
E�11ansio11 Proper! ics of L·nr-np:u1sio11 l"e-:'\i -Co \lloys 

th:1t it c;rn be pn·p:tff·d \Yit h a 
pl li.··ric ten11wr:dure. rl1i:5 fact 

P.\. 

,:.., i1_;Jl J:1< ::d l1y f1w 11f 1.Lc foct 
i:\•rn r_·(j,,ffiei1·nt (,f 1_•:,:p:t i:---i<:1n �1t :-itll)os

s I1::il ili,.:rc i:3 li111c ro(1Jll for 
in the (_'\r1:11:-iun _;_·::·'tH·rtics nf 1];(' 1{l -( ·s:r;:,nc..:i(sn •iir.-kel 

�lecls. TJJc i11fcrn:cc i:-s 1n1c 1 Lu\,·c1·(·r 1 n11ly ,-,"> L·r ;1,s tJH; (•\r:;::s:inn �-,t 
:ind 11(«r :ii (·ric b c1)lW'TJ1c·d

1 
1,, :1":'c tlic ('\l',''1i:0 i\·ity 

of in\·ar :::Llrls to incrc:-iSC n·ipid1y on Lr·,\ting :JqJ\C. 100° C. ;,n,l :"fli.JTI 

rc:·\r:1J'S tl,c ,·aluc of C(lfJl)C'r. Gui1bumc 1 net tl1i::: �itu:"L1ion by incTCl:-c:ing 
the nlr·kd contci:t ;ilJuyc 1.lut of lnYar. By ili�it C>-:pulicnt. 1 (ll1o_y,s L:n·ing 
1u\Y r·:-;:p:-rn."iYity under higlicr �\"ere 1Jbb.incd, tn1t nut with
out a brgc increase in rn1ni.n11.1m c:-.;prm:-eiYity. The incrcnse in lJJini 11 nm 
cxpnnsiYity \\·ith increasing niLkc] cC1nicnt sen-rely Jirniis ihc 1ec-hnical 

·,,.__ npplications of these alkn"s rit high krnpemturcs.
._ Pro:=:p('ct.5: of improvi;1g the �xpan:-:ion. cli:1r:·;dcTistics of t1ic nickel 

steel::: is offered by n11oying. Search for an ;idY:· ·J"liJgc,ous alloying ad cl.i
t ion by analogy with other a1Io_y sysic·rns, ho\YC'.-er i ls not prod l.11..:tive 
1:wc:rnsc the 10\Y-e:xpansion characteris.tic is uniqne 1Yith that s_y:::tem. 
The rnfo of mixtures usu3.1ly gives a. fair value :if the rxpansivity of 
othc-r so1id-rnlution alloys, but in the iron-nickel systems giycs a \�alue 
of 18 X JO---£ per deg. C. \Yhercas the actual value 'is 1 X 10-6 per drg. C. 
Apparently suito.b1e additions are not to be deduced from :::nch inge-n
nous considerations. 

_J3 __ �:S'.�)_g_1:1_i:tj_Q_�--�{_tb_e fact _that the te.mpura.ture range of low e.xp:rn.-'::frity 
in nic;k.cl :::tcels is tern1inatcd ,-.,ith 1o�.s of mng::netism affords a more 
_p_romj::_;ing b8sis for the selection of an a(hantagcous element. One may 
expect from that fact that n.dditions of nonrnngnetic clements to the 
iron-nickel aJloys are dctrirnc-ntal to the lo\Y-c.;p;rn<::ion c-J1ar:1ctu·istic. 
Indeed 1 car"bon, rnnng:nicse, si]ic:on 1 cc,pper and chrnmiurn ;,re detri
mental to the ('\:[):UJ.sion propc,rtics and no clc-rncnt 
is l'C'portod to be l:iE-:neficial. From the 2:1.me Yicwpoint, the 
addition of a m:1g,netic metal offers prospects or nnproYement. As 
two of the three ferrornngnd.ic ckn1e11ts r1re already pn:sent in tli e 

* :\1c,t,dlnrg!cll Er1gincer, \Ycstir:g]p_,1.;se Ekctric rrnd )fonuf:1ct.11ring Co.
1 C. S. D11rc:rn of St:rnd:nds Cirt!il,u 55 giw:s :rn C'\(·c,llr'.nt r,:,\-i1.C1Y of the 11 iste>ry

nnd pru1wrfic:o of 1lw 1,,;\Y l"'�:p:ni.s:i1"Jll J i(·kd "'teds. 
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cnh:11 ('.'<J,:\ll.-,i,in l.,(;t\YC 
Diffncnt i:d ]1 1 ch:: 
:"('11::'i'tiYe 10 

o:cept for 11rw 
:Cll in. 

at the cnit:iet nid of 
prc,,·iun::: l·1all-:;nd-,;ock( 
rod \Yhi1_·h t r:rn<rniis ff 

indicator. TJw re:1.din 
,·cried i11h1 lnlt..' 1.rnit e:-,; 

whc-re E is. 1 he true 11n

of oh-;,vn�:itl(in T. ::r 
L is ilie 
of the ::cp\.·drnen La,·ing 
::'ion of t11c :"iliea t ulw h: 

'fhe r,11oy:e: ic:-c-tc'd w 
1ytic ircin [J.nd nickel w 
furnriee. TliC:' c11:1rges 
and 11r,_1tect{'d fr(_,m exc 
g::trH_':'-C' and :-cilic{_ln \H'rE 

,,,-ne pullrtd in. C-i1�t iro 
'fbcse bus ,,,,-ere rolh 
aftn annealing. 

� 1 . S. P:1ll·ni 
'JI. �\·ciit: T1 



::u 
c':d 

:'�n. 

of 
ilue 
. c. 

; ' ,-

'
iJC 

Jli i"S_\ 1'.Tl ,<('1_\TT 

in :lie ''""'"''J!i J1r1·rp(·J'ti1·�. 
Tl:c in\J._,r] :('t\i1n ,if 1·1il.:11t i:iio 1liP iri-!n-nickel alloys l,n·' ('(!J)1-

1inTJ::-:. nlll i11d in tlie :IT;pkr :-:-y;--clem. Tnyc�tigalinn uf t1j1•:-0e C!Jm
i],,11:--: -:Ln\',1'd. 1L:1t :1 i·(•ri:tin 111i11i, ,nn1 c-Dnicnt uf nickel is rup1ircd 

i o j.ll r_•::cn-c t l iC 1 ·_;\\" <\l :\n·�((,n f'l1:1 r; ('11·ri ,1 ic un·r '."\ fa \"(1r:tblc l c·;: i1 re 
r:1ngc \\-)l(_,n c:_,1;:dt is in C!"l:c-ide1:dJk <;u:11i\ity. \Yith 1::cnm-

e k:1owl(',lgc of tl\e 1!rni1i11g 1!i('kcl l'( ,dent, :1 c:cricf of :1l1oys \\·:is 

;_.;n.-p:1n d \rith n lligh <.: 1_1 1--.:t:,nt nicL('] c11i1i(•r1t :·,nd c\..11v1t Y:1ri:\i_1Je. 2--iudy 
,__;f -t1·1e c:s.:p:rn::ion pn ic� r_if 1J1is ;;r11t1p c,f rdh>y,-:: :=--110\\"Cd tlic g(_'l c·ral 
effects (if cn11ult :rnd 1n.·n11itkd :1n C\;lJ1icit �bll_;1r;cnt ()f ll!c. 11ruL1lern of 
dcft0n11i: ,"J1!\j1111nn c<'lT' 1P:-:, :1:--: !':in·:n in tlH'. fnll<•\\·ing := r-·1·1inn. 

