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Abstract—Pulsed magnets in the US National High Magnetic
Field Laboratory (MaglLab) use rectangular cross-section Cu ma-
trix composite conductors. The strongest of these conductors in-
corporate various combinations of Cu reinforced by Nb-fibers. The
slip systems of Cu and Nb are markedly incompatible during de-
formation because Cu has a face-centered cubic structure while Nb
has a body-centered cubic structure. In order to reach the level of
strength that we required in our conductors, Cu-Nb was subjected
to especially high levels of deformation strain. This high strain level,
in combination with the aforementioned incompatibility of defor-
mation systems, resulted in very high internal stress within both
Cu and Nb that greatly affected the future deformation behavior
of the resulting Cu-Nb conductors, as reflected in the stress-strain
curves generated by our tests, particularly the cyclic loading tests.
At cryogenic temperatures, the thermal expansion difference be-
tween Nb fibers and Cu matrix added additional internal stress in
the resulting conductors. We studied the mechanical deformation
behavior of Nb-fiber-strengthened Cu under cyclic loading, and
we examined the relationship between the microstructure of these
conductors and their deformation behavior.

Index Terms—Conductor, high strength, high conductivity,
Young’s modulus, mechanical strength.

1. INTRODUCTION

ESEARCH at the National High Magnetic Field Labo-
Rratory (MagLab) has long been directed toward the de-
velopment of a continuous supply of conductors for the 100T
non-destructive pulsed magnet. The conductor used in the inner-
most coil (the “insert”) of this magnet is the one that undergoes
the highest stress level during operation [1], [2], [3]. Because its
strength must exceed 1000 MPa, that conductor must be made of
nanostructured composites [4], [5]. Researchers have used sev-
eral methods for the manufacture of these composites, including
Additive Manufacture (AM) [6] and Severe Plastic Deformation
(SPD) [2], [7], [8], [9], [10]. Of these two methods, SPD has
produced the highest mechanical strength in Cu-Nb [11], [12],
[13]. SPD can be done by several methods, including repetitive
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roll-bonding, restacking, high-pressure torsion, or wiredrawing
[14], [15], [16], [17], [18]. For this study, a combination of
wiredrawing and restacking was chosen [4], [8], [9].

The process of extrusion is an important step in the prepara-
tion of a precursor material for wiredrawing. Extrusion can be
either direct [19], [20], [21] or what is known as Equal-Channel
Angular Extrusion (ECAE) [17]. Because excessive defects may
be introduced by ECAE, direct extrusion was used instead [22],
[23], [24], [25].

The strain introduced by the process of extrusion and drawing
significantly exceeded the elastic deformation strain of the con-
ductors. Consequently, significant plastic deformation occurred
[26]. The later operation of the constructed magnet introduced
further plastic deformation.

Plastic deformation can have at least three significant effects
on magnet construction and magnet performance. First, large
plastic deformation strain may cause changes in the cross-
section area and in the overall shape of the conductor, decreasing
the size of the cross-section area and consequently reducing the
conductor ‘s load-carrying capacity [2], [26]. Second, if the level
of applied strain is near that of the homogeneous deformation
strain in tensile tests, premature failure of the conductor may
occur [27],[28], [29]. Third, because the Nb-strengthening fibres
have a different crystal structure from that of the Cu matrix, high
levels of internal stress will be introduced by SPD [30].

In our high-strength conductors, second phase fibres co-
existed with the Cu matrix. A lattice misfit between the matrix
and the particles will generate shortwave internal stresses [31],
[32], [33]. Deformation alters these internal stresses so that long-
wave internal stresses are introduced as well as the shortwave
ones. Longwave internal stresses may have a significant shear
component, indicated by the presence of a shear microstructure
[34], [35], [36], [37], [38], [39], [40], [41], [42]. This shear
structure may affect not only tensile strength and conductivity,
but also cyclic properties [10]. We performed experiments to
clarify these property changes.

II. EXPERIMENTAL METHODS

A. Materials

Our Cu-Nb conductors were fabricated by casting, forging,
restacking, extruding, and cold drawing [8]. These conductors
had nominal rectangular dimensions of 3.0 x 5.8 mm? with a
0.6 mm corner radius (corresponding to a cross-sectional area of
17.1 mm?). This study was focused on samples from two spools:
Spool 1 and Spool 3.

