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Conductor materials with good mechanical performance as well as high electrical and thermal conductivities are
particularly important to break through the current bottle-neck limit (~ 100 T) of pulsed magnets. Here, we perform
systematic studies on the elastic properties of the Cu—6wt% Ag alloy wire, which is a promising candidate material for
the new-generation pulsed magnets, by employing two independent ultrasonic techniques, i.e., resonant ultrasound spec-
troscopy (RUS) and ultrasound pulse-echo experiments. Our RUS measurements manifest that the elastic properties of
the Cu-6wt% Ag alloy wires can be improved by an electroplastic drawing procedure as compared with the conventional
cold drawing. We also take this opportunity to test the availability of our newly-built ultrasound pulse-echo facility at the
Wuhan National High Magnetic Field Center (WHMFC, China), and the results suggest that the elastic performance of the
electroplastically-drawn Cu—6wt% Ag alloy wire remains excellent without anomalous softening under extreme conditions,
e.g., in ultra-high magnetic field up to 50 T and nitrogen or helium cryogenic liquids.
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1. Introduction

High magnetic fields play an important role in modern
material science and condensed matter physics. On the one
hand, the magnetic field is one of the key control param-
eters, and many intriguing phenomena can be induced by
high magnetic field, such as integer or fractional quantum
Hall effect,!'-3] quantum magnetization plateau,*! quantum
critical point,®! Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
On the
other hand, a high magnetic field also acts as a “magnifier”

state,[%7] re-entrance of superconductivity,®! etc.

to physical ensembles, e.g., by reducing the magnetic length
Ip= \/FW , quantum oscillations are amplified, and thus
Fermi surface topology of materials can be more resolvable; !
by enhancing the ratio B/T, the thermal fluctuations will be
suppressed so that phenomena related to quantum fluctuations
can be more observable; by promoting the signal-to-noise ra-
tio (S/N o< B3/2), the resolution of nuclear magnetic resonance
can be greatly increased;[!%!!! etc. In this sense, pulsed field,

currently the only non-destructive method to create magnetic
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Corresponding author. E-mail: xthan @mail.hust.edu.cn
$Corresponding author. E-mail: mpzslyk @gmail.com
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field higher than 46 T, has attracted great interest in the past
decades. However, due to multiple factors, including elec-
trical conductivity, thermal conductivity, strength of conduct-
ing wires, electromagnetic coil winding technique, and oth-
ers, so far the amplitude of pulsed field has been limited to
~ 100.75 T (which is the world record that was set by Los
Alamos National Laboratory, USA). (2]

One of the central issues in the development of ultra-
high pulsed-field magnets is to manufacture proper conducting
wires with excellent mechanical performance. Cu—Nb macro-
composite and Cu—Ag alloy are the two materials that are com-
monly used for the inner coil of pulsed magnets. For instance,
in the 1990s, Japan successfully created a high magnetic field
exceeding 80 T by Cu—Ag alloy;!'3! more recently, Wuhan
National High Magnetic Field Center (WHMFC) in China
has created a magnetic field of ~ 94.8 T by using Cu—Nb

14151 Compared with Cu-Nb macro-composite,

conductors.
the conductivity of Cu—Ag alloys is generally higher, which
is beneficial to reducing Joule heating; and moreover, to

reach a similar strength, the draw ratio 1 required is rela-
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tively smaller.!'3] For Cu-Ag alloy, the mechanical and elec-
trical properties depend strongly on the fabrication methods.
For example, Sakai et al. reported ultra-high strength and
high conductivity in Cu—-Ag cold drawing combined with in-
termediate heat treatment.!'®~!8] In particular, the optimized
Cu-24wt% Ag wire with n = 5.8 shows ultimate tensile
strength (UTS) of 1.5 GPa and an electrical conductivity of
65% IACS (International Annealed Copper Standard) at room
temperature.!'! For Cu-6wt% Ag with lower expense, the
electrical conductivity can be enhanced to 80% IACS; never-
theless, the UTS is much lower.[!] This trade-off relation be-
tween strength and electrical conductivity of Cu—Ag alloys re-
stricts their scope of application.?”) Recently, Chen et al. suc-
cessfully manufactured the Cu—-6wt% Ag alloy wire of rect-
angular section 3 mm x 5 mm via electrically-assisted draw-
ing. It was found that by an electroplastic drawing (ED) pro-
cess, the UTS, elongation and electrical conductivity of Cu—
6wt% Ag alloy wire can be enhanced by 8%, 4%, and 30%,
respectively,>12?] strongly suggesting the potential applica-

tion for the 110 T project at WHMFC.