�i_'\"\H ns :;re dc-Yc,ied to Hie c:s.:pcriil,r_·nt:11 �ulution uf the 
:rnd to the d(_·tc-rniin:diun uf 1he reLdiun of \he e_\p:1JL"iun prup

crtic:-'- to t'Ull!p():-.-ition. 
The app:1rnl1.1s useJ for rnea.'3urlng e.:s.:p;m�ion makes 11:::c of tl1e diffcr

cnti:11 C'.:s.:p:\n.c::ion Lct\\"C'en the test spc-ciri1Cn :rnd a fuiNl �ilic'a tuhc. 
Diff<·rcrdial li_.ngth cli:n:gf"':-: are 1u-:1.•_:ured by rncrn.-:: (if a diul indie;dor 
:;cn:-:itiYc to O.COOl in. The tc:::t rnelhod 11:E :·ilr\':lil>· hr·<.-n {_k.--.:niLe,P 
c--;c.<:pt for one i1nproYC'Dl(:nt. This \Yas tlic :C:i1L:::til11tion uf a pin ],c·;:ring 
�1i>-i.-be C(1ntr1ct c-nd of ihc 1i::ecl1anical lc·n!Iih-el::rngc indic:dor for the 
prcYi;_�s ball-and-spcket ct•nbct Ld \YCen the kYCT'"' n rm and the silica 
rod \Yhich ir:u1:-:-rnits motion of the uppc:r c·nd of the ;:;pccimcn to the 
iudi,·Jtc•r. The rcH1ings of the kng;th-changc indicator were eon
YCl'l(0d into lrne unit c-,;pansion by the relation: 

11 
i,--, = -�: .. ·� _I \'T D· 

L T • 

wh1_•rc• E i$ ihe true unit e.:s.:p::insion bd\H'en 0° C-. nnd Hie iC'JlJpc,ralure 
of o11.CCl'fYitti(1n T. :c is the corrciponding lncru-ricnt in dial rcadlng, 
L- i� t}1c kngih of the :-e-pecinKn 1 Jf a cc,rredion for tniL�\TL:'C' c::-cpan5ion
c,f 1.Lc ::-·pec-i1i_wn J-1:n-ing ilic Yaluc 0.05 and �Ya correction for the cxpan-
5jq11 of 1hr silica lube h:n-ing thr ndue 0.53 X 10-r, per degree Cc:ntigrade.

The ;,lloys tc�ted v,crc prepared by nwHing 13-lb. clwrgcs of electro
lytic iron and nickrl with othc.r ckrncnts in a high-frequency induction 

The cL1rges \\'C-re melted in rn:·1griesb-:ined grnphjte crucibles 
:-i:nd proH:l·lul from e:,;:cc.c:siYe oxida',ion by a tup on the furn:-ice. )Jan
g:anc:3c• crnd silicon \YCTe rHldcd just before pouring. Ingots 2 in. squ:1re 
\'>ere poured in cast iron molds and furgc·d n�ually to /{-in. round bars. 
TI1cse bars \Ycre rolled or S\Yaged to ! �-in. dia. and \YE:re tested 
after annealing. 

� i:. S. f'«h'.lll ]!_;';(i'---.:.l-1. 
3 H. ,C.:cuit: Truns. ,-\n;(:t. >or. :�lc:C:'1 "Ircat.. J(i:2S_, 13, ,'-29
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Tlic ific::nt exp:tn:0ir1n r:L:1r: (·ini"i ir.s {1f /he Fc-::,..;i-Co :il!uys :nr.' lJrn1l,'.£hl {lilt (_,]r·:1rly Ly :1 C(1n1p1dc 1,_,1:,· !1'-'i(,n 1·11r,·c nf ;rn alloy hadngin:0nffic;cnt nir.· 11-:el ci,i11'lcllt to d(:prc:::;-; 1Lc g:1 :rn;:1 \o :1lpl1a (.\r3) 1rans-fuJT!'l'.t1inn 11f iron, hclnw ;·dmn:::ph<.'t'ic qre:-3. �1_u:l1 :1 ciirYC1 taken d1J'(J\1gh :1 en11 of 1H':·t1ing fr<1m 1id-:1ir l11T1,c.c turr1 

ril)<Jllt -1S0° C:.; (o -,->;o'J C. :md ('.(_)(_)ring i� ;;i\Tll in Fig. 1. It j� c\·idrnt that ,\r 3 \Yu.s c•.Jn:::1; 1JJt1:dc·d on the initb.l (_'(_:c;] \rJ r1y:;111 fru:pn:,ture, :1f'tcT --,,,-l1ieh 'the :l.llc1y b1s �q_1prc1xiuatc]y lhc :-::_,rue c:·q1::n:--i\·iiy (.c:k,pc of
'!".---------·--··-·----- curn:) :;;,:: f;l('eL OH ilic J ··· -·----- --] ··--�r�--

lil''I li< ::ting ,\c 3 cbrls :it :ilJOllt D-

--'-G,
I

H0 ;:/4? --- --- :. /"-,./ -w·o� C. :\!:d 1:,rc1gr(<.�'("') gr:Hl11:1lly
;v,, .  ··t,. / 

10 Cr!I, "'" ,it ,j()" C, The :·,1loy, J\Y in i.Le ::s;::,itr!ltic :-ci:dP 1 � 4 --- ··1···

;r
··- ----------- bi� a Yny l1igli csp:rnc.-iYity \1l1ich 

i 
,----------- _1 __________ _j1 ___ ___ 

it rcLlins (1n cooling until it read1esw+2 infkc1iun ic·11i1-JCrat11rc (approxi-� /I , - _ .··••··.,·�·-·_· ·. · ···, y; 
.'.!� ..... '_��.-.. ·.

·
J·."' .. ' .. ' .. -. .  •.•.'.''.f[.�.-.. Tf.·N···· rnate]y -!G0° C.)

1 
b(:]ow 1rl1ich its ... � -S: __ / j --- - - -'--- -- c::..:p:rnsi,,-ity nqJldly di11,inishcs to 7 'S�ARl" or I � i-j£:AfiNC a lmY Y:-ilue \Yhilc 1he alloy is :-::tiH ;;,; I Ar3 ' I O COOLING 

• i1 , ·+ • f · A.t·, ]Oru'
-2-200 o +200 400 ��oo��,-o,"c. in lC :1u::,;tt�mc1c ::::tale.
Fm. 1. --C(,XTI?\r·ocs 1::xp_,;:-,;�IO:\" C"CRYE 

OF A::,,� FE-:'.\1-Co .'.LL()Y ;JS llE.•\TISG YHOM - l:S0° C. TO 780° C. AXD COOLI'.',G TO --130° 
c.TJ-1i::= cmTe . .::hows 1·,oth ilw low c:-:p:,nsi,-ity ehan:id-eristic of tl1cse �llo:ys and 'JieAo trnnsfonnatlons of iron. 

C. Ar3 start::: and the c,xp:1nsi(.1J1 f;"i ngc ends.Tt is lrnp(_1rt:1.nt to rcci.1g;ni;,,e here 1k1t the c:::-pan::,;iun cin cooling from 7S0° to 100° C. is rcyersible; 
1. e., if cording i� �-topped above100° C. and tbe specirnen is again beated 1 the exp::ni..:;ion Lurvc 0£ cooling 1,dll be retraced. If1 hm-rever, the cooling is stopped bclo\Y 100° C.} the cxprtnsion curYe c1f couJing is not reproduced on healing [1g,'iin; in other \\"ords, the expansion is irrcn·rsible. E,,-idcntly, thcn 1 it is ('!:'S('nt.ial to depress ;\.r3 bc·low atrnospl-··,n)c 'J_•mpcratnrc in ordc.·r to enable: prnctjeal utilizatjon of the Jow and Hfftrsible exp:nLc;h-ity a,;aibble on cooling between the inflection temperature and Ar3 ; 460° C. and 100° C. in t.his case.The alloys of linnwdiate concc-rn 1ru"e prcp:1rc·d by melting ch:1rges of 32 per cent. n}ckel and 1 per <.·ent. ·1n:\1Jg/\lJCse .,,,-ith d}11cr;:,nt :nncnmts of cobalt, the remainder of the cliarge being iron. Th(:ir ccn11po::.itions are gh:en in Table 1, togcthc-r v1ith all the cc1rnposi1ions com:iderrd. Only 