B. Mechanical Tests

Samples were machined with the tensile axis parallel to the
longitudinal direction. Full- and reduced x-sectioned samples
were tested at either room temperature (295 K) or liquid nitrogen
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temperature (77 K). Tensile tests were performed according to
the guidelines given in ASTM-ES. These tests were conducted
on a 100 kN capacity servo-hydraulic MTS machine with a
controlled stroke rate of 0.5 mm/min. The machine was equipped
with a cryostat. A clip-on axial extensometer with a 25 mm
gauge-length was used to measure the strain in our tensile tests.

Our previous tests indicated that the properties of certain
conductors can be changed by undergoing the process of either
loading or unloading. To study the effects of loading cycles on
various properties and to accurately measure the modulus of
elasticity, we instructed our program to start the unload/reload
cycle only after the observed onset of plastic strain (typically 1.5
to 2.0% strain) and then to load the specimen further until fail-
ure in stroke-control mode. We also conducted load-controlled
cyclic tests according to guidelines in ASTM E466 and ASTM
E606 at 77 K with a sinusoidal waveform (frequency = 5 to
10 hz). A diametrical extensometer was used to measure the
strain in our cyclic tests.

C. Microstructure Examinations

Microstructure was investigated using either a Laser Scanning
Confocal Microscope or a Zeiss 1540XB Field Emission Gun
Scanning Electron Microscope (SEM). Most of the SEM images
were taken at an accelerating voltage of 15 kV. We used an
Energy Dispersion X-ray (EDX) spectrometer attached to the
SEM for chemistry examinations.

III. RESULTS

A. Microstructure

We examined microstructure in samples from Spool 1 and
Spool 3. All samples had cladding with thickness less than
0.5 mm. The presence, inside this cladding, of Cu-Nb sub-
elements with various shapes indicated that SPD had occurred
during the shaping of the conductors from round to rectangular
(Fig. 1). Most of the sub-elements near the Cu cladding on the
narrow side of the conductor retained their original hexagonal
shape. On the wider side of the conductor, however, the shape
of most of the sub-elements shifted significantly as high levels
of compressive and shear stress were applied during processing.
These shape changes, in some samples, were significantly more
severe at the center than at the edges.

The deformation of our wire included shear components that
led to significant changes in the shape of the Cu-Nb sub-elements
with the shear appearing more severe in some of the conductors
than in others (Fig. 1).

In confocal microscopy images, we noticed grey scale
changes within each Cu-Nb sub-element. Likewise, SEM im-
ages, particularly when taken by a back-scattered detector,
showed similar grey scale changes, indicating variations in
composition within each sub-element (Fig. 2).

EDS mapping revealed that Cu-Nb sub-elements were sepa-
rated by pure Cu cladding. Within each sub-element, neither Cu
nor Nb was uniformly distributed. Near the Cu cladding and at
the centre of each sub-element, Nb content was lower than in
other areas. Between these two Cu-rich regions, we observed
several Cu-rich rings (Fig. 3). In longitudinal direction, the Nb
showed a fiber shape. Researchers sometimes refer to this as
ribbon shape because of the cross-section appearance.
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Fig. 1. Cross-section confocal microscopy images of Cu-Nb composite con-
ductors. (a) An image from Spool 1. (b) An image from Spool 3. It appears that
the center sub-elements of Spool 3 had deformed more than those of Spool 1,
indicating that more shear deformation had occurred in Spool 3 than in Spool 1.

Fig. 2. SEM images of Cu-Nb composite samples from Spool 1. Thin Cu
cladding is shown between the Cu-Nb sub-elements. Nb fibers and Cu-Nb are
indicated in the figures. (a) X-section image; (b) Longitudinal image.

Fig. 3. EDS mapping of Nb (left panel) and Cu (right panel). Color intensity
is proportional to the percentage of the elements measured.
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Fig.4. Room temperature strength (UTS) vs conductivity of Spool 1 and Spool
3. FX = full x-section sample. RX = reduced x-section sample. Samples from
Spool 1 show significantly less scattering in UTS data than those from Spool 3.
The average value of UTS in Spool 1 is also higher. Error bars are the system
error from our testing equipment.

