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THE ELASTIC CONSTANTS OF 
NICKEL-COPPER ALLOY SINGLE CRYSTALS'" 

S. G. EPSTEIN"!" and O. N. CARLSON! 

'1'1", olnHLio COIIRt.nlltH of Hillglo c'·.YAI."IH "I' 1.110 lIi('lwl - o"pp(1I' 1\lloy RYHLom Wl1l'O doLormined uy nil 
IIILI'IlH(Jllic plllHO.lloho Lochlliqlll. '1'110 olnHLic' C·OIlHt.nlll.H 11.1'0 p"opnl'Liollnl to I.hn lIicl<nl c""CnnLI'ILtion "I' Ln 
70 I\L. % lIiol<ol nL room tmll plll'nLII "0. ""nvo I.hi .. Cnlle(lllLmLinli whol'O tho ldluy~ nl'O fO""ollll\glloL,o nt 
ambiolli. tOlllpo,·nl.II,·oH 1\ Hlil{ht, IH)Hil.ivll dovinl.illll frolll lillo/tl'il.y iR OhHlJl'vod ill Lho oll\.RLic COIIHLltIlt 
VOI'HIIH oOll1poHitioll curV08. Tho ~/~·(lIToet, \l'llH """o"ved ill Itll ol'tho fOl'I,'OInngllotic nicl<ol-l'i ch alloYil. 

LI~K CONR'I'ANTgR ELAR'I'[QUI';H m; ~I()NOCH IH'I'A \TX J)'AI,L1AOES NICKgJ,- CU1V ln; 

LOR /tllt.Olll'tI Ollt d6Lol'lllin6 lOB COIAL,,"loH {.IIIHI i'l"OH dll IlHIIH)('l'iHLtlIIX cl'n.lIiILI{OR <III RYAI .. \mo nicl<ol
ClIivl'o, nil ul.iliijUllt In t.ooh niqllo dll I'impll",ioll lIi1 ,rnsonOI'O oL do I'(.cho. LOR (:o Il RI.nIlLoB bllltlLiqll llS HnllL 
pl'Opol'l.ionnolioH r\ la tonollr Oil nic,I<oI jIlRCjIl· ... 70 % 'LI ... J\ la I.OlTlplll'l\I.,II·O tunhinllLo. AlI-doHHlIS <10 ellLl.o 
COII(·IIllLl'nl.inll, 1'0111' h\Cjllolio I(oR nil iILI{l'H Ho,Ii. fC\''''OIl1lL~1I('I , iqllo" ,\ In LOlllp6I'nl.ul'Cllullhinnl.o. Oil OhHI\l'V~l ~II'O 
16I{c'JI'() d(wilLLiol1 posil.ivo 1'''1' 1'1\1'1'01'1 . ... 1,\ I"i lillt'cdl'll dl\IIH lOH coud)!)!! conHI.nnto 61utlLlfjIl0- COIllPOHILlIJIl. 
L'olTot ~N " 6L6 obso,'v6 dans los II,IIilll{l''' rif'h"" (\11 ni"I",I 01. fnl'l'nrnnK,,,\ I.i'l"I'fl, 

DlI~ gLAHTI:)CHI'~N KONfiTANTI,;N VON l,aNI(ltlK'I'''LLI~N D I'; n. NICKI'~L-KUPI"Im
.LI';<:IImUNGEN 

Din 01"81.ill('hon KonRt.n.nton von EinkriHLalloll dOH Lo~iol'lll1gH-8'yHI ,oll1s Nicl<ol- Kupfol' wllnlon mit 
oinol' l'UIR-.lGcho UILI'UAchulIlI1oLhodo ullsti mill I.. Dio olo,RLischon l{onstunton sind hoi JtmlmLompomLlIl' 
pl'oporLionul 7oUI' Niekolkon7oontmtion his hol'ltuf 7011 70 At. - % Nicl<ol. Obol'hn.I" d,i080r KOIIZOtlLmtion, 
wo dio Logiol'ungon boi H.ullmtomporatur fOl'l'omngnoLisch s ind , boobuchtot man bOI dol' AufLl'llgung (lor 
olo.stischnn Konstanton gogon die Zusammonsotzung oinllioiohto positivo Abweichung von dol' Linoa.ritiit. 
Dol' ~E-ElTolct wU1'flo in allon ferromagnotiBchon nickoll'cichon Legicl'llllgon bcobo.chtot. 