However, we noticed that although the fabrication method
and the resultant UTS of Cu—Ag alloys have been well stud-
ied, little is known about their elastic properties, especially
at liquid-nitrogen temperature where these conducting wires
typically work for pulsed magnets. In addition, we are also
curious about their performance under ultra-high field, which,
in principle, should have been a prerequisite for their use as
conductor materials in pulsed magnets, but was omitted previ-
ously. In this paper, by a combination of resonant ultrasound
spectroscopy (RUS) and ultrasound pulse-echo experiments,
we report the elastic properties of Cu—6wt% Ag alloy wires
at both atmosphere and extreme conditions. The main results
are summarized in Table 1. Our results show that the elastic
properties of Cu—6wt% Ag alloy wires can be improved by an
ED procedure, and the performance remains excellent with-
out anomalous softening under ultra-high magnetic field up to

50 T and low temperature down to 1.9 K.

Table 1. Elastic constants of Cu—6wt% Ag alloy wire samples in the absence of external magnetic field. K: bulk modulus, E: Young’s modulus,
G: shear modulus, v: Poisson’s ratio. Acoustic Debye temperature @p and lattice thermal conductivity ki, are calculated at 300 K according to

the elastic constants.30-3!

I “ED” and “CD” represent the Cu-6wt% Ag samples prepared by ED and conventional cold drawing, respectively.

Material T (K) Method C11 (GPa) K (GPa) E (GPa) G (GPa) \ Op (K) k. (W/m-K)
cD 300 RUS 185.6 128.0 116.5 432 0.348 319.7 10.8
pulse-echo 185.12
ED 300 RUS 186.3 128.5 117.0 434 0.348 322.7 11.2
pulse-echo 189.69
ED 78 RUS 204.8 142.7 125.9 46.5 0.353
pulse-echo 206.4
ED 5.4 RUS 207.2 144.4 127.3 47.1 0.353
1.9 pulse-echo 208.2

2. Experimental details

Oxide-free copper and silver with a purity of 99.99%
(Cu-6wt% Ag) were selected and melted in an argon at-
mosphere. A Cu—Ag alloy ingot of 120 mm in length and
90 mm in diameter was then prepared by the conventional
cast method. The ingot was heated at 780 °C for 2 hours
and quenched in water for solid solution treatment. Subse-
quently, the ingot was forged to a diameter of approximately
70 mm and underwent heat treatment at 450 °C for 20 hours,
followed by cooling to room temperature in the furnace. The
aged ingot was hot forged to 40 mm in diameter. Finally, a
rod with a diameter of 12 mm was produced by rotary forging
and drawn into a rectangular conductor wire of 3 mm x 5 mm.
Drawing reduction was given in teams of logarithmic strain by
draw ratio N = In(Ap/A), where Ag and A represent the initial
and final cross-sectional areas, respectively. When the draw
ratio reached 1 = 5.1, a part of the alloy was drawn by electri-
cally assisted drawing (sample ED), while the other part was
drawn by conventional cold drawing (sample CD). The defor-

mation process is described in Fig. 1(a). In this work, the elec-
trically assisted drawing processing instrument was used by
adding a pulse power supply to a conventional wire-drawing
machine. A pulse square-wave electric source was self-made
to provide a high-density current during the drawing. Electri-
cally assisted drawing applies current to the deformation area
of the metal wire. Current density of 50 A/mm?, duration time
of 10 ms, and duty ratio of 50% were applied in the experi-
ment. Under the condition of a drawing speed of 5 m/min, a
tungsten steel alloy drawing die was used. In order to com-
pare the effect of drawing process on the mechanical proper-
ties of the material, both samples were taken when the draw
ratio 7 = 6. More details about the sample preparation can be
found in Refs. [21,22].