B. Mechanical Strength and Electrical Conductivity

On Spools 1 and 3, we performed tensile tests, which were
designed to avoid any shear stress on samples. In these tests,
we found marked differences between the samples taken from
the two spools with respect to their mechanical strength at
room temperature. The average Ultimate Tensile Strength (UTS)
values of full x-section samples obtained at room temperature
from Spool 1, for example, were higher than those obtained
from Spool 3, leading us to assume the presence of more refined
microstructure in Spool 1. At the same time, the UTS values
from the Spool 1 samples were also less scattered, indicating
that the microstructure was more homogeneous in samples from
that spool.

Later, we again compared UTS values between Spool 1
and Spool 3 using reduced x-section samples rather than full
x-section samples. After we removed part of the cladding from
the conductors, we found that reduced x-section samples showed
higher mechanical strength than full x-section samples, indicat-
ing that the Cu cladding had lower mechanical strength than
the Cu-Nb. Spool 1 showed higher average UTS values and less
scattered data than Spool 3 (Fig. 4).

Before fracture, full x-section samples from two spools
showed almost identical stress-strain curves at room temperature
(Fig. 5). Stress-strain curves in room temperature tests showed
a high degree of rounding, indicating that large internal stresses
had developed in samples from both spools. Beyond a strain
level of 0.002 (0.2% ) offset, all samples began to show a high
degree of inelasticity, and the samples from Spool 3 progressed
to Stage IV of plastic deformation: i.e., deformation with low
strain hardening rate. One sample with a lower UTS failed even
before Stage IV. We attributed this premature failure to the
shear microstructure that had been developed in the materials
during their fabrication. We concluded that the higher UTS
values in the samples from Spool 1 resulted from the presence
of a microstructure that was less shear rather than more refined
microstructure.

All samples naturally showed higher strength at liquid nitro-
gen temperature (77 K) than at room temperature. The trend
obtained in tests performed at 77 K closely followed that ob-
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Fig. 5.  Comparison of stress strain curves for Spool 1 (thin red line) and

Spool 3 (thick blue line), tested at room temperature. 0.2% offset flow stress is
identified by a straight line.

1900

® 1800

s I 1 I

£ 1700 I - -

£ 1600 L L L

g 1500

“;;

A - e

g 1300 %

E iigg M Spool 1_RX ® Spool 3_RX

£ A Spool 1_FX # Spool 3_FX

£ 1000

2 260 265 270 275 280
Conductivity (%IACS)

Fig. 6. 77 K strength (UTS) vs conductivity of Spool 1 and Spool 3. FX = full
cross-section sample. RX = reduced cross-section sample. Samples from Spool
3 show less scattering than those from Spool 1 in UTS data. The average value
of UTS for full cross-section samples in Spool 1 is almost identical to that of
Spool 3. For reduced x-section samples, the average 0.2% offset flow stress and
the UTS of Spool 1 are 1039 MPa and 1680 MPa, respectively, somewhat higher
than those of Spool 3 (1023 MPa and 1642 MPa, respectively). Error bars are
the system error from our testing equipment.

the reduced x-section samples obtained at 77 K from Spool 1
were higher than those from Spool 3 (Fig. 6). The average UTS
values for cross-section samples obtained at 77 K from Spool 1
were almost identical to those from Spool 3. This indicates that
the strength of Spool 3 samples was not intrinsically lower than
that of Spool 1 samples. It is likely that, in our conductors, Spool
3 had more regions containing sheared sub-elements rather than
sub-elements that had retained their original hexagonal shape.

At room temperatures, average conductivity values were al-
most identical for two spools. At 77 K, however, Spool 1 showed
lower average conductivity values. In samples from Spool 1,
we observed lower minimum electrical conductivity values and
larger scattering in electrical conductivity.