INTRODUCTION 

While clastic constants have bcen tn(,HHIII'<'d for 
many pure mct.alf\, there cxists a scarcd.,\' or dai n in 
the scientific literature on alloy single ('1')' 1' ( al~ , ( I) Al 
the time this study was undertaken, the aulhorl' \I"('rl' 
aware of no reported complete sets of clastic cons(,ants 
obtaincd for single crystals with compositions en
compassing an entire alloy system. 

The clastic constants of copper single OJ-ystals lHwe 
been measured by Goens(2) by a COWllQ§jtc osci lfntor 
technique and by Lazal'us,(3) Overton and GafTncy.(4) 
and Schmunk and Smith,(5j all of whom JJ§ecL an 
u1trasollle pulse-echo method. The elastic consl,ant H 

of nickel single crystals have been mcasured hy 
Honda and Shirakawa,IG) Yamamoto,(7) B!lZ!lJ' t h 
et al.,IS) Nei urs et al.,(9) Lev and True! (10) <1(' 
I erj{ and Musgrave,lll) and Alm's et al.(12) employing 
various techniques. There is generally good agreemcnt 
in the results of these investigations for copper bll t 
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the nickel vallics show considerable differences. This 
is probahly dlle, at Icast in part, to the different 
Leulllliqlles elllployed and to variations in the domain 
d iRt.ribli tions in ullmagnetized nickel crystals, IS) 

Previous to this investigation Shimkawa and 
Nllmakura,03) determined Young's moduli for the 
principal crystallographic orientations 111 nickcl
copper alloy single crystals and Schmunk and Smith 
studicd the effects of small additions of nickel on somo 
of t.he clastic constants of copper using the pulse-echo 
technique. Very recently Sakurai et al. l 14} publishcd 
rcsults of the ir study of the clastic constants of Ni-Fe 
and Ni- eu alloys over a wide composition range. 
They incorporated the data of the above mentioncd 
inY()stigations in their treatment of the Ni-eu case 
from which they observed a linear variation in elastic 
eon~tants with composition. These results WCl'e 
interpreted in terms of the central and pair-like 
interactions between atoms, The present study 
attempts to provide a complete description of the 
dependencc of the room temperature elastic constants 
on ('omposit,ion across the nickel-copper alloy system. 

EXPERIMENTAL PROCEDURES 

Single cr.\-st.als of nickel and copper and of Ni-eu 
all ()y~ in the composition range of 6 to 84 at. % eu 
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,,'('I'r gmwlI hya Illodifil'(l Bridgmall kc:hlliqll l ' . T Ill' 
llllt\.('l'iaIH IIH('d in t.hiH ill vrHLigat..ioll Wl'1'I' higll 1'111 '11\ 
('oppCI' of !)!l.!) PI'I' ('cIlL pllri ty I\lId lli ek(,1 1)('11 1'1 .,1' 
!l!l.nr; pCI' eOllt, plIl'it.y ",it,1r iron I\fl t,hc 1I11\jlll' ill lj' " CII \. 
Tiro flll'lll\c(' ('01'(' cO IIHiH\.e( l of a graphite I'l'HiHt ll l' 1111.,' 

wi!.h It I'cdlleed CI'OHH-HCcLioll which Pl'Odlll !('c1 11 :-; 11 ;1 (' 1' 

t.empcmt,lIl'c gmdil' llt, ill t.he flll'lmco, Tlr l' HJlI '( 'II II/ '11 
waH cOllt,aillcd in 1\ CCl'o.mic el'llciblo wil.li a eOllil 'III I'y
HlmJlcd bot.t,olll wlriclr WltHHIlPPOl't.cd wiLhill t,lre fll(,IIIII 'C 
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Cu 

