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THE ELASTIC CONSTANTS OF
NICKEL-COPPER ALLOY SINGLE CRYSTALS*

S. G. EPSTEIN{ and O. N. CARLSON

Tho clastic constants of single erystals of tho nickol-copper alloy system were dotermined by an
ultrasonic pulse-ocho tochniquoe, The clastic constants are proportional to the nickol concentration up to
70 at. % nickol at room tomporaturo. Abovoe this eoncontration whore the alloys are forromagnotic at
ambiont tompoeratures a slight positive doviation from lincarity is observed in tho colastie constant
versus composition eurvos. Tho AJ-olfoct was obsorvod in all of tho forromagnotic nickel-rich alloys.

LIS CONSTANTES ELASTIQUES DIE MONOCRISTAUX D'ALLIAGES NICKEL-CUIVRIE

Los auteurs ont détorminé los constantoes ¢lastiques do monoeristanx d'allinges du systémo nickel—
cuivro, on utilisant la techniquo de impulsion ultrasonoro et do 'écho.  Les constantos Glastiques sont
proportionnolles & la toneur en nickel jusqu’y 709 at., & la lmnp(’srm,uro ambiante. Au-dessus do cotto
concontration, pour laquello los allinges sont forromagnétiquoes & la tompératuro ambianto, on observe uno
légoro déviation positivo par rapport & In loi linéaire dans les courbes constanto élastique—-composition.
Loffot AK o 6té observé dans les allinges richos on nickol ot forromagnéticques.

DIE BELASTISCHEN KONSTANTEN VON EINKRISTALLEN DER NICKEL-KUPFER-
LEGIERUNGEN
Dio elastischen Konstanten von Binkristallon des Logiorungs-systoms Nickel-Kupfor wurden mit
cinor Puls-IScho Ultraschallmethode bestimmt. Dio clastischen Konstanten sind boi Raumtomporatur
proportional zur Nickelkonzentration bis horaul zu 70 At. — % Nickel. Oberhalb diesor Konzentration,
wo dio Legicrungen bei Raumtemporatur forromagnetisch sind, beobachtet man bei der Auftragung der
elastischon Konstanten gegoen die Zusammensetzung eine leichto positive Abweichung von der Linearitiit.

—

Dor AE-Effekt wurde in allen ferromagnetischen nickelreichen Legierungen beobachtet.

INTRODUCTION

While elastic constants have been measured for
many pure metals, there exists a scarcity of data in
the scientific literature on alloy single erystals.' At
the time this study was undertaken, the authors were
aware of no reported complete sets of elastic constants
obtained for single crystals with compositions en-
compassing an entire alloy system.

The elastic constants of copper smgle crystals have
been measured by Goens by a composite oscillator

technique and by Lazarus,”® Overton and Gaffncy,@
and Schmunk and Smith,® all of whom_used. an
ultrasonic pulse-echo method. The elastic constants
of nickel single crystals have been measured by
Honda and Shirakawa,’®  Yamamoto,” Bozosth
etWNeiqhbours et al.,'Y Levy and Truell 19 de
Klerk and Musgrave,) and Alers et al."® em ploying
various techniques. There is generally good agreement
in the results of these investigations for copper but
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the nickel values show considerable differences. This
is probably due, at least in part, to the different
techniques employed and to variations in the domain
distributions in unmagnetized nickel crystals.®
Previous to this investigation Shirakawa and
Numakura,® determined Young’s moduli for the
principal crystallographic orientations in nickel-
copper alloy single crystals and Schmunk and Smith
studied the effects of small additions of nickel on some
of the elastic constants of copper using the pulse-echo
technique. Very recently Sakurai et al.'® published
results of their study of the elastic constants of Ni-I'e
and Ni-Cu alloys over a wide composition range.
They incorporated the data of the above mentioned
investigations in their treatment of the Ni-Cu case
from which they observed a linear variation in elastic
constants with composition. These results were
interpreted in terms of the central and pair-like
interactions between atoms. The present study
attempts to provide a complete description of the
dependence of the room temperature elastic constants
on composition across the nickel-copper alloy system.