C. Cyclic Loading

We performed our tests primarily under asymmetric tension—
compression cyclic loads that had been designed to produce

h’\i/%her absolute values for tensile loading than for compression.
rch 06,2026 at 14:34:30 UTC from IEEE Xplore. Restrictions apply.
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Fig. 7. Comparison of stress strain curves for samples from Spool 1 (thin
red line) and Spool 3 (thick blue line), tested at 77 K under a maximum stress
(o) of ~910 MPa. The minimum stress levels for samples from Spools 1 and
3 are. 490 and 550 MPa, respectively. In the first cycle, plastic deformation
strain amplitude values are approximately 0.5% and 0.6% for Spool 1 (sample
70-4-5) and Spool 3(sample 71-1-5), respectively. In the second cycle, plastic
deformation strain amplitude values are approximately 0.12% and 0.18% for
Spool 1 and Spool 3, respectively. A sample from Spool 1 survived 8388 cycles.
A sample from Spool 3 survived 6319 cycles.

Throughout each series of tests, the relationship between tensile
loads and compressive loads remained consistent from begin-
ning to end. We tested each sample until failure, with most
samples surviving more than 100 cycles. The highest levels of
plastic deformation strain appeared in each sample during its
first half-cycle.

Our tests were set at 77 K for a tensile stress (o) of 910 MPa,
ensuring that the o level fell below the 0.2% offset flow stress
levels of both spools: 1039 MPa for Spool 1 and 1023 MPa for
Spool 3 obtained in tests of reduced x-section samples. Using
dimetric strain measurements, we studied plastic deformation
behavior under cyclic loading on samples from two spools. We
found that the plastic deformation strain amplitude of Spool 1
at the end of the first half-cycle of loading was about 83% of
that of Spool 3. At the end of the second full cycle of loading,
the plastic deformation strain of Spool 1 was less than 70% of
that of Spool 3 (Fig. 7). Our results demonstrated that, under the
same tensile stress level used for cyclic tests, Spool 1 exhibited
considerably less plastic deformation strain than Spool 3 at the
same cycle.

We measured the strain levels when samples reached at either
maximum or minimum stress levels. The data showed that the
strain values increased rapidly during the first 1000 cycles and
then increased at a lower rate. About 100 cycles before failure,
strain values increased rapidly. The sample from Spool 1 lasted
about 30% more cycles and failed at lower accumulated strain
values than those of Spool 3 (Fig. 8).

IV. DISCUSSION

The results of the tensile tests of the full x-section samples
were often compromised by the presence of stress concentration
near the grips. To avoid that problem, we used dog-bone-shaped
samples. Spool 1 showed higher mechanical strength than Spool
3 in tests undertaken at room temperature and at 77 K using
reduced x-section samples. The results for reduced x-section
samples overestimated the strength of these samples because
fabrication procedures had removed part of the lower strength
Cu cladding.
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Fig. 8. Comparison of strain vs. number of cycles for samples from Spool 1
(thin red line) and Spool 3 (thick blue line) tested at under the same temperature
and stress levels as the ones in Fig. 7. Both samples (70-4-5 and 71-1-5)) show
increased strain with the number of cycles. The failure cycles are marked.

Cu-Nb full x-section samples with higher mechanical
strength exhibited lower electrical conductivity at 77 K, in-
dicating that interface distance between Nb and impurity
in Cu affected properties. This relationship was not ob-
vious in our other test results, indicating that properties
had been affected by both designed microstructure param-
eters (like the volume fraction of the cladding) and un-
desirable microstructure features (like shear defects). We
believe that the shear structure in our conductors caused
large changes in mechanical properties but not in electrical
conductivity.

Our cyclic tests were performed under a tensile mean stress.
Ratchetting occurred in the direction of increasing tensile strain
(Fig. 8). At any given cycle (e.g., cycle 1000), the sample from
Spool 1 showed less increase in cyclic plastic strain and greater
displacement of the mean strain to a higher tensile level. The
sample Spool 3 was also exposed to higher compressive stress
levels. These factors led to less accumulation of damage in Spool
1 than in Spool 3.

V. CONCLUSION

We studied two spools (Spool 1 and Spool 3) of high-
strength fiber-reinforced composites that had been produced
by means of severe plastic deformation. We noticed that any
variation in Nb content, such as Nb-depleted or Cu-rich rings
within each sub-element, did not play a major role in a vari-
ation in properties between our samples. We also observed
the presence of shear microstructure, the result of severe plas-
tic deformation. The degree of shear appeared to impact on
the mechanical properties of our conductors. Spool 1, which
showed less shear microstructure, generally showed higher
mechanical strength and less deformation strain under cyclic
loading.
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