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Fatigue Properties of Cold-Rolled Cu-Zr Alloy Sheets
R. Niu, K. Han , V. J. Toplosky, and J. Toth

Abstract—We performed tension-tension fatigue tests in stress
control mode on cold-rolled Cu-Zr alloy sheets with various levels
of tensile strength (TS). We then compared the fatigue properties of
these sheets to those of cold-rolled Cu sheets. Fatigue life increased
as TS increased. We separated our Cu-Zr sheets according to
their mechanical strength levels, designating those with their TS
∼490 MPa as “H”, those with TS around 448 ± 5 MPa as “M”,
and those with TS < 440 MPa as “L”. The “H” sheets exhibited
the longest life, followed by the “M” sheets, and the “L” sheets,
all outperforming Cu. At 390 MPa. “H” Cu-Zr’s fatigue life was
∼3 times that of Cu. Both the Cu-Zr and the Cu showed cyclic
hardening. The presence of Zirconium improved fatigue life by
stabilizing microstructure and retarding the formation of cracks
during fatigue cycling, thus positioning Cu-Zr alloys as much
stronger candidates than Cu for resistive magnet conductors.

Index Terms—Fatigue, Cu-Zr, fatigue life, cyclic hardening,
particle, cold-roll.

I. INTRODUCTION

CU-BASED composites are widely used in applications
requiring high mechanical strength and electrical conduc-

tivity, such as conductor sheets in resistive magnets. Strength is
typically enhanced through cold working [1], [2], grain refine-
ment [3], [4], and nano-particles dispersion strengthening [5],
[6], [7], [8], [9]. Typical conductor sheets for resistive magnet
are heavily deformed Cu-based metal-metal composites, such as
Cu-Zr [2], [9], [10], Cu-Ag [11], [12], [13], [14], and Cu [15],
[16].

In addition to high-tensile strength and high electric conduc-
tivity, life is a critical issue that needs to be addressed, because
a solid knowledge of cyclic deformation response, fatigue life,
and cyclic stability of these materials is crucial for the lifetime
of magnets.

Previous studies on Cu reveal diverse fatigue behaviors: single
crystals and annealed polycrystalline Cu exhibit cyclic hard-
ening under low-cycle fatigue [17], while heavily cold-drawn
(99% reduction in area) or severely plastically deformed (SPD)
Cu shows cyclic softening [18], [19], [20], [21]. Specifically,
higher plastic strain amplitudes promote cyclic softening and
grain coarsening [21].
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Cyclic softening is linked to the cooperative mechanisms
of dislocation recovery, dynamic recrystallization, and grain
coarsening [22], [23], [24], [25]. Adding Zr to Cu stabilizes the
microstructure in SPD-processed alloys [9], enhancing cyclic
stability of Cu by exhibiting longer fatigue lives and notable
cyclic hardening [2], [26].

While SPD-processed Cu and Cu alloys have been extensively
studied [22], [27], [28], [29], [30], [31], [32], the fatigue behavior
of heavily cold-rolled Cu-Zr sheets—key for resistive magnet
applications—remains underexplored, especially under stress-
controlled conditions mimicking operational hoop stresses. This
study investigates the fatigue properties of cold-rolled Cu-Zr
sheets with varying TS and compares them to cold-rolled
Cu, aiming to establish fatigue life relationships and cyclic
deformation behavior under stress control.

II. EXPERIMENTAL METHODS

A. Materials and Fabrication

Cold-rolled copper alloy C15100 (Copper Zirconium) with
different strength levels were manufactured by Wieland Metals.
Cold-rolled Cu (UNS C10700) sheets with similar strength were
chosen to compare the fatigue properties. The nominal thickness
was 0.77 mm for Cu-Zr and 0.75 mm for Cu.

B. Mechanical Tests

Tensile specimens were made following ASTM E8M stan-
dards, with a gauge length of 50 mm and width of 8.78 mm in
a dog-bone shape. Longitudinal direction (Ld) samples were
aligned parallel to the rolling direction (Rd), and transverse
direction (Td) samples were perpendicular to Rd. Tensile tests
were conducted on a servo-hydraulic MTS machine with a
10 KN load cell and a 25 mm clip-on extensometer.

Cu-Zr sheets were classified by Ld tensile strength levels: “H”
(∼490 MPa), “M” (448 ± 5 MPa), and “L” (<440 MPa). Due
to lower strength in longitudinal direction (see Table I), fatigue
tests were focused on this direction. Tension-tension fatigue tests
(stress ratio R= 0.1) were performed under normal stress control
at 1 Hz on the same MTS machine. Maximum stresses (σ_max)
were 479, 445, 434, 410, 400 and 390 MPa. 390 MPa was the
design strength for perfect CuZr sheets (TS ∼ 490 MPa) for
magnets.

C. Microstructure Preparation

Microstructure was investigated in a FEI Helios G4 UC
Field Emission Scanning Electron Microscope (FESEM). For
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TABLE I
0.77 MM THICK CUZR TENSILE RESULTS

chemistry examinations, an Energy Dispersion X-ray (EDX)
spectrometer was used.