()DC of these alloys, �o. 1782 1 :::hmn�d Ar3 on ccw1ing to liquid-air tempnature; then it sb.,rtcd at -130° C. (Fig. 2). Con::.:eqncntly the c--:pan�Jon properties of this group can be inYC'::'tig::ded Jt normal tc'.rnpcratures ,,-ith as;;;nrance of frcednm from cC1rnplications introduced by ihe irreyersiblc transformation of iron. 
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n,0 i:in cn1 \·c:: qf 1111·n ,C'l':--' uf tlw ,·,,•ip ("' ·,1·1-1·n('d :;re ,'.)Yell in
:1 :tnd -L TL<·:--'C <·nn-c:c; \\Trc :ill 1 :1L(·n rn1 h-.· ting;. S1 l!H; nli:--'('fV[l-

L ,nc.; -,1·c,rc t:ih n 1Jn :il,:o) h:it :ire :Hi\ rl1!1 tcd. The (1L,.;c•1T:dions 
\'11 < noling n;-e1;:11ly fr]] c](J;.c(; lu thn:'C' (IJ"l lic·;di1!g:

1 
(itl 1( •n',·i:-: ,_: ihc cian·s on 

he:d ing \n·re not :H·eq1icd ;1:-3 n,]!:\1,ile. T/ ,c :::e ( lllT(·;;: :ire tr:d fn>rn 
lf (_'-. to \\TH :1h_,\·e tl:(; iiif'.(_'c1i(1Jl U·1!:pi•r:l11_m\ :1'.tJ;: in 1r u:-:-t t_·.:1scs 
t1w (11n·c� were 1:,L<·n fr111n id� :ir 11 •;:pr·r;-,u;:e::,_ Thi.•:, \Y;U d(:1c to 
.--'L11\\. !Le c-xpan:-eion r:rnsc of chid ili1r·n•_�·t on :1 :-e1 :de :ffl 1_> .-i d1y (_:pi_•n
to ;tY(_,j l c1,nfn:c:icm. Srn1:e ( 11n·1·,"S l.c·l 1. 1\f 0--:: (_�. '\ill l_1e 11 (rr_,d il(_'cd hi LT.

1 i·r,o
l 70S
J7,Lt
l7S2
) /::,;3
l /S,f
l 7\11
l '.L;.;7
]'.l>;S

.,.__j'U.S(!J 

:!(J:31 
2;y34 
:20.;;:g 
:.!i)\)0 
:!091 
2()(12 
'2106 
:!113 
:!J ]-1 
:?] 1.5 
21 JS 
:.!1H1 
:!J :2�1 
2125 
'.2127 
2H6 
2147 
2HS 
21-rn 
:?]50 
2151 

TABLE J .-

\i, ;\,r C,nt. C,1, i\·r C,:at. �-f n , l', ('.,,,t_ C, P,-r ( u1t. 

'2-S. -1 
:) 1 ;) 
'2(i G 
]() 2 
;31 S 
'.11 0 
:::1 () 
:-n 3 
:31 _ j 
::n .6 
:31 G 
:3:2 1-

ClS 
30 5

:?:� 0 
'20 4 
:_-t) 0 
27 4 

::? -1- 3 
](). s 

15 2 
2:i 8 
2S 0 
23.6 
23 4 

]� 3 

(J fJ 

G 0 
(l �

1--1- 2

Hi 0 
lG 7 
JS G 
S 2 

l l .0

]'.) 0 
20 7 
:.!3 :3 
10 5 
22. 
:23 4 
'21 ,J 

-L; 6
15.5
17 4
'.29.G
25 .4

2-1- 0 

() �l-j
0 --;o

2 :JO 
'._l :!O 
Cl :-.-t 
n 70 
(). s.,5 
n �k 
() f',5 
() :,.;3 
() . IS 
() GD 

() C1l 
,, 52 
() ,<,;J 
0 t.i7 
() .74 
() (_;(j 

(I GO 
(l GS
() G3
() f)J
0 .!1:3 
() '2'2 

(l (i4

0 Sl 
0 35 
[I 56 
0 52 

() 57 
() 61 
:3 Ti

·---- ·---···-·

(J q;3 
(I oa

() (15 

0 f);3 
0 02 

1) 01
() 01
(l 03

0.02 

0 03 

() 53 

() 02 

0 14 
() (12 

0. ll
0 19
0.33 

/j/) s

w;. '."I 
I) J 2
::-:o 6
(I l ll
.') 7. ·1
.;:3
(1-5 .<;;
51 G
50.9
-Hl.O
:)S. 7
-10 6
-!7. 7 
rn .6 
50 G 
.H) 5 
50 .s 
10 8 
50 S 
50 6 
n. 
n .2 
54.5 
54.0 
!6.0
.50 7 
,)1 3 
.SI 3 
51.1 
.51.0 
-18:0

It is norr of inlC'rc:,:;i to c<qnp::1.1·e; the c..:p:rn:--iun 
,'llluy;-;:. \rith thCi;-:e of npprc •,ri:itc col.1:-i.lt~frC'e :·illc):,s. 

propuUcs of t hc,se 
This rr1c1y be done 
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F1G. 3. --ExP.-'..X::'lOX cnnTS OF ALLOYS co:-:TAL'\LSG 32 PER (_"LXT •. \JCKEL AXD 
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_f(,ror,Ji_i-:g}f, c(Jh_iilt rnu.c:t C( 1 1i�1(_lc-rc·d as n 
i1iim n_:; an :;i.dditkm agent to iJw J1:iw-c·:\ri:rn.c:io11 

It m3_y nmv be stated il1:d eornp:uison of ;il1oys cm the basis of nickel 
p1us cobalt content ls equi,;a]vnr to curnp;ffison c,n i_]1c 11:1:::is of rqufll 
ternpc,rature ranges of lcnr e::-:p;tn:-:ic1n. Tlnt st:ltunuit infors Hwt 
the tcrnpnature range of lo\'; exp:rn�iYity i:-- t1ie �;·,me for ft giYC'n inflection 
iniq.wraturc \d1ether the cc,b:1lt cont('nt hr b1Y or high 1 ,...,-Heh is :"Up
purtcd by Fig.,). Th.is i:: 1he mc::::t s:�ti."-f:tctury h:>is of c(1rnp,1ri:"un for, 
after all, il1e rnC'rit of tJ1e cobalt-cm1tuining a11oys dqx·ncls on the degree 
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the �:·1me ternp<:rniure r;1ng:e of Jmy (':,-:pan::,;i,-ity. Con,;;,eqm·ntly the 
difkrc-T,c.e bel\rccn tho curn'.S of eithc-r rninirnnm or nwr,n e:q:irn1-'_,·:i-1:ity 
of the cob:tlt-free :ind cul1aH-cc1nti1inil!g .sleds Le:: a direct n-ie:i�ure of the 
irq_:.,ro-,-c·nwnt cunfnrcd by the sub:31itution of e:oLalt for nickel. 
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n:::-,,y ije y n·,,<·'''"'c,d L,y:

0 c.c 1 �:� �i ·+ Co) 'CC lDO [3]

·j

!

l 

' 

�

l 

\ 1 

1·1
L) ; d 

pu-
·.,;1,- ,)]

ii1-. T!, 
:.,n 

'Ci 

,1.

.. 