FlO, I. ThOOI'OLirml nn e! 1Il01lHlII'ocl dllnHiLioa of niel<o l
coppor alloy Ri ng lo c l'YALnla, 

by a t.o.IlLa!t,m I'Od connectcd to 0. pOHitiOllillg Mill by 
1I1('anH of which t.hc cl'uciblc wo.f! miHcd alld low!'l'e( l 

t.lrl·ough t.hc 1,00Ilpl'mt.1I1'0 gmriiollt, Ol'll.plril,c CI'I I(' ibII'H 
wero lIHcd for' I,ho I)lII'C copper CI'YRI;I\IH, whilll IkO 
cl'll eihloR 11'01'0 lIt.ili1.od 1'01' nielwl I\lId It II of' Lho alloy 
(wYHLa IH . A 11\(11'0 doLltiled dOHCl'ipLioll of 1.110 apJlII.I'n.loIIH 
all([ Lho t.cch II iqll(, oiliployc( [ [01' gl'owi llg LhcHo ol'YHt.alH 
is givclI ill It rcpol'L by .L\rlll ~tl'O lIg o.nd CI\ l'iHon .( l fi) 

Singlc crysto. ls o.pproximo.tcly 3 crn in diall1etrl' It IH[ 
2.1) cm in lcngth . cxclusivc of thc conico.l boLLom 
8cetion , wcre obtained for nil composi t ioll fl . Theil' 
0l'iento.tion8 wCl'e determined by 0. Ll\ue back-I'dlcc
t.ion X-my techn iquc and plates were cut with 'faccH 
orienLed [or eit hcr the [IOOJ or [110] crystallographic 
direction, P lates intendcd for pulse-echo measul'e
l111'nts were cut to a thickness 01 from 0.1) t,o 2 Clll 

while those for resonance mea8urements wCl'e Ictls 
tlH~n 0.25 cm thick. All t he p lates were carefu lly 
hand lapped and polished, to produce faces deviaLing 

less than 0.001 cm from parallelism and aligned to 

within 2 degrees of the desired crystallographic axis. 

Chemical analysis of samples taken from upper and 
lower regions of t he ingots revealed no detectable 

concentration gradients; however, in most instance8 
the actual composition W0.8 f!'Om 2 to 4 pel' cent ofT 

from the intended composition due to the vaporization 
o[ copper. 

Alloys containing up to 30 at. % Cu were observed 

t " (' xhih it 1'l'l'l'tlll1ltglll'l.i!' heho.v ior 1\(, roOIll l elllpcra-
1111'( '. ( 'lll'il ' tl ' !lIIII ' rat,lIreH doLcrlllilled (lI' pllre lI il'kl'1 
alld t lit, II iC' kl'I -l' i('1r It IlO,YH \\'ol'e ill good I\gl'l'l'Ill('IIt. 
1\ il.1l " ,, 1111'S j'( ' l lIl l' t(' c1 hy 1(l'1lpicoWHici (l O) I\lId l\larinll .(I') 

III III!' lis-grow II ('oIHli t ion LitcHe I\lIoYH HIIC)\\'( 'd It 
mlll('l' slllggish Ll'lIl1si t,ioll 1'1'0111 t.hc fCl'l'ollmgnet.ic \{" 

pltl'lllll ag lll't,ic' Slltt.CH prohahl'y due 1.0 cO l'illg 01' lI1icro
s('gn'gll l iOIl . Ilowl'vI'r, after I\nnel\lillg for 200 hI' Ill, 