III. RESULTS AND DISCUSSIONS

A. Mechanical Test Results

Our “H”, “M”, and “L” Cu-Zr samples exhibited different
tensile strength (see Table I). We found that the electrical con-
ductivity of the “L” Cu-Zr was the highest of the three categories.
This finding reflects a typical trade-off between strength and
conductivity. The strength of our Cu sheets (as opposed to CuZr)
was between that of “M” and “L.” The electrical conductivity
of Cu, however, was higher than that of any Cu-Zr. The ratio
of tensile strength to yield strength (TS/YS), measured in the
longitudinal direction, was estimated to be 1.02 in “H” and
1.03∼1.04 in “M” and “L.” The ratio difference between “H”,
“M,” and “L” was so small that their work-hardening capacity
was considered identical. Similar low values were also found
in high-strength Cu-Ag [33]. Such low ratios suggest a defect-
saturated microstructure with limited work-hardening capacity
[13]. Like cold-rolled Cu-Zr, cold-rolled Cu exhibited a TS/YS
ratio of 1.05 along the Ld, despite the different strengthening
mechanisms.

We performed independent t-test to assess whether there is a
significant difference in the TS/YS ratio across the “H,” “M,”
and “L”. The p-value for the ratio was calculated as 1.2 × 10−6

between “H” and “M,” and 0.23 between “M” and “L.” Conven-
tionally, a p-value below 0.05 (p < 0.05) is deemed statistically
significant. This suggests that the difference observed between
“H” and “M” is likely statistically significant.

In addition to low work-hardening rates in our Cu-Zr cold-
rolled samples, we also observed pronounced strain localization,
which was accompanied by local extrusions or intrusions (i.e.,

Fig. 1. Surface extrusions/intrusion on fractured fatigue samples tested at
maximum fatigue stress of 390MPa. (a) The extrusions and intrusions sitting at
fracture regions in the “H” Cu-Zr. (b) The extrusions/ intrusions extend across
the gauge length of Cu sample. The inset shows magnified ones. Long and dense
ones distribute near fracture. The distribution became sparse and short with the
distance to fracture increase.

found within 400 µm of fracture surfaces, see Fig. 1(a)). We
assumed that the local extrusions and intrusions that we observed
in our Cu-Zr samples could have resulted from the presence of
Zr in the sample. On the other hand, our cold-rolled Cu samples
exhibited numerous extrusions and intrusions that were non-
local– i.e., that were distributed across the entire gauge length
of the fatigue samples (Fig. 1(b)). The spreading of extrusions
and intrusions in cold-rolled Cu indicated a high degree of ho-
mogeneous deformation. This is consistent with our observation
in Cu of both high elongation and high reduction-in-area (RA).

B. Fatigue Life

Under equivalent fatigue stress levels, Cu-Zr samples with
higher TS displayed longer fatigue life than similar samples with
lower TS. At all stress levels, the “H” samples had the longest
fatigue life. The fatigue life of the “M” samples fell between that
of the “H” and the “L.” Fig. 2 shows that the number of cycles-to-
failure (i.e., fatigue life, N) was dependent on maximum stress
(σmax). The “H” samples sustained about 8000 cycles at their
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Fig. 2. The dependence of N on the maximum.stress at the stress ratio
R = 0.1. (a) x-axis in normal form. (b) x-axis in logarithmic form.

yield strength (479 MPa.) At a fatigue stress of 434 MPa (i.e., the
yield strength of the “M” samples), the N of the “H” samples was
∼105k, almost 6 times as long as the N (∼18k) of M1. The value
of N increased significantly as long as the σmax remained below
the yield strength. The “H” samples endured ∼106k cycles at
434 MPa and ∼184k cycles at 390 MPa. The respective values
of N for the “M” and the “L” samples increased to ∼162k cycles
and∼112k cycles at 390 MPa. Both the “M” and the “L” samples
had shorter fatigue lives than the “H”.

Small variations in TS produced large differences in N. The
TS of M1 was 6 MPa higher than that of M2. At 445 MPa,
however, the average N of M1 was about two times higher than
that of M2. Similarly, a difference of 9 MPa between M1 and
M4 led to a 93% reduction in the average N of M4.

Although the strength of the “L” samples was about 10 MPa
lower than that of Cu samples, the “L” still endured more cycles
than Cu, which sustained 59k cycles at 390 MPa, about half the
fatigue life of the “L” (see Fig. 2(a)).

The declining part of the S–N curve begins at a total number
of cycles of 104 for the “H,” 104 for the “M,” 103 for the “L,”
and 10 for Cu. The slope of the declining part of σmax vs.
log (N) depends on the strength of the materials involved. The
average slope, k, values for the “H,” the “M,” the “L,” and Cu
were measured as −195, −82, −31, and −12, respectively (see
Fig. 2(b)).

Fig. 3. Stress–strain hysteresis loops at different cycles under 400 MPa max-
imum stress level. (a) Data from a “H” sample. (b) Data from a “M” sample.