EXPERIMENTAL PROCEDURES
Single erystals of nickel and copper and of Ni-Cu
alloys in the composition range of 6 to 84 at.% Cu
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were grown by a modified Bridgman technigue. The
materials used in this investigation were high purity

copper of 99.9 per eent purity and nickel pellors of

09.95 per cent purity with iron as the major impoei v
The furnace core consisted of a graphite resistor tube
with a reduced cross-scetion which produced a sharp
temperature gradient in the furnace. The specinen
was contained in a ceramic crucible with a conically-
shaped bottom which was supported within the furnace
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I"1a. 1. Theoretical and moeasured donsitios of nickel-
coppor alloy single erystals,

by a tantalum rod conneceted to a positioning arm by
means of which the erucible was raised and lowered
through the temperature gradient. Graphite crucibles
were used for the pure copper erystals, while BeO
crucibles were utilized for nickel and all of the alloy
erystals, A more detailed deseription of the apparatus
and the technique employed for growing these erystals
is given in a report by Armstrong and Carlson.('®

Single erystals approximately 3 em in diameter and
2.5 em in length, exclusive of the conical bottom
section, were obtained for all ecompositions. Their
orientations were determined by a Laue back-reflec-
tion X-ray technique and plates were cut with faces
oriented for either the [100] or [110] erystallographic
direction. Plates intended for pulse-echo measure-
ments were cut to a thickness of from 0.5 to 2 em
while those for resonance measurements were less
than 0.25 em thick. All the plates were carefully
hand lapped and polished, to produce faces deviating
less than 0.001 em from parallelism and aligned to
within 2 degrees of the desired crystallographic axis.

Chemical analysis of samples taken from upper and
lower regions of the ingots revealed no detectable
concentration gradients; however, in most instances
the actual composition was from 2 to 4 per cent off
from the intended composition due to the vaporization
of copper.

Alloys containing up to 30 at.9, Cu were observed

to exhibit ferromagnetie behavior at room tempera-
ture. Curie temperatures determined for pure nickel
and the nickel-rich alloys were in good agreement
with vadues reported by Krupkowski®® and Marian, 09
In the as-grown condition these alloys showed a
rather sluggish transition from the ferromagnetic to
paramagnetic states probably due to coring or micro-
segregation.  However, after anncaling for 200 hr at
approximately  1100°C in a helium  atmosphere
these same specimens exhibited a sharp transition
Ltemperature.

The Tattice parameter was determined  for ench
alloy from Neray powder patlorns and its density was
caleulated  therefrom. A comparison of the alloy
densitics thus determined with those obtained by
hydrostatic weighing is given in Fig. 1. These data
are in good agreement with those obtained from lattice
parameter values rveported by Coles™ for Ni-Cu
alloys  particularly at the nickel-rich end of the
system.  The caleulated density represented by the
data points in the figure was used in the clastic
constant calceulations,

The adiabatic elastic constants were determined
from ultrasonie velocities measured by the pulse-ccho
method. The basic apparatus and techniques cm-
ployed in this investigation are deseribed in a previous
Ames Laboratory report.®  An important modifi-
cation of this apparatus was the substitution of a
Tektronix type H4h oscilloscope with a self-contained
sweep delay for the original external sweep-delay to
measure elapsed time between the echos generated
by the 10 megaeycele pulse.  Quartz piczoelectric
transducers, §in. square and gold-plated on one face,
were acoustically bonded to the single crystalline
plates with phenyl salicylate (salol).

Transit times for the ultrasonic signals were meas-
ured for each specimen from echoes of the pulse at
temperatures between —40 and 40°C. This experi-
mental work was performed before Eros and Reitz9
had published their experiments on elimination of the
transit time error, hence a correction for the errors in
transit time associated with the partial reflection and
transmission of the ultrasonic pulse at the crystal-
quartz interface was applied to the calculation of the
clastic constants. The magnitude of this time delay
was determined for longitudinal wave propagation by
comparing the velocities obtained by the pulse-echo
method with velocities measured by a resonant-
frequency technique described by Bhagavantam and
Bhimasenachar.®® Since the latter method is only
applicable to longitudinal vibrations, the transit time
delay encountered with shear waves was determined
by the measurement of transit times in plates of
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TapLe 1. Elastic constants measured by pulse ccho metiod in Ni-Ca alloy plates with [100] orientation
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Cyy % " dynjem?