ILPPI'llXilllllkly II(lO"e ill It hcliullI itt.lI\oHplH'l'l' 
1.lleHI' HIL III(' SIH'I ' illH'IIH ('xhihit.('(l n, HllltrJl t,l'aIlHiLiOIl 

1('IIIPC' I'II.t.lIl'1' . 
'1'1111 Iilt.l.ilT 11111'11111('\.(>1' WitH dol.(,1'11I ill('d fill' (,ltc 'li 

II. II"y fl'lllll X -I'll .\' JllIlI'c1ol' Jlltt.\.<'I'IIH Itlld it.H dl'IlHit,'y wm! 
('Idc lllal,('d \.1r(\I'( ' I'I'IIIII . A (:OIIlPltl 'iHII II of I,lio alloy 
dOIlHil,i!lH LIrIlH d<'!,('l'lIIill('([ wiLh LlroHo oiJt.ltin(!([ hy 

lIydl'w;\.ltLie wl'igirillg iH g ivcn ill I"ig . I . 'I'lrPHO dltLlt 
It l'() ill goo<l n,gI'OOlliOIlt. wit.lr LlroHc ohtltillC<[ 1'1'0111 IltLLieo 
pamllH'\.(' 1' vahH'H repol't.cd h'y Col('HI IK) 1'01' Ni- Cu 
allo,YH pltl' t,ieulnri'y aL Litc lIi ekol-l'it:i1 0 11([ of Llro 

s'yH\.em . Tiro enleulnLcd (lclIsit..Y rejl rGHCII Le<l by Lire 
dltt.lt POillt.K ill I IH' figuro waH 118cd in t.ho elast. ic 
('OIH<t.l\ I1 L (,Id('lriat iOIlH. 

Th e ad iaIJllt.i(' clitst. ic CO llstall tH wore deLerlllincd 

1'1'0111 ulLrmmllie \ '('llIe iLics llIeasu l'ed by Lhc pulse-ccho 
III et.1r od . Tho "n.Hie n,ppltl'atuH /tnd tcehnif)ues elll
ployl'd ill t.hiH illvcsl.igltLion arc dc~cribcd in /t prcvious 
AlI1cK Lltborn.t.ol'y roport,(IG) An illlporLallt modifi

(:I\(, ioll o[ t.hiH appltmLIIH was I,hc suin,Lil,IILio ll of 1\ 

Tokt,l'ollix L'ypo 1).,.1) mwilloHcopo wit.h 1\ seil'-colIl,/tiIlC(l 

Hweep dclay 1'01' I,lrc origillid ()x Lol'llltl HWOOp-I[ollty 1.0 
IIl!lltHllI'C Oitt'pHC([ ('illlo boLwooli Lho ce lroH gOllomLed 

hy I.lre 10 IIIcgacyelc plIlRe. Qual'L1. piowclecLric 
LI'I1 I1 Hd ll ccrs, ~ill. 8<] lIltl'e and gol(l-plo.tcd 011 one facc. 

wcr'e acoust ieall 'y bonded to t he single cryst.aliine 
plaLeiS wiLh phenyl salicylate (salol). 

Tmm;it t imes for t he ul tmHon ic signl\ls were meas
IIl'ed for each Hpeci men frorn echoes of the pu Ise o.t 
telilpemtlll'Cs between - 40 and 40°C, This experi
lI1onL;ti work \l'as ped'ormcd beforc Eros and Reitz(lU) 

hal l pllbli shed Lhcir cxpcriments on elimination of the 
t.ra.nsiL time erl'Ol', hence a correction for the errors in 
t.ransit time associated with the partial reflcction and 
transmission of the ultrasonic pulse at the crY8tal
quartz interfa.ce was applied to the cal culation of the 

ela.stic constants. The magnitude of this t ime dela.y 

wa.s determined for longitudinal wave propago.tion by 
comparing the velocities obtained by the pulse-echo 
method with veloci ties measured by a rcsonant

fl'ef)llcncy technique described by Bhagavantam o.nd 
Bhirno.seno.char, (20) Since the latter mcthod is only 

applicable to 10ngitudino.I vibrations, the transit time 
delay encountered with shear waves was determined 

by the measurement of transit times in plo.tes of 
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EI'STgIN AND CAltLKON : I '; I. . \ ~'J' I C C() :\KTAN'I'K OF Ni - C .. CltYHTALI) 480 