Fm, 13.--En,.t:crs ,:;r :\L 

·;n tbe prc:'=ence ni c,.,
r:.;;prc.cc .. -::cd by:

e •-� JG.:

fol' tLc rnnge of c,:,ir
rcb.tion \Yith t_lv: lHC-·

C'o ,:::c n

;�:_;�1\
1

�;{ i� \
1

1:c �::,

.c Si= ..1 
The r:,-1r: ::�

for ar;y fr/'.-- n
Y> il;f r_,t 

l:\·ir:r nt1,·



C, 

to 

,"::,- ' 

, ith t!·.e 

cc

t 1 e f)TC'.i:(-Tl('C of 
(c'c nc';,cn;,,l by: 

0 

fui· ihC' rr;:; gr. of ccT,;>:,,1, 
rebi jr1n v,-lt.11 t!le 

fonnd in 1!10 

, j 1' 

: , r•; r

\'(, ,( r 
, l .:-2 � ( '. "11 )."/\ 

� ·,; � ''._) "'- \ 

TICX fJ _',ff!': 1_ -iTf E. 

:� Co) 
L :1 ,r;g le:,\" •:>:f' ,·::;-i\·ity. 

tc.i di: /_;·,'.1.-'.:.c rc;d;cl 

:,rn) + 1n (
'-
\ cj 

; (i5 

18,l 

The equr,.fic•ns 
for n:ny in.tcd;on 

41.9 � ().( :?S:28 -- 3 ",fo) 19(�� C) 

7]iC L<-A 

,·t1kc c;f n<tng:i:i�··.-:.e :·tr:d c:·1r1:;0n 
�<:(';·11ly 1,(·c." :::·�:,ry Gr.c:t. fo c-L,,c:s(; a , '.' 

o ln
if,-:ct

cly 

[JJ 
this 

[5] 

[G] 

ure 



'1 (' l f

T1.c ,.1,, .. 1. 

:c:1 nt. 
b \. 

- 1< l 11 

''I' 

lion of tLc effects ;:1[ 
:eel ion. 

r, 

y 
;1 ;;t 

The estimation of Uw bc�t 
Co-�fn-C ,Ysl<•m for any 

,:-, i;:'' 
,l ,,,,:, ·1:,, 

--:d (';", 

,\ ); ( '.; ,(' l (_> r ; I 

:(-r 

'',] 

d 

k"s Lce.n stated to 
oL,jeci.i\·c c011ld be 
enl:3il cxcc:siYC ,·.nr·cirn 

11)(:1h)(_\:-; idone, 1Jnt \YUts.1d 
n 1_1mber of tc:::ts (;f 

ulloys rncltcd precisely to � ·1fc'ndcd 
Con.secp1e:ntiy nn .nttcrnpt 1r,1s J.nJdc to dc'.tcnninc tLc Lws ,A Y:-.Jrfoiion of 
the expansion propcrtjes \Yith the tl12.t they \Yould 

<"'i•li"'l••ns for \Lc.sc ;,:btions 
frc;m ,.,,.hich Hie bc.'3t propcriic:s c-cu1d be (-._;1.i11 akd. 

One 2tc,p in the d1rc:dion indJC';\tcd v;;-;s L,udc in {illd 

con-1 poc,ition in the fr;rm c,f 
rcbtions, hff.

Y
CY!.."1'

1 
is 

scvcr:il corn::_-1u::ition Y:·1riJ1-_,]cs 

Th.e ex}."-icncc of this ::1.nd otbc-r 
on the effects of c:: -lch of the 

l_)cing [ddltiYe; i·. e.
1 

y of (JtLc·r :td,Ht-i"rc

in:: _,1;,I s(ihni· •n 
1d Fig. 6 indicrd(·s Hwt it gc1Ycrris 1L0 ir,fkctiun 

so for as co1xdt is cc,s:ccn1cd. It is prc1h1bJc tJi,:t l!Jls 
to the the (:fleets of the 

c_,f 
I'he effects of rnang:·1.r,ese. on tllc ""lY,n'•ic-n 

f, on1: he d;:ta on cc)L,dt--•frc.-0 •,LS r;cr c-:: JL 

l"fl'.'i ('�8 (', 



c,f 

<1 
· ··;re

', l l' 

I. 

!_:-), 

d. 

ri
'.tYC::c:r:- 'uy 

�-1:CU'- ;i\·e 

2110:.rs Hi:1n is cibl-:jn:-;_l_ilc \Yith t!.ir 32 per cs::-nL nicLd .�erics. 
:=c,:cr:d UC:Yi. groups of \YCTC prq�1:trecL 'The cxpan
c,nc £:;l•Y:D In '>\·hich cc\b2lt is 11H:', 1\1 ,-:, ''<nd tbc 1:'.ick1?l 

[ind of a 
17. They

15. C1 "-;·c_-� ot J g1·i::�.1p
tont2': \\·ith col:ia1t

dllTc-n:nt 

:ch L LYC Lc.-.:n rco ::d to giYe. T�;blc 2 with \Yh ch to ·wu·k out the L1.n-s 
·:g d-: Y�11'\;"1,i_;cn of nl(•!!(!lt!.CS 



1_\.· 

·-1 ; ( 

FIG. 15. --ExP.\?\SiOS CFf:Y:E!S OF .\I.LOTS H,-\'/1>:"G ]_)ffJT ;�:ST ('•,]-'.\LT C" 1 '\;l,'\T,':' nrT 
S�\:"S}] CC;.'.\T!· XT CF ;;H i.; }�L l'Ll..-.S C( ;;:_\ LT. 

5X r----
10- t 

f.LLCY ?;,N( ;t. 'J.N 
•,o +CO 

C <.'2C, -<;�_4 
�2cs2 .r.11 
�2'27 '.,32 

C.(4 
c. 74 

u::uur 11 y 1·:1h r's to

il1 T,d)lC

FIG. 16.--�E:;; P\�:--IOX Ci'}· 1 :;:,3 '.>F 
x1c,;:_i-:L cc1s·, 1-::-.:T1 

"'· LUY.�- E.' \1:'.\G \\).\: ic,H-\I ,·,::-;:-.u:c, E r:QlT,-.',,T_)''.:\T 
c·.,,;--::\T cc;:,;·;1�.\'f ,·,1c Shr:·,.L l'LT:.'i. C('",XLT. 

.5. In :::n.me co�l'.S the me;;, 

co 1i.(:nt is �-n 1u\\' th it _-\r;; (,,"• ., 1r ' 1 in 

;;I 

! ! 

CI 

IS 

CJJ.j 

"·') 

'14 

1 n_- r 

j') 'S::i 
� '\ i 
1 :---:i 

\: i 

('c, 
l (:,) 
1 Sc 

C,.J 
C'.• 

Si 
(I:..::,. 
1 Xi. 

l ,:\ 
:.::1 \i \: i 

"' >i 
'.'-! '- :�i 

ti;\' l .\} 

·1h 



f l 

'-''.l. 

10 

' 

'.il:27 
21 JS 

2J.4S 
2149 
2150 
21 l ·'< 

1,"i;c,S 
2(''.:-9 

n:--,;,n -,c;'·i:; 
;) '\'.i. 

1;; '\"i 
2 :�i 

i( l :\"i 

n " ' 
(l C 

l 4 2 (-. -, 
n e,, 

<' 
n c. 

r �;; l ;) .�, I 

�'.-:, i SI, ; C,) 
-'·· .1 ::,.;:;, ·_:.) --l Co 
''" (' >,:i. 

; >', :':) 
·_::).\! Si

Co 
:-; Co 
C Cn 

C,; 
Co 

>i 

0.1 2 C � J :--,;:; 
C!.llC,::4 :\i 
0 Li C, :'.j. :-;; 
O :-;1 C, ::�. l >i 
o enc, 2-r :--::; 

() 

n "-3 
3 ).fn 

�--I 

n, 

.-,11 

. ,·,·t , - < • 

1 
(' ,. 

1 . S 
I} 0 

s
q 0 

n-
2 

.-, 9 
4. t 

8 
2 

f, 0 
',f ,.·,' 

0 

.::i 
0 

.0 
5 

.0 

j 8 

3 

-le 2 
4. 2 

, 3 G 

'
1 
:··cric1n 

,, 

G 

:o-s .'.i X J:j 

. .S 

2 
·'

0 
(i '.) 

r; 
: ·1 a 

;_ C 

. ,-;, C 
s 
9 
2 

5 8 , D. 
i 7. 2 

.3 

.0 
5.3 

: 5 G 
I i, 0 

7.5 

s .. 1 

5 
.5. 7 

s 
4. 9 

Co 

11 

,,•,1 

ll:.3. 