) " Plate ———— -
(’"ml:,‘:m(./mn thickness Unmagnetized
at. % Cu em Magnetically plates by reso- Magnetically
saturatod Utisitie tized nanee method! saturated Unmagnotizod
Ni 0.69 2.504 2481 2.478 1.268 1.244
6.4 0.64 2.449) 2,421 2.395 1.223 1.209

20.1 1.61 2.298 2.294 1.132 1.130
23.1 0.62 2.201 2,280 2.280 1.131 1.125
36.6 0.64 2,044 2,156 1.064
36.6 1.20 2,145 2,184 i.057
K3.8 1.88 1.800 0.82H
Cu 0.74 1.607 1.G83 0.763

Notes:

o For comparison with pulse-ocho results; specimen thickness approximately 0,25 em,

varying thicknesses cut from the sume erystal. The
transit time delays found by these procedures were
0.02 p-see for longitudinal waves and 004 jesee Tor
shear wave propagation. Measurements on pure niclkel
and alloys containing up to 40 at. %, Cu were niade by
the pulse-ccho technique in both the magnetically
saturnted and unmagnetized conditions,  All ol the
resonance measurements were taken on vunmagnetized
specimens,
EXPERIMENTAL RESULTS

The ultrasonic transit time for cach crystal was
established at 26°C from transit time versus tempera-
ture curves constructed from the pulse-ccho data.
After applying the appropriate transit time correetions,
veloeities of wave propagation  were  determined.
The clastic constants, ', wore ealeulated from the
veloeity » and tho density p according to the relation-
ships given bolow.  For wave propagation in the [ 100
erystallographic direction:

pv,? = O for a longitudinal wave,
pvy? = Oy for a transverse wave polarized in any
direction in the [100] plane.

IFor wave propagation in the [TTO] erystallographic

dircetion:

MO Cig -F 204) Tor a longitudi-
nal wave,

Sy Tor ac transverse wave polarized in the
[00T] direction,

prgt = (= (O, — Oy) Tor a transverse  wave

polarized in the [T1O] direetion.

2 (1!
poy® = O,

0
PO

The adiabatic elastic constants obtained by the
puilse-ceho and resonance techniques are presented in
Tables T and 2. The application of a magnetic field
to the nickel-rich specimens resulted in an inercase
of about 1 per cent in the clastic constants, and a
marked dimunition in the attenuation of the ultra-
sonie vibrations, As Levy and Truell™ have shown,
the shear modes induee mueh greator acoustic losses
in nickel than the longitudinal modes. The rate of
allenuation was so great that only one echo could he
deteeted with the shear wave polarized in the [1T0]
direetion in the nickel-rich alloys in the unmagnetized
condition. This prevented our obtaining a reliable

TAsLe 2. Elastic constants measured by pulse eccho mothod in Ni-Cu plates with [110] orientation

Cpr x 10712 dyn/emi?

Cyy % 10712 dyn/em? C" % 10712 dyn/em?

8J bl
(':::I'(;:" t]hli‘;;(o. Unn;ugnvtlrizctl "
al.% Cu ness cm ) plates by ‘_lngnct- ) ;
L Magnetically  Unmagnet- resonance ically Unmagnet-  Magnetically Unmagnet-
saturated ized mothod saturated ized saturated ized
Ni 0.65 3.298 3.256 3.226 1.264 1.241 0.489 too much
attenuation
Ni 1.80 3.272 3.259 1.247 1.243 0.486 too much
attenuation
7.3 0.61 3.210 3.163 1.217 1.201 0.454 too much
attenuation
17.8 0.56 3.079 3.041 3.030 1.1569 1.146 0.407 too much
attenuation
22.8 0.65 3.010 2.990 2.995 1.126 1.113 0.385 too much
attonuation
34.56 0.56 2.879 1.062 0.352
3.5 1.19 2.876 1.061 0.353
406.2 0.77 2.766 2.767 1.009 Non-magnetic 0.329
68.9 1.20 2.601 0.896 Non-magnetic 0.286
Cu 0.70 2.204 2.213 0.760 Non-magnetic 0.236
Cu 1.87 2.2056 0.754 Non-magnetic 0.235
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F1a. 2. The elastic constants of nickel-copper alloy
single crystals in the magnotically saturated and un-
magnetized states.