'I'AIIL" I. EIn.RLio constanta mO'U-HII'('cI h.Y I "d", ""i1" ,n,'1 ",,01 ill 1\ i ('II """.v pll\l.'~ wiLli [100 j Cll'ioIlL.-I,ion 

Uti X 10 I:.! .1,\11 .'111' (' ,1,1 X 12 clYIi /l'm' 

CCllllpoMiLion 
Pint o 

thirkn('Mij l ° 1I111:q • .! 1 II'I il,t 'll 
nt. . % Uti (,Ill ~1n.K'" 1 1 it''''' y I d" I( '~ 1,.\ 1'('Sfl- ~t.'~nl't, iC'n "y 

ijaLlImLml t ' jllll:I_11I 11:1.1'11 I UI Il (~(' JIIf'l1tcH I" HItLlIl'I\Lcd U IlInltglioLizod 

Ni lUi!) 2.1)0·1 ~ . 1:-.1 :!.liH 1.:liiH 1.:l,I·1 
0..1 I).(j ,~ 2.4·!!) :!.i:.!1 :1.:10:; 1.22:1 I. :lOB 

20.1 I. fil 2.2!lH :!.:!!tl l. 1:12 I. I :10 
2:1.1 1).{12 2.2111 :J.:!su 2.:! I'IO 1.1 :ll 1. 1:l1i 
:111. Ii IUI,\ :!.I ·I·\ :l . I:iH I.I)(H 
:111 .0 1,20 2,1 '11i :! .I:IH l.n';7 
H:I.H I.HH I.HIIII O.H:l1i 
ell 0.7" 1. liil7 l .li H:1 O.7G:\ 

/I'O/('H ; 
,. Fill' ( 'OIIlI'ILt'iHI1It wil,h p"IHCI ' I'l'llo I'ClHlIlt,H: HIIC ·!·iIlIPIi l.lth'lull'MH IlPI'I'j"lIl1llli ' ly IL~r; f'1I1 . 

Vl\l'yillg l,itil'luII'HHI'H ulIl, fl'lJlll Lite HILIIII' ('I'.\ 'H I II I '1'1", 

l , mIH~il, l,iJlH' doll~yH flJlIlld by 1,11('1'10 1"'(II'I'dlll'('" \\I'f'(' 

(J ,()2/t·HI'C fIJI' IlJlIgiLlldilllLl WIWI'~ alld 11 .0 I II 'WI' rill' 

HIr('I\I' wlwe 1"'Op'lglLl,ioll . M('11HIII'(lIlI('lIl.s 0111'" 1'(' lIi, ·k, ·1 

!lilt! Illlo,YH (:olll ,nillillg lip 1,0 ,10 ILL. 'X, e" \1'1'1'1 ' IlInd, · Ily 

I,hu plilHo-edlO Loelrlliqllo ill boL" I,h(\ JlII1,g ll('l.i(·"lI y 

Hnl,lI mkd Illld II 1I1l111gllol,ir.ed cOlld i l,ioIlH. 1\ II or I,it(, 

f('HOI1ILIH'O I1WaHIlI'OIl1('I1LH WCI'O LltlWI1 011 IIIIIIIJ1 g lll'l.i z('d 

Hl'l'cil1ll'I1H. 

I~X I'ERIMENTAL HESULTS 

The IIILralio l1ie l,nll1HiL Lil1lo foJ' cne " ('I 'YH(./tl ",as 

eHLlLhliHhpl1 n,l, 2{)oC 1'1'0111 Lmmlit Lil11P lIM'SUS 11'111111'1'/1,

tllJ'O ClII'YCH constr1lctcd from I,he Jl1ll lic-cello dal,II,. 