,0 
,,-;3 
1·,2 
,-,() 

3G3 
3-}5 

·-.·-;.') 

i9 

)'.(Q 

)3 

8 
117 



Fu;. 17.·-

' 

2 

. I / 
- - •_-- lY✓/1/-, -

!' 
t/:
/ 1/ r 

/,?}-' 
y� 

�-- T 

32% 

0 2'":16 _____ , ::_:;-_:;:-, 
--

Fw. 18.~·--Y,11ATi0:1 OF :\! ::;T\lC\f i-,:\"D ·:r.o.:--;- ;;;-;;,\:·-;,:: HY ;\Ti 
c-ct:. 

1:,,;fu:cnc,x 

(lf ,-> 
.- l+ 

sa-

· t of

-1

,J ! it 
;, 
ll ['(; 

':1:1\ 

:\rC ·;JJ\2 

:ind -,!J()
:, \u G 

1:1·Ly (' n::ln 

\Yb·rc .1 1 j:-:, tl 
for tlic JlJ•:rn 
by tlie :ilnc 
nf U1e <:Fl'H'E

\rJ ('J, ('(': f1 l 
JT:1Ying ull 

of inlkc'. inn 1, 
tcnn::: to :,.;pre 

pr;tci the 
CUJ:c'-('(j'1( J tly { 
rnilics 1 l1c lu 
uf \C) ";o 17 p;:· 
the .:---1 '.iLl J_ 

The 

rnc-rit c,1 :in 
ng cc;_1 :d lu; 



1,(-:·o m·,n� 
r-:,t ,.;f 
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1:<. In 1·1'," ]tr, ;1(1·1,r,} :t:� a. 
•rir·s '..nc-;;rJy with

tlie (·(,nrli(i(•ns Th: \:;\i·c'iir1n 1r,u1wr; ':-ure :1ri1•::; l:nr.;1rly
·111 nickd c(,1·,:,H v ·;tr-::t) b r,('r :LP c· ·-t (;t_) ]il;:cs,"·L�·r.

lii.'S to I n1 ,r;,:]1 kn Le r 
''; ,, ( 1 Of l; 1 :1:; c,:·i l 
T!;r',·11_: 

_l (/1 ·-- H) 

f_i1,c_• '"'•1•,,,',:,_-:-1 ,,,f "1),,- .-'.C' l)HJl-)C'I'-
,1;\'ii• L1: ,·, 0 :;_;r, 1A er· wns 
1 ij]')"Jl. 

ii] 

iifC u,n:-:i:uds \\!wn --the i1:flcction (unp1•1:dnrr ('c,,ncs Li(_'tv,·tc·n >).)0° 

ar,.d :";.(_l()0 io (i(){f C. T'nr il-ie ."iP1ple�t c:1:·,c': 1·nh:dt /(•rn, tLc <·1:n:"bnt A 
111:1y Lr: ('Lt': 1:t1cd ir(;JJl tl1e rJJ· thr Ciir\·c.�. 

, l Ai 

\diuc A.1 is i.Lc y;i]uc for 1!1c mi:nirnnm exp:,n:-c:i\·ity ac :rnd A� ihc Y:due 
for the l!H';u1 (•:s:pun.'-'iYity a�. The cc 1rre::pnnding Yr,h1c.s of B nrc gl\·cn 
Ly tli0 ·y,iJur of the inflection lcmpcr:-d.nrf' :1.t ·,yflich the \iiw,-,_r pc,rtions 
of the c1_ff\T.'3 for zero cnb:dt Jl1oy:s e:,.::J_(:ndcd J1aYo zuo e:,.::p:,nsiYity, 
whc-nct:: B 1 �0-= 26:2.° C. and B'J. = 2:)2° C. 

Ifa.Ylng; ol.Jtri�ned iHld cx:1111:d.cd an equatlun for exp:rn�iYity in tc-nns 
of inflection temperature of Fe-Xi r1J:oys

1 
tJie next sicp is to hitrodoee 

terms to (<:,.;press the effects of other toff1pC!IWnfs of the cnrnplc:x alloys. 
It has :-drcridy ljec-n .c.:L,:-,,,\·n 1-Lat tbc dfec.t of c-olult a1:-:::o c:c;n 1.ie cnc.:.ily 

nnd 1his ni�,y he, yi_•rificd by u_1nnecting the pbiir:·d ">"nhics for 
fr\-o ,illoys ·tlw, s·,,rnc- co1,:di. c(,nten( 1G to 17 Jkr cc:nt.) f_1ut different 
ni.c.J..;cl umtc-nt:-:o. by n line'; the b:oken line: uf Fig. 18. Th:s line L:tS 
r:irac-tic:a11y tJie 3:mw .skipc- ;1.<c: the curn· fur the ;1lJc1y of z(-ro cc,l-1:dr cc1ritr-nt, 
consequently thr intercept of the line:o.r portion of tJ-ie cur-rc 1 \\·]1icb deter
mines -t.Jw Yaluc. of the c·un:-c:L-tnt B; 1:: in thi:"- cu.':'c, ch;iLf:C'd by Hir :1ddition 
of 16 to 17 per c1_0nt. C'o 1 1:rJt 'the :::Jc1pe 1 \\·heh dc:1('.rmines the ·•;::Jue of 

of m:rng;;.nesc ;,nd c:crbr,,n ;·d.c;o :ire rcfluted in the Yiilue of B unly. 
The forc·going a.�surnptic1n ::dford.'3 n u . .:;('Ju1 ha::-i::: for E·:\prc:::.s1ng the 

rne:·rit of un �1J10y from its c:xp;ni.-::ion c11:u::1ctf,ri::1ies alone. Tr:�ns
po2ing equation 7: 

0 -
n:><10+6 

O.O,'l5 [SJ 



il i:e ( y1 1

1 

1:1 ,;, :l i ];;• 
,,,r the :,,1:,-1·fi:1n t1·:,:r,( 

10 
4?. 

s ()i· 

" 

u-n �,-

'',_'\ 

__ t 

T 
co 

<-,it.\'"''"!'(::·(·:-; 
l,y tlic ··1 1 1:c pf /J 

F1,;. 1:l. -\" - , 'c'j")I;:,.: ,,F ;;Jf ;;•.;;·)•:X Hi{ '-.:f< s::-:T, · ';)) ('\'' \LT (_'/1�;-iT:ST1 11THLR 
\.!-:',Tc' t _,:,;,-'T_\.:,.:T, 

t; .4 CZ "'.:J 
2 0 o------- --1 

0 0.' 

�- ·--0-j -»---•- ·- --0 . - --

FIG. '.?0.----Y�·,J-d.\Tl(J'.'\ CF \1LP.lT L\;l1:SX \\TJB .'P,:\G c\:\"J>:F; _·\:\D C.\hH(I'.\ C'-. :-:TE:-:T, (nHER 

:u.1-:::-.iE:--;TS ('_1:--.:::-T.;Yr. 

is :1 direct rnc:1�1.ire uf tlic 
[)('l'aturc CC;J1JC:-3 wlthin the Jirnits 

:;::: 1\•ng J:S the infkction tem
nwr1ti(itWd. _-\s thls �-ing1e 

11,, ri 1 

in T 
:T\'{•!:11 i"'<i]!"ilJ!,LSi( 

i(·L(_'l Y:1·. ·le 
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the f1. 1 ri1Jul:tllun 
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\Yhcre C, D :iud 
g:me�c :1 nd cub1 
of :dlo;v. P11t1in 
alrc:1dy given fo 
one at a tirnc 1 it j 
corrcspon,1ing cu 

o, X 10 

a, X 10 

'f]F, . .;e .:,q:<:i; ;,,,n.-; 