velocity determination in this case but in the mag-
netically saturated condition enough echoes were
generated to permit an accurate determination (sce
column C of Table 2). No difference in the velocity
or in the attenuation of the ultrasonic waves could be
detected between measurements taken with the mag-
netic field parallel to the erystal axis and with the
ficld perpendicular to the axis. The absence of any
significant effects of ficld direction would be expected
considering the low magnetostriction of nickel.

The data from Tables 1 and 2 are plotted in Fig. 2
showing graphically the relationship between the
measured constants Oy, Cy, €' and €}/, and alloy
composition. The C}, curve was derived from these
data using the equation Cp, =20, — '\, — 20,,.
The bulk modulus, B, was derived in a similar manner,
The €}, constant was also determined from the
relationship, Cp, = C}; — 20" with good agreement
being obtained in the two cases. The data of Schmunk
and Smith® for the composition range of 0 10 at.";
Ni were included in the construction of these curves
as were the experimental points of Sakurai and co-
workers, 14

The dashed lines of Fig. 2 represent data for alloys
in the magnetically saturated state. Although the

increase in the elastic constants produced by appli-
cation of the magnetie field is quite small, approaching
the limit of experimental reliability in some cases, the
difference is real and measurable.  Repeated measure-
ments made on individual specimens in the n's-pn--
pared condition, after magnetization and after
arinealing above the Curie temperature to demagnetize
them gave reproducible evidenee for this difference.

DISCUSSION

The clastic constants of pure copper obtained in
this investigation are in good agreement with those
reported by others and the elastic constants for hoth
unmagnetized and  magnetically saturated nickel
single erystals also fall within the range of values
reported in the literature. The addition of nickel to
copper results in a linear inerease in all of the clastic
constants ol copper over the composition range of
0 to 70 al.”, Ni. The slopes of these lines can be
expressed as the quantity (1/C)(dC[dx) where C, is
the corresponding constant for pure copper and
dC[dw is the change in this constant with composition.
This value for €'y, is 0.61 and for C"is 0.74 as compared
with Schmunk and Smith’s values of 0.57 and 0.70
respectively which they obtained for dilute alloys of
nickel in copper. Thus the linear relationship that
Schmunk and Smith observed in the shear constants
in the dilute solid solution range holds across most of
the system. The unmagnetized alloys exhibit a slight
deviation from this linearity in the ferromagnetic
composition range for all but the derived (), curve
which is lincar across the entire system.

These results support the conclusion of Sakurai
et al. of a lincar elastic constant versus composition
curve for this system and a zero or slightly positive
dissociation energy. Inasmuch as they found it
neeessary to apply a correction factor to the data of
Shirakawa and Numakura, the results of the present
investigation provide stronger supporting evidence
for this conclusion.

The increase in all of the elastic constants of the
ferromagnetic alloys of this system upon magnetiza-
tion, referred to as the AE-effeet, has been observed
previously in other ferromagnetic materials. This
has been attributed to the orientation of the domain
walls by magnetization, although it should also be
pointed out that a difference in the transit time cor-
rection between the magnetically ordered and dis-
ordered states could also produce this effect. The
values that were obtained for C; and C,; on pure
nickel in the magnetically saturated condition were
about 1 per cent greater than in the unmagnetized
state. Bozorth et al.® and de Klerk and Musgrave!!)
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report this same 1 per cent difference in (', hut
3 to 4 per cent increase in Cy,. They also found a
slight deerease in the €y value of pure nickel ipon
magnetization  whereas the results of this work
indicate a significant increase. Alloying with copper
appears to reduce the magnitude of this A% effect in
nickel as is shown by the convergence of the mag-
netized and unmagnetized curves at the boundary
of the ferromagnetic region.
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