C. Cyclic Stress-Strain Curves

The stress-strain hysteresis loops obtained from both the Cu
and Cu-Zr alloys showed difference in their cyclic deformation
behaviors (Figs. 3 and 4). Relatively larger plastic deformation
occurred mainly in materials below ten cycles.

For example, under 400 MPa maximum stress level, a com-
parison of hysteresis loops at cycles 1, 10, 102, 103, 104, 5 ×
104, and 1.3 × 105 indicated that, for “H” Cu-Zr samples, the
1st cycle displayed the largest plastic deformation strain. After
10 cycles, the energy dissipated per cycle (i.e., the area enclosed
by the loop) became smaller. At 100 cycles, the material reached
a stable state, where its hysteresis loops were almost linear
and energy dissipation was very small. The plastic strain range
measured from the loops was 9.1 × 10−5 in the 1st cycle, 5.6
× 10−5 in the 10th cycle, 3.7 × 10−5 in the 100th cycle, 2.9 ×
10−5 in 103th cycle, 2.8 × 10−5 in 104th cycle, 2.7 × 10−5 in 5
× 104th cycle, and 2.5 × 10−5 in 1.3 × 105th cycle (see Fig. 5).
The plastic strain range reducing with fatigue cycles suggested
cyclic hardening.

A comparison of hysteresis loops at cycles 1, 10, 102, 103,
104, and 105 indicated that the “M” Cu-Zr behaved similar to
“H”. The 1st cycle displayed large plastic deformation strain, and
after 10 cycles, the energy dissipated per cycle became smaller.
Overall, the energy dissipation was smaller in the “M" than in
the “H”. The plastic strain range was 3.9 × 10−5 at the 100th
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Fig. 4. Stress-strain curves of (a) “L” Cu-Zr, and (b) Cu.

Fig. 5. Fatigue life as a function of plastic strain range for “H”, “M”, and “L”
Cu-Zr and Cu.

cycle, and reduced to 3.5 × 10−5 in the 103th cycle and 3.0 ×
10−5 in the 104th cycle and 2.9 × 10−5 in the 105th cycle. As
the “H”, the cyclic hardening was discovered as well.

In both the “L” Cu-Zr and Cu samples, the hysteresis loops
evolution with cycles were similar to those of the “H” and “M”
ones. After 10 cycles, the energy dissipated per cycle became
smaller. In the “L”, the plastic strain range was 4.3 × 10−5 in
the 10th cycle, and decrease to 3.8 × 10−5 in the 103th cycle

Fig. 6. SEM images showing the microstructure of a sample from “L” Cu-Zr.
White particles are rich in Zr. An inset shows an SEM image with EDS result of
a 500 nm sized particle. In particle rich region, the average particle size is about
54 nm. The average particle spacing is approximately 260 nm.

and 3.6 × 10−5 in the 104th cycle. In the Cu, the plastic strain
range was 5.6 × 10−5 in the 10th cycle, and decreased to 4.5 ×
10−5 in the 103th cycle. Cyclic hardening occurred but appeared
smaller than the “H” in cycles greater than 100.

Comparing with the “H” and “M” and “L”, the Cu showed the
highest plastic strain range in the stable stage under 400 MPa
maximum fatigue stress, and the “H” showed the lowest plastic
strain range. The plastic strain range in the stable stage appeared
to be inversely proportional to the strength of materials. The “M”
and “L” had a similar value at this fatigue stress level.

Meanwhile, the stress-strain hysteresis loops shifted progres-
sively along the strain axis. Because of the tension-tension load-
ing, there was a net plastic strain after each cycle. The directional
accumulation of plastic strain led to plastic ratcheting. Plastic
ratcheting was demonstrated in each material.

D. Microstructure

The plan-view microstructure of the “L” Cu-Zr sheets indi-
cated the non-uniformity distribution of particles. Some regions
were covered by high-density of particles embedded in the
matrix, while others had none, see Fig. 6. This might be one
of the reasons for the relative low strength and fatigue life in
the “M” and “L” Cu-Zr. More work is underway to explore the
microstructure difference among these different stress-leveled
Cu-Zr alloys.

In particle rich regions, a multi-modal particle distribution
within the Cu matrix was depicted. Most of the particles ap-
peared as round white features, with a smaller proportion ex-
hibiting short rod-like shapes. The round particles measured
approximately tens of nanometers in diameter, while the short
rods ranged from 200 to 700 nm in length. These small particles
uniformly distributed within grain interiors, and no evident
segregation at grain boundaries was observed SEM-EDS results
indicated higher Zr concentrations in white particles than in the
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matrix. In other words, these white particles were Zr-rich. In a
500 nm-sized particle, the Zr concentration was detected to be
4.5 wt%, see the inset in Fig. 6.

IV. CONCLUSION

In stress-controlled, tension-tension fatigue tests, cold-rolled
Cu-Zr sheets had longer fatigue life than cold-rolled Cu sheets.
For Cu-Zr sheet themselves, the higher the tensile strength, the
longer the fatigue life and the lower plastic strain range. Cyclic
hardening was revealed in both Cu-Zr and Cu sheets.
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