;3;�1U 0 :,nd .:-)00° to 
B<. fc ff :,c-ccp1 i 
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;YCr:il i(m Y;11·i1Ji:,:.; ;;:'1'." ]· 11.I :;d ·Ji. ]ri r,; tlic \·:\l1;r; for
·,·Ld -·-1ri:·1hlc i� 1_·1.' <f:\!1t 1 :i:--: · .j ,y "ll 7. ('_,1 ::lt l :ts 

:1. 1lc, idc l lw;Ji•{\i i::1 ,:y; d
1 

1•·::·· 

is :::] To :-oh(iw 1_  ]1c cff1 c! 
'11cir lrwrit il1d1:x y,_1]1;c·.c; :itC 
curn; for ('(•]; iH \";d !rd.de. T!:e 

,:;: I: 

:1 n 
. l; lt 

", d "d 
: 'l 

id.(\,,, 

un tl1c .<:rn1e ( 11r\T :1.cC do tlio."c f,1r :Ll), 

the · {-L .-;"(>Jl 111 tl IL1: 1 J:'r-,
:;{·1 free fnil!l 1- 1 1L:,lt \·,-1:GC's 
·l ,•1l 1 :11t i::: '•{1ditiYi.�. TLe 1;10 

; I i, ;•:1L'.(: -- ,,, icr 
of ·,1 l : ,·h 

tin� 1,:rlntipk 1u>1ds fur c:r)y;n Le; i11:1n ;tr_-n:11 l.1(-c::111-c-c the dfcct. 1J[ 11,is 
dcrlwnt in :"tlk1\Y;il_,;lc :-:gr_i,cc i.s Yvry .'0nL1ll. 

en; 1_;]c 
lhc fon!'1Ul:\\i(_1n (lf C(_1!iYU l1·nl J 1:ttl:( 1i::1tic:tl for cxp;,n: iun 
prt1pcrtics �·1:c, a Ll"l('iion qf jqn, TlH·'._'C ffhtiun::o t:iLc the fc·,·:ns: 

A(e -
A (8 

B 1 -t- C,l- + D,/: -'- E 1 Jr)
B, + ( l i D,/: f- 1,-,Jr) 

[9a] 
tDbl 

\'d1cre (\ D and E :ire cun:::Lrit:-: :rnd }
T

, :l) :rnd 1r :1rc the cnh;dt, m::i_n
g:rncsc :ind curbon cunic·nL: n.·:::pc·ctis:e]y :n p1_·rc,·11t:·igc::; of lot:0il \Y(:ight 
of rdloy. Putting Y

) 
Z, :rnd Jr \.'qn:il to lOO, B 1 :rnd H� hare tl1c Ya]1_1cs 

aJrc:u]y gin:n for pure Fe-Xi ,1lhys. C.\. 1:5idcring ·1hc c_;i.lier con::-Lints 
one at a timc 1 it is e\-idenl Out 11H·ir \·::l11e.<:: arC' giYcn by the ;::]opes of the 
c1.1rrcsponding ClHYCs uf Figs. 1D �rnd 20. l>tiln;iting tLe::c :::lopes: 

a1 X 10" 
0:� X 10" 

e.- ,
D1 

]:,' l 

o . o :=.L�) e
O.U358 

c, 

D 

L', 

i .00 
:30 
C(I 

()i.l()]- ]l).j/; t- 1 -1 lr 
l!.1-HJl- ' Ui.ol � - L!Jr 

9.17 
S.12

[JOG] 
[100) 

Tlil·-�e c:qn:;tiu11s :·ipply to :rny cc11iJ kin ,\i{h \\-hich O f:i1ls 1Y:\\r\ ,:n 
:).)0° :,nd 500:i to 600:i C. and Ar3 bclmY airnu:c:phuic tcmpt:r:il,ure. 

Before ;1.ccept"ing HJesc e:cpw.1 it is ck:c:ir:-.1.,lc io jusr.ify the rcn1;-dn-
lng unconfirmed a:::::cmnpiion on .,-,-J-1ich they :ire 1_1:1:::ed; :n::irnc·l.Y: th:lt the 
cun:-:-tant A of C(prntion 7 is not ckinged by ,·:iri:l\iun in CU!'Jl-•u:::ition. 
Thi.c:: 1na:r be done hy .c:uh�titnting A. for o.o::;.J in lCkr and JOb, 
tr:trL�po:-:-ing ;tr!d ciku]:lling its \·:due f,·1,rn the ulJ-:Tn"Cd c:-,,:p;rn:-eion pri)p-



I 

n 
11:'·1, c1i(Jll le;, 1 °·:!11;]'1_'.L\ f1,r "" d11 lHlt ') ;-1p]y. 

2 11_·h ·;:_,;rr·1·n!\ qt, 1'; nnld !Jl!t ( .\ �t l[ .t ch-,• :1;;1m.·ci:-dhy
·,\·)th ti1c enl,;11.t ,_;r 1!!;!' 111, ,,r; (_" 1111 J1t. 1·1,c '.r·ds 11f -i]]rn\ :lh1<: (';1rl.ion

·de sis ,:;:, ;:nt- 1 11,·1 n; iL.- ·-.,1 > 1r;r0 d. 
Thc '"· 1 (_'(1f<h•,u; ()[ l]:r> (_";\,1hl1•,.l ··- l 

nc_y iii ll1c \·;;1 --c·d !<.;r tl i ,. ,. 1 ·,,: [ r,,_J Cc 1r ; ) : c; 
, 1 , .r : flic (·ffcc1< d t];e 1·(':11111: '!l , 1 1"
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J isf);J 
],(.f}4 
17(),¾ 
l'.Jl2 
1 /1S 

10 

j7.'<2 
:..'1_!:H 
17S3 
'.;'1):34 
17SJ 
l '.i.<..:7
11:r:-s
l(l:S9

:21:25 
:21:2:3 
:?\lDl 
'..?114 
�(l'.-i2 
:2J27 
2118 

.,o C. 

:-)10 

:370 
-':20 
; ::;o 
:s 10 

2-+0 
:2'.15 
:��-t5 
;3·,·5 
-�25
le.SO
j.J(l
-J'._l5

-JOO
·115
-1()0
]l;5
;-.;o
550
f.)20

t / /1_',} ,f · l _; r ," ! _. ,; l .-1 

·n (Ll 17;
::;:--:3 
:-\(\1 
:)-17 
:fl2 
:_-q7 
:3Eil\ 
:3 -Hi 

;\ J, :111 {) (l().')5 
n n::LSO 

'.)47 

;3.1s 

,/ 

a· X 10''---;' 0.14}. -- 1 (L\Z - 1 iff - 11.17 
e 

a�x10� -,--- n_1-1}·- J(1,:;z .j. lr --- 's. J:2 
6 

f) 1;.-;u cul

1, 

I) ( :31()
::;.:i7
::;co
'.3-1G
:-;;·;o
>! f2

(O n tt5) 
::liS 
:llS 
:3 -tG 
:).J-1 
:,; JS 
:,J;"):2 
:3-19 

o o:_::.�>2

o o:3-rn
345
:;,50
:n0
;j;)() 
;3-4 i 
345 

n 0:3.1-7 

The t'(Jl,Utions thus c:cotahli:::hcd :ire u::'eful in their prc::'ent form; but 
the rnajur object of this inn°.<( ti(Jn i;.; to Dnd. t!Je l•ptirnrnn compci.c;itions. 
T'hc a1.t:·iinment of tl-iis objcciin� r,,nnrn" "the dctr··rrniri:l.tion of ·whether 
or ll(,t n::-1nga1;:.'::·c or c,ul.1on ('!tn Le ,·ddc;d to :·r<lY;rnL;ge) a po:,c:-:il)ility 
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);\"11 '11'(' fl ''!1' 
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,,d 0. 