Elastic properties of Cu—6wt% Ag alloy wires were in-
vestigated by two different ultrasonic related techniques: RUS
and ultrasound pulse echo. For RUS measurements, the Cu—
6wt% Ag samples were polished into parallelepipeds, and the
dimensions were 0.957 mm X 1.243 mm x 1.319 mm (ED) and
0.916 mm x 1.219 mm x 1.349 mm (CD). RUS measurements
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were carried out in a lock-in technique by sweeping frequency
from 0.3 MHz to 3 MHz at stabilized temperatures ranging
from 5.4 K to 300 K in a helium-flow cryostat (OptistatCF,
Oxford). A schematic of the RUS apparatus is presented in
Fig. 1(b). The sample is corner-touch installed between two
LiNbO3 transducers with the bottom one acting as ultrasound
transmitter (TX) and the top one as receiver (RX). When the
frequency of the excitation approaches a characteristic vibra-
tional mode of the sample, a resonant peak will be picked up
in RX. Alumina hemispheres were used between LiNbO3 and
sample, for insulation and mechanical protection. (23] For more
details about RUS technique, we refer to Refs. [24,25].

For ultrasound pulse-echo measurements, the elastic con-
stants were determined by measuring the ultrasound veloc-
ity in the principle of time-of-flight.[*] The Cu-6wt% Ag
samples were polished into parallelepipeds with dimensions

(a) (b)
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(

Solution treatment

~—

1

Intermediate heat treatment

< -
Forging (7=5.1)
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]
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]
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Cold drawing
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Electroplastic drawing
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N
&‘ /?/ transducer TX\{

5.164 mm x 3.929 mm x 3.024 mm (ED) and 5.972 mm X
5.030 mm x 2.733 mm (CD). A pair of Y 10-cut LiNbO3-type
transducers with fundamental vibration frequencies 30 MHz
(longitudinal) and 18 MHz (transverse) were glued on the two
parallel faces of each sample. The longitudinal ultrasound ve-
locity vi, with k || w (where k is the ultrasound propagation
vector, and w is displacement vector) was measured by using
a home-built integrated dual-mode pulse-echo ultrasonic mea-
surement system at WHMFC.[?”] The measurement of trans-
verse ultrasound velocity was also tried, but no detectable sig-
nal was observed for unknown reasons. The elastic constant
C11 was calculated via C; = pvf, where p = 8.732 g/cm3 is
the mass density. These measurements were carried out un-
der extreme conditions, with temperatures down to 1.9 K and

magnetic fields up to 50 T.

(©

LiNbO,

="

Sample
uy /2 T T LT
Alumina ! '
S hemisphere M |
- | il i "
) w il Ll Tt
) nd 3rd 4th
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Fig. 1. (a) Flow chart for Cu—6wt% Ag alloy wire growth; the two samples labeled by “ED” and “CD” were prepared in electroplastic drawing
and conventional cold drawing, respectively. (b) Scheme of the resonant ultrasound spectroscopy experimental set-up. (c) A sketch of ultrasound

pulse-echo measurements.

3. Results and discussion

Figures 2(a) and 2(b), respectively, show representa-
tive vibrational spectra of Cu—6wt% Ag alloy wire samples,
taken at room temperature. A series of resonant peaks can
be recognized. According to the principle of RUS tech-
nique, one can compute all the resonant frequencies with
provided elastic constants {C;;} (i,j = 1,...,6), sample di-
mensions, and density. [24.28,29] Conversely, with a series of
known resonant frequencies, density, and sample dimensions,
we can also derive {C;;} by a mathematical fitting process.
The fitting continues until the root mean square (RMS) =
\/ {Xi(fla — Fixp)/ fixp)? } /N minimizes, where N is the num-

ber of identified resonant peaks, and féxp and fcial are frequen-

cies of the ith experimental (black bars in Fig. 2) and calcu-
lated (red bars) resonance modes, respectively. For isotropic
polycrystalline samples, there are only two independent ele-
ments in the {C;;} tensor, viz Ci; and Cy4, and all the elastic

