Cu-Ag
reached higher strength but experienced lower plastic deforma-
tion strain at both room and cryogenic temperatures. The lower
level of plastic deformation in Cu-Ag led to a longer fatigue life
in comparison to Cu-Cr.
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