An,or applying t.IlC ItpJll'Opl'iaLo LnmHiL til11\) l :ol'I'eeLio11H, 

vl'loeil,i('H of WIWO III'OPltglLI,io11 W()I'O d"" ' l'JIli11('d . 

Tho C'IILHLio c011HLIL11I,H, (JI)' WOl'(\ el\lo11Ii~I,( I (l fro 11 I I,ho 

v(do(:il,'y 11 1\l1d Lho d(ll1t~il ,'y p ne(ltll'dillg 1,0 I,ho J'(,IJll.i'"I

.. hip'" giYIIII holow. 1"01' WIW(I pl'olmgal,ioli ill I II" 1100 I 
cl'yHI,,~lIogmph ill d il'Oe\,io11 : 

p1r2 = 0 11 1'01' l\ longitudillal W(WO, 

PV22 = CH [01' a tranHVct'Se wavo polMizC(l III nlly 

dil'cction in the [100] plane. 

1·'111' \\,IIVI' III 'opllgHI,ioil ill (.11(, 1110Ic'l'y:;I"dlogl'ltplrio 
cI i l'('('l,io 11 : 

p"/ = U f ,' • ~(UIl -+ ()12 1- :!(,'44) for It IOllgiLlIdi-
111L1 WI\.YI' , 

plJ4
2 ; (.'4,1 1'01' IL LI'II,11HY('I'HO WI\vO polll, I'i~,ocl ill Llro 

100 I I d i I'('cl,io11 , 

f>" r.~ (!' ~((1" - (,',t) fIJI' IL ' 1,I'ItIlHYUI'HO WIWO 

p"llIl'iz('d ill 1,110 11101 dil'l'('l.ioll . 

'1'11(' IldiHhlll,i( : ('Iast.ie cOlIsI,ILIILH ohLailwll lIy I.ho 

1'"ls('-edlO II lid I'('S(IIII1.IICO kehlliqlloH 11.nl pn'H('IIL('ll in 

'I'llbll'H I IIl1d:! . 'l'lw n'l'l'li(lal,ioll of a Ililtgl1('\,ic ficllL 

1,0 I,lre lIil'I<('I -l'ich HIH'eil1ll'11H nlHIlIt.cd i11 It 11 ilH'n'ltHC 

or IthOIlI, I pl' I' (!1)1I1, in Lhe clltHLie 00J1HI,IL11I,H, 11.llIl n, 

IIIJLrk('d dilll1JlliLioll ill Lho nl,LI'll1ml,ioll or Lh" 111(.1'11-

HOlli(: villl'/\I,iOIlH, AH L("yy 111111 '1'1'111'11 11(1) hlwo Hlrm\'lI, 

l,h(1 HIH'ILI' IIIIJdoH illdlll:O I"/II,h gnaL(.or J\('(JlIHI,in IOHHI'H 

ill "i('I" I !.Imll Llro IOllgi(.1iClilll\l ""HI(,H. 'I'h(l ml,(1 or 
II 1,1.('IlIlILLiIJII waH liO gl'Olll, LIrI\I, ollly Oll!.l ('(:lro eo /II(L ho 

dd,oded wiLh I,ho HhoM WltVO pOIMizctl in Llro I. nO.! 
<I i roeLion in Lbe 11 iekcl-rich alloYH in the 1( nmagnoLir.cd 

condition. 'I'his prevent,cd our obtaining a reliable 

TAllr,l~ 2. Ehlf!tic constants mOl1HlIrod hy plllHfI oeho me Lhod in Ni - <Ju piILtl'R wiLh [110] Ol·iolltn.tion 

0,.' X 10- 12 dyn/clTl ' 0 .. X 10- 12 dyn/cm 2 0' X 10- 12 dyn/em' 