S [24

moduli can be calculated as follow ! shear modulus

G=Cu=(C;1—C12)/2, (D)

bulk modulus
K:(C11+2C12)/3, 2)
Young’s modulus
9KG
=— 3
3K+G’ 3)
and Poisson’s ratio
3K —-2G
V=—""_ 4
2(3K+G) @

At room temperature, the derived elastic constants for the ED
and CD samples of Cu—6wt% Ag are summarized in Table 1.
We notice that all elastic constants Cy1, K, E, and G are
slightly larger in the ED sample, while their Poisson’s ratios
are comparable. Acoustic Debye temperature @p and lattice
thermal conductivity ki at 300 K (7' 2 ®p) are also calculated
according to the elastic constants.[3°32! Both @p and Ky are
larger in the ED sample, as expected. However, since the total
thermal conductivity should also include the contribution from
electrons, it is premature to draw a precise conclusion before
direct thermal conductivity measurements are made.

020701-3
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Fig. 2. RUS spectra of Cu—6wt% Ag alloy wire samples at room temperature:

and calculated frequencies of resonant modes, respectively.
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Fig. 3. (a) RUS spectra of Cu—6wt% Ag ED at selected temperatures in the range 5.4-300 K. For clarity, the spectra (0.9-1.3 MHz) are vertically
offset. (b)—(f) Temperature dependent Cy, Cas(= G), K, E, and v of the two measured samples. The red lines are fittings to Varshini’s expression.

The elastic properties of Cu—6wt% Ag samples at low
temperature were also studied by RUS. Figure 3(a) presents
the spectra of the Cu—6wt% Ag ED sample at selected tem-
peratures between 5.4-300 K. One clearly finds that all the
resonant peaks move to higher frequency upon cooling, im-
The
same trend is also seen in the CD sample (data not shown).

plying that the material hardens at low temperature.

The extracted temperature dependent elastic constants are dis-
played in Figs. 3(b)-3(f). We find C;;, bulk modulus K,
shear modulus G, and Young’s modulus £ all increase as tem-
perature decreases, while below ~ 50 K these elastic con-

stants tend to level off; the overall temperature dependencies
can be well described by an empirical Varshni’s expression
e(T) =co—s/(eT/T —1), where ¢ = Cij, K, G, or E,* as
denoted by the red lines. Another prominent feature is that
all through the temperature range 5.4-300 K, all these elas-
tic constants are larger in the ED sample. In particular, at the
liquid nitrogen temperature where Cu—6wt% Ag alloy wires
are used as current carrier of pulsed magnets, the ED treat-
ment can enhance the moduli Cy;, K, G, and E by 2.7(1)%,
4.3(1)%, 0.3(1)%, and 0.7(1)%, respectively. Poisson’s ratio
v is another physical quantity that should be discussed here.
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v measures the extent of expansion of a material in direc-
tions perpendicular to the specific direction of compressing.
At 300 K, v = 0.348 for both samples. As is well known,
v sits in the range 0.25-0.35 for most conventional metals;?#!
this is the case for both ED and CD Cu-6wt% Ag alloys. How-
ever, the temperature dependent v of the two samples behave
differently: while v of the CD sample is almost constant, data
of the ED sample increase slightly at low temperature. There-
fore, on the whole, v is a little larger in the ED sample. Since
Vv characterizes the ductility, the relatively larger v in ED im-
plies more ease in coil winding, which is also advantageous
for pulsed magnet application. 3]