In 11rd(•r (n :q,; 
;l ]1 '.I'S 1 n i 1, 1, '.)( 

('.< ii j 1 ! i ! :' '• I :i� 

:;; ('! 

fo:1:--iblc {_·nl ·:tlt 

It rt'·rnnin:::, only ti 
tc-111JJer:d11n', U 1 to 
nickel :ind <-uli:tlt. 

iuns for 
of ;dJuys :lOrll, :?Of/2 

Lc,cking at ibe 
the hc·:::t :;ti:_\l; :-;ble 
rcc0p(·('i_jy(' (i·j !llS lf 
w]iu1 Ow lJH ,;!:Flin 
cc111ferr(,d hy Ct"tr1.:on 
w1wn other \'le rnent 
due i-o the fo_(_'t. fr!:-it 

l:ir 
:Jtt:-:in;,l_,'.c, 1-: 2\_•w 
per C.. :·c;· 
per n-nt. The opt 
pc0r eu1t. C :nid O p{' 
fca;,:ibk· v:,h1c. Act 
:::ion propc·rt,v:c: :\\thi:: 
lt:-ttc r·n11,iw·r<· -il m: 
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:(:h ·, re c r :J.s.: d, <r;_•,L 1 :r,J,l --1 ,·n .\r:, Jc; 1_0 

(•ly - l iiOS C
G. 

1. ,.
1 

fur ,i;;-J.,1,J :·:nd 

Ci[C'.::1(, 

fo,1.c:iblc t)b:tlt c.:c,ri1H1t, .--'nb:::iilnte 
eq1uti011s Jl,1 :1J1d 11b

1 
w]1N:co: 

�fn 0.7 

•-.,,_____ 

(J i )( HJD 
a'..! X 106 

�:-� :Xi 
C'o 

()_(}1--l. 0 

0.(1210 

().,")0 
.).-L1 

?,7A --- O.C2-S20 
0.07050 -� 12.8 

''(,':', :rs to 
'' ·; :1 ( ' 1\ ,1 

,1 

·ind 1J;c 111 :\1J;i,1m
:ind s·�- C ---= 0.1 1 

in 

rt H'l!l :ins <inly 1.o introduce 
ternJ_H.·r: ture, 0: to find the 

an ?,ppropri:ito Yaluc of 1Lc inf\·dion 
the 

The nickrJ nnd ccil-,:-dt enntuits 
,·:"ih.1c2 (_1bfaincd fro1 1 \h··.-:<: eqnuticrns :-dso furni.c:h a ClH:ck cm Ow ,1c-c1.1racy 
of thr c•r1u:rtic1ns for :-:hon1d g fro YC:ry clcs:,Jy the cxp:-1n,c:ion prc11krtics 
of rdloy.s '209.1, 2()\)2

1 
2125 :rnd 2127

1 
:rnd in fact do ::eo. 

Looking at the final cqu:dion.c:, 11a :ind 11b! from the Yicl';lxiint of 
the bc�t a1t:linnble ions, it rnay be -,;ee,11 :frcJH1 lhe ::cigns of the 
rr.':::prdi\·e ternis that n :1n;;:ine:-::.c is dctrinic·ntnJ '.,nd c ·,rbon 11c1wfici:1l 
1Yhen tLc in:;:,:i;11urn fc,r:::ihfo c-vb:ilt contn1t i� 1n:J.lnt:-1inc,cL The beJJefit 
confc--rrcd by curl.Jcrn is inr_l)rc·c:t becnuse it lcnYer::= the merit index �lig]itly 
id1en citlin C'Jcrntnts �-1rc c:nnst�mt.. T11c rneritnrions dfoct of cr1rbc,n is 
due to the fr;_ct tL:1t it is cx'1rc·nwJy :·1ctiYc }n 1cnrning .-\r 3 ;rnd this 
cnnc·sp,::,ndingly brge additiuns of cn1"J:ilt. The m:;x nium ,c,dY:-El"f ::.:6e 

per deg. C. 1 L1cc�111.,,:e 1he ;_n: �dmum c;;_rbcm ('.(,ntent i.� :rcstrictc·d to :1buut 0.3
per cent. The optinwm cx1xu1.::iYity is, thc·refore: obt:1ined 1Yith 0_3 
pc-r cent. C and O per cent. ::\fn \Yhen the cobalt C'ont.eni. has ii.;=; rn?..siinum 
feasfolc , -alue. Actu;1lly 0<2 per cc:nt. ·:'.\rn dnc."S little hrrnil to the rxp2n
sion properties although its n-1e;:t�1JJnrglc:11 effect is such �1s to greatly focil
lhtc cnrn1T1c>rciD.1 1n,rn1_1f:-ic·hne cl ihcse nllo:y ,<:=. ConsC'CJlKIJtly nnc may 
nhfnin the corrq:i,"isltiPn ,1nd c-;;p:,n:=..:i-s;lty of the licst pr:1etic:1blc r1l!oys by 
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in the :J:e(); 
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t11,;] ,-(1::'-t of C(!l_,:ilt. Fqu:diun 
.s :cclic,\\";3 n1:d fl ('(,],:1]t incn. '.)Ji'!li )'( :1riy fiyc irn(_'::' 1.lic Jll:d g:tn(•;-0e mere-
n;t.:llt is rncc<.<ury to in \i.il·•!n 1Lc rc-d 

;\.'; IYC'll :l� 

c:tl.ile n :·ing,-cnc:-;:.e cu1;tN1t rn t ],(':----C' rtl1uy:.:;. 
T11e upw.i icms gin-n for \'ily 

i1:flcctiun tc-ii:pc·r:tiurc2. ::n· :11..u\·e :-L:0° C. 
:1pp]y (_inly to ;1lloys \,,-}1ose

A1kys of 1uwcr e:xp;·1: ::'-iYi1y
1 

:ccuc·h :12 in\·,·:r
1 

ilJT {_)f cc•n::'-irlu ;tncc- al.-::o, ::_,o it is of ."-un c interest 
Y<ith tLcm by tlie ::-uh:.fr\ulir1n of 

i1_111s 1 to 6 1 
wl1ich do not u _1nhin ;rn

to con.-:idcr 1 Le 
cnkdt fur nickeL Uc-re the 
c-;,:vrnsiYity tcrrn

1 
l:old :ll::'-0

1 
t]:r:iugh prc1l_<1bly not ':O c1(_\_�iJy as fur [tlloys 

}uYing higher inllcdion tempi_•r(l\urc. Hcnc.e one lllay c-siirnatc the bc:::t 
coinpositions in illi:c: r:ingC' :dso. A foir idea of the irnproYcmcnt in 
c:\p:n::--i...-ity oYVi' th:it oH:iin:-d.:;.lc in the �ibscnce uf coLalt- rnay :il�o be 
c:-1.it;iincd 1J_y t:tking the dlikn:ncc 1x.:l\\·co1 UflWtlons 10 \Yith }- "'"' 0 
:-ind up.uti(1ris 1 L I::enuling tLc diffr,re:·ncc in exp:·cnsiYity 1-iy ,.\a: ·

j.a X lOfi = 0.0110 + O.G7Z + 2.G lr -- 2.,J2 [12] 

for both minimum and rnc:,n c •:p:-,nsi-dty. 
irnproH·ment due io 1lic u,hdt 

From this up1;-it i(,n the 
c.unkrit. to tl1c nwxi1nurn

pcnr:issH11e point 1.JC-cr:,nH':e: gre:t\<•r ;;;:: tlw 1:;rrng:1r.:c.':'C :ind u:rbun contents 
]n('rc;1sc. On the 1-:::::is c,f c 1"1E\C1Jii<_->1u1 Ye hes (l_.�) pcr cc•;it. .\[n. :uid 
0.1 per c,_nt. (".:.- - llw by: 