Compo. Plato Ulllnngnl'\,i1.eli siLion thick. 
nt. % Cu neBS cm plnl!'H by ;\Iog nct· 

MagnoLicaliy Unrnngnct. r CAO lln/l CO icnlly Unmngnot- ;\Ingncticaliy Unrno/!not. 
saturated izod moLhod saturatod izod saturated izcd 

Ni 0.66 3.208 3.255 3.226 1.254 1.241 0.480 too much 
attonuation 

Ni 1.80 3.272 3.25!J 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 3.070 3.041 3.030 1.150 1.146 0.407 too much 
attenuation 

22.8 0.55 3.010 2.000 2.005 1.125 1.113 0.385 too much 
attenuation 

3,1.1) 0.56 2.870 1.062 0.352 
:J·1.1i 1.10 2.875 1.061 0.353 
46.2 0.77 2.766 2.767 LOon Non.magnctic 0.320 
08.0 J .20 2.501 0.806 Non· magnotic 0.286 
e u 0.70 2.204 2.213 0.760 Non-magnetic 0.236 
Cu 1.87 2.205 0.754 Non-magnetic 0.235 
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1,'10. 2. Tho olastic constants of nickol-coppC' ,' alloy 
single crystals in tho magnotically saturated nnd '"' 

magnotizod states, 

velocity determination in this case but in lirl' III:l g
netieally satura.ted condition enough ('eiroC's \\ '('rt' 
generat.ed to permit an aCCllI'lI.te detenninltl iOIl (;.;('e 
column C of Table 2). No difference in t.he Vl'locity 
or in the attenuation of the ultmsonic wave::; eOllld be 
detceted between measurements taken with t.lH' mag
net.ic field parallel to the crystal axis alld wi( ir (.ire 
field perpelluieular to tho axiR. The n),"('Il('" (,r nll,V 

signifiea,nt efTects of field direc(,ion WQlIl(l b( , (':\ 1",(,1.<''' 

considering the lo\v IDagnetostrietion of Jlickel. 
The data from Tables 1 and 2 are plotted ill I"ig . 2 

showing graphically the relationship between Llle 

measured constants 0 w 044' 0' and ° £', alHl a,lIoy 
composition. The 012 curve was derivcd {mill L1H'He 
data using t.he equation 0 12 = 20£' - Cll - 2()"'1' 

The bulk modulus, E., was derived in a similar Illitl1lH'I' . 
The 012 constant was also determined i"nllll (lil' 
relationship, 0 12 = 011 - 20' with good :ll!I"'(' IlH'III, 
being obtained in the two cases. The (h( 11 (11 ' :-;' h 1111111 k 
and Smith(5) for the composition range of' 1 I 111:11. '\, 

Ni were included in the construction of (I J('~" ('III'I'('S 
as were the experimental points of Sakurai a lld ('()
workers. (14) 

The dashed lines of Fig. 2 represent dal;:\' for alloys 
in the magnetically saturated state. AI Lhollgh the 

iIH',I'(,lLHe ill I.ile elltHLie eonstanLs pl'odu(!l'd hy nppli
mLioll of 1.IHlll1agnt'Lie field ill C]uiLc IS 1111\11 , approaching 
111(' lilniL or ('xpe l'illlclltall'eliabiliLy in !:lOllle ('IlS('S, till' 
difrl'IT Il('(' is l'I'al n ll(lllleaSIII'u.ble. lkpcal,l'(lmCIl:lIII'C'-
1Ilt'II(H lIla,d,' Illl individual IlpeeilllcnH in tile ~f!-Pl'l'
I l;t 1'('(1 C( Ill! Ii ( i( Ill, nJtcr magneLizul,ion a,n(l n f't ('I' 
alllH'ali llg aiJove Llie Cmie temperaLul'e to dClllngncLizc 
11ll'1ll gav(, l'('jll'Otiucible evidence fur this difi'l'I'('n('(' , 