The elastic constants measured from RUS can be verified
by an alternative ultrasound technique, the pulse-echo mea-
surement. The principle of ultrasound pulse-echo is sketched
in Fig. 1(c). To start with, a representative result for the ED
sample at 300 K is displayed in Fig. 4(a). After a single
excitation of longitudinal ultrasound pulse (k || w), a series
of echoes are clearly identified, whose amplitudes decay fol-
lowing an exponential law and can be well fitted to u(t) =
Aexp (—Bvt) 4+ up, where A is a prefactor, and g is a constant.
The fitting yields 8 = 1.35(5) cm™!, which in turn gives rise
to the ultrasound attenuation coefficient o, = 11.7(4) dB/cm.
The position of each echo is plotted versus n in the inset to
Fig. 4, the slope of which leads to the average time interval be-
tween echoes, T = 2.2159(4) us. The longitudinal ultrasound
velocity can thus be calculated, vi, = 4660.8(9) x 10° m/s.
With these, C1; = 189.69(7) GPa can be deduced. This result
is in close agreement with that determined by RUS, cf. Ta-
ble 1. The CD sample was also measured by ultrasound pulse
echo experiment, and Cy; = 185.12(8) GPa was obtained. It
is important to mention that both RUS and pulse echo mea-
surements reveal enhanced Cj; in the ED sample, implying
that the ED procedure does improve the elastic performance
of Cu-6wt% Ag alloy wire, albeit that such an improvement
is weak. A natural question, then, concerns why the ED pro-
cedure can lift the UTS substantially, but only enhances the
elastic properties relatively weakly? In order to clarify this is-
sue, more investigations based on micro-structure experiments
and systematic stress-strain measurements will be needed in
the future.??!

To explore the performance of the ED sample under ex-
treme conditions, we also investigated its elastic properties by
ultrasound pulse echo measurements at low temperature down
to 1.9 K and high magnetic field up to 50 T. By the so-called
quadrature procedure and the phase-shift analysis,*! the rel-
ative change in the ultrasound velocity Avy /vy, is measured as
a function of magnetic field at fixed temperatures. For exam-
ple, Avp /v, at 78 K is shown in Fig. 4(b); furthermore, the
converted Cy; is presented in Fig. 4(c). Irrespective of the rel-
atively large noise, a slight increase of Cy; with B is visible, for

both 78 K and 1.9 K, while no drastic softening can be seen
up to 50 T. Note that for pulsed magnet application, the Cu—
Ag alloy wires are used when immersed in liquid nitrogen. In
this sense, our results thus demonstrate that Cu—6wt% Ag ED
exhibits a good elastic performance for this purpose. Here,
we must admit that the measurement precision under pulsed
field is much lower than that in the absence of field, likely due
to the sample vibration caused by pulsed field and/or eddy-
current heating effect. Technically, how to reduce the noise
level will be a special concern for us in the future.

0.050 ————
" (a) i 15F «® 1
2 \ —~ 10} o ]
El ! EI ° 1
= 0.025 *\u = Aexp(—But)+u, Z ?
2 ' B=1.35(5) cm™! OF ® 7=2.2159(4) s]
3 S %0 2 4 6 8
- Sy N n
z 0 SV S
g 3 4 5 6 7 8 9
2 2
p (9) m/
o —0.025F vy, =4660.8 m/s B . ‘
S a,=11.7(4) dB/cm ;” 360?[? 1]\3:-:. EOD
= e 300K, Be
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—4 0 4 8 12 16 20
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~ 2 T T T T T T T ]
§ 1 L ]
5‘4 0 :..“..-.nl...l......--...“..“..nl.-......nl...- ]
> [ 4
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o 200 ek -
N L, \ , ) [ —o—19K ]

190 0 10 20 30 40 50

B (T)

Fig. 4. (a) Ultrasound pulse-echo measurements of Cu—6wt% Ag ED
sample at 300 K. The measurement was made with k || w. The ampli-
tude of the echoes decays exponentially which yields the ultrasound at-
tenuation coefficient o, = 11.7(4) dB/cm. The inset displays a plot of
ultrasound propagation time vs. the number of echoes, the slope of which
leads to the average time interval T = 2.2159(4) us. (b) Field dependent
Avp /v, at 78 K. (c) Field dependence of C;; at 78 K and 1.9 K.

4. Conclusion

In conclusion, by a combination of RUS and ultrasound
pulse-echo experiments, we systematically studied the elastic
properties of Cu—6wt% Ag alloy wires. Our results show that
an ED procedure can improve the elastic performance of Cu—
6wt% Ag alloy wires, and the elastic performance remains ex-
cellent under extreme conditions, e.g., in ultra-high magnetic
field and nitrogen or helium cryogenic liquids.
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