"" X 10' � O.OJJ e -- 1.n 

Ti\king -dw c:1.se (Jf ir1\·a1\ 8 -= '.22.:':>° C. und the exp: JE-iYiiy i:-:: 1owercd by 
O.i5 X 10--,, pc:r deg. C. This is a �·ut-::::-L1r1tial irnproYeuwnt OH'r invar,
1,·l1ich h:1.=:: a ininirnnrn exp;-,;-1::-:iYity of :-;l_ 01.1t 1.0 X 10--·£ per deg. C. By
t:1king uf tJ-1isi tt uf diii:ei::--:iu ·ul cot:-d..lility in t]··r;
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!Jl ;·Le -1:i<'L:d ,·pJ :dL "",,i ;q 11 

c· re. 

i1i"•di··· ,f 1fr1n 
;,_\J'\1!1 

!he ·-,L]t:·(,;1 i1f 1·:,1 :'.!t . ,, ,i_'1_;y

'•!) 

ll J ! l '.1 

,,1 d 

r .-) 1. r;, 
\\":', .'-' i ·r

:'Vici(':, l ]y 

re-::-:. Tiic (·_\p ;1:--=i11n c nTc·s of ,1 
:h·tui:-ctil·::: :1-:= do thn:-:c ()f nick!'l :�tC'd�; n:11 

foJ1crn-c<_l Li:y a .-c!"i;np ri:-:c· in r,.,0,,,,,1\11 
In lirclrr tu ':1::kc ,-ini(·il 

(', ,-.,,,,111:, ,11 ly 

:tcic-1 ics (J[ 11:c \";Hin 1.1s :Jlc1y.'- 1 three ,.-,il;_l('S \i'i''re t ikc·n 1r,:irn c·rch 

the nppcr limit to lil'l' l:l.ngc of 1(.t\y cxp;-t1�:::i\~ity
1 the 

n1c·n1 c,;p:1n�iYity gi..-cs per nnit kngth fnun 0° C. to the 
inflcT1ion iernpcLdurc di-...idul hy that t1•J ;pcrahue i \Yhilc the rnini1;11.1m 
c·xpan.c;i\-ity gl\·-, s tlic lowc,c;t v:1luc of the :::J1Jpc ()f tLc c11r,;e. 

Graphical coordination of the 1ht..1 on the pr1:1 �erics of 
alJc,ys �bowed Liat: 

1. TJ-ie infkdion temp('r;cl.lure is unchnngrd by tJie s\1Jy;titu-Uon of
col.1a]t for nickC'l. 

2. 1'hc rniniinum, cir me:-1n 1 l ,1\\"l'f('d :-cub::t ·:nt!ally in
propc1rtic,n to 1hc :-,rnount of C(J1 :1h ::1:1b::1i"t 1,1',?d for 1:lckd. 

C r,Jp,,ric,on of ihc,e alloy, on 1 J,o bJcic of lire 
led to tl1c concln.::ion th2t. the 1.JcEt cx1xtn . .::i(,n nrnn,,rl 
1-r it.h the m;,-txi:1:inm 2-ubstilution of cobJ]t for ckcl, \,-ith ,.,,-hich .\r3 

remains safely deprcs'."cd bc1mY :J.(Jn<Jsphe:ric tr•ir:fkr:-i.hH'CS. Ari is 
c:on::=Jdered to lie :�;,fc]y d{,pn'::sr:d when at � 100° C. So k,\\. a iz:·m
p�n.turc is L-11-:en becro.11..::e srn:-1ll v:-ni:dion::: in H::- •'-• rw�c :ind. c:11 !Jon 
content from ;-•n ini.endccl cornposi\ion k,Yc �, ('ffcd on .-\r 1. �\ 
c1t ·-100° C. 1 Yr,rfrdions of the rnagnitudc nurrn11 '.ly encrn.Jnl.ered in com
rncrci:-d �d1oy preparaiion t1re not likely to l)ring ..\r 3 ,-,,-;1hin the- range of 
atrnospheric tenipc-ratures to \Ybich these .--1:y be c,:po.sed. in ind.us
trbl applications fuch as thnrr1u.c:\:-ttic dc, 1ccs. 

In :-rccorcbnce \Yith the ,un,,,uu 
rninc the nngc of compo:::iilon of tl1c Fc-):i-C'o 

to ddc·r
nnrnin�l 
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1!C ·:,rl r '._()1!:H:l".11111\'.f. 

-1·d 11) :1b•ut ---10Us C. Y L•�n tlic
T:1 ·it ((J 11,c i1'1n ,_.(>TJ1r·r1L nf :-1n <1s 

-°' lh 11 -1\c ,,,:,_:;:, ;�'-�C' ct,nL :d 1.-;: , ,;·:,! 

tLc (";,r1_,( n (.'(_i) knt '.C":c.S 11 ::no.:::; )H .. T 

JLlc 1_·, :1 lt 
ofh·r 

Tliis 

1;( -nt. 
to be 

lo\H·ring uf Ar3 Ly a giYu1 inc:c-casc in ilie r,d.io of O,e T1ic}-;d to the irun 
content i,-3 the s ,inc in 1_}1,:· l!l'C:-:er:c'.c of l·ubdt :JS in its :tb:"c ncf>.

In the light of tbc infur:11:rtiun '1nd
rn:l):irn1.1m 

that the rnf'rit of ;HI :dloy rn:\y be c:>:prcs:::cd by a \·:;h;c u1.il:iiricd 1.;y
subtrncting tl1c cxp:rnsiYily diYidcd liy 0.fJ:3:) X 10--c frcnn 1hc infkcti<1n 
tc.rnrlcrc\turc. This (/merit index:' w::is fc1;rnd to Y:1ry ]inc_•:1rly ,,.-ith 
the •scight pncenfagc of the indiYi:_ln:il cniu in :::uch ::i \\·ay :·t:s to 
jnstify ihe conc.1u:::icm that the effc(·ts of cub:i.lt :;r;d rn;-i,-:g:1nc:::c on the 
c:;;:prrnsion properties :ire ,1dditiYc :J.11d th:1t tJwt of c1rl_,1_m is ncg1igib1e. 

These ob:c:nYatic,ns suggc�kd the pcJ:::sihility uf cxprcs::ing tlic test 
results in the coinp;;cJ funn of C(p1::1ions :-,nd fnrni�lwd the Yalne;:; of the 
necessary con::::hnts. \\'"riling e for influ:liun icn,pcr:1tnr0, X fur the 
nickel con1ent 1 }� for the co1K1lt coi1knt, Z for tiic Jlj:1ni;:t1_ncse tontc_,nt 
and 1r for carbon cuntent 1 the irifkciion
the group �iudied i� gi-.-cn lj:.c

B = 19 . .S(T + i-) - :?2Z Olr -- 1G5 [l] 

Introducing the n·strici.ion :1s to "-\r::1 
equation 2, the cc:b::-dt �lnd nickel 

c:.c,ntents \\·ith ,,,-hich Ar3 rcinitin:s dq:Jrc.c;:.:c·d to ;,bout -]00° C. ;u-e
by: 

r .. _.,, o.orn._:;0 + -tsz ·-i·- H11r 1s.1 
T 0� 1 l.G - 0.02.,20 - ,l.7 Z - Hi Jr 

[5] 
[6] 

1Yhen the ini1cctjon tcrupcT:11.nre comes bct\'>Tcn 200° :u1d 000° C. ·rhe
expJn:::iYitics obtairublc ·with tlw.sc cc>mpn.;;itinns are gin'n by: 

i.1'.1 X J.06 

Llz X 1U6 

c1.024e -1- o. ·;sx 

o.n:2-10 +- o. -;,-..;z
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fi1r 1\c .. ,::un \\:it ;h ('''f( ct ·1pun i\r:1 1s .,:ch :L:c to r·;·;,•it 1];c• ""·C of
cu1J :,lt. ( _·, L� 1_L, n \1(1:i]d u\ \1·'.:::c :.ie ,,n_1·,\";J;,]c v>'i\h 

to t llc :-,C(·t up. the ,_,i_\(·r 1 --,d, is
fr11Jll -,n ( ,., 'iiC 

nrcs 
::01.1ch as ;nc nccruircd for i11;nim111n csp:J :·1t a1rno:-:v!lcric