DISCUSSION 

Thc elltsLie eUIlHtltnLi:! of pure cop pCI' ohtnined in 
l,hiH invcHLigal.ion II.l'e in good II.gl'celllcnt with t.hose 
l'epol'Lcd by nLil(,I'H II.lld t.he eil1stic COIlHLn.nLH for hot.h 
lllllllltgnei,izt'cl Itnd magnetically satumt.ed niekel 
;.;illglc GrYHI.ILlH 111:-;0 fltll within the mnge of values 
reported ill 1.111' liLel'l1LIIl'e. The addiLioll of nickel 1.0 
('Oppel' 1'(,;.;,, 11 :-; ill It linear increase in ILiI of the e1!tsLic 
('oll;.;l.alll s or ('Op pCI' over tile com po;.;ition I'II.nge of 
() 1,1) 7tl 1\ I ."" 1\ i, The Hlopm; of Lil('He lim's 'Ca ll he 
('xl'l'('s;.;cd as till' qnanLity (1/Cu)(rtC/rl.c) where Cu is 
Lht' cOI'I'e;.;ponding constant for ' 1>111'0 cOpPC'1' II.lId 
rt( 'IrI.c is L1w e1utllge in this constnnt with cOlllposiLion . 
This value for 044 is 0.61 and for 0' is 0.74 as eOlllplll'ed 
with Schmunk and Smith's values of 0.57 ttlld 0,70 
respectively which they obtained for dilute alloys of 
nickel in copper. Thus the linear relatiollflhip Lhat 
R('illllllnk ltnd Smith observed in the shcal' eonstanLIS 
ill Lhe diluk Holid solution l'!1nge holds across 1Il0st of 
(11(' sYS(.eIll, The unmagnetized alloys exhibit a slight 
<lc\'i.ttioll f'l'lJm Chis linearity in the ferromagneLic 
com pOHition range for all but the del'ivcd C12 cun-e 
which is linear across the entire system. 

These rcsults support the conclusion of Sakurai 
(I t nl. of a lin eal' clastic constant versus composition 
curve for this sYHtem and a zero 01' slightly positive 
diHHoc:in.Lioll onergy. Inasmuch as they found it 
IH'(:(,SSfLry (,0 !tj1ply a cOlTeetion factor to the data of 
:-{h i l'n.kall'l1 a nd N url1akul'l1, the results of the present 
ill \Tstign Lion provide stronger supporting evidcnce 
for (,his co nclusion. 

The illcre1U;e in all of the elastic constants of Lhe 
f('rl'ol11agn cI,ie alloys of this system U [Jon magnetiza
tion, referred to as the ilE-efTect, has been observed 
previously in ot,her ferromagnetic materia!!;. This 
ha;.; been attributed to the orientation of t he domain 
\I""lls by magnetization, although it should also be 
po in[.cd 0111, I,hll.t a difference in the transit time COI'

I'('ction het II'cen t.he magnetically ordered and dis
o('(lel'ctl s( Itks could also produce Lhis effect. The 
va.lncH (hat were obtained fOl' Cn and 044 on pure 
nickel in the magnetically saturated condition wel'e 
about 1 pel' cent greater than in the unmagnetized 
state, Bozorth et at. (8) and de Klerk and Musgl'l1ve(ll) 
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r<'porL LhiH same J per cent difference in ( ' 11 1,1i\ .J 

:1 10 4- per COllt increase in C ..... They also i'Olll ld 11 

Klight (lecrease in the C12 value of pure ni ekt'l III" lIl 

1Il1lgnctizaLio/1 whereas the reRlri ts of thi ~ \I orJ;: 
illtiicat,e a significant increase. Alloying with copper 
i\flflears to reclllee the magnitude of this D.1t efIeeL in 
nickel as is Rhown by the convergence of Lh e Ilmg
nl'iized and lInmagneti;.:ed curve~ at the boundn.r'y 
of Lhc fel'l'OllJagnetie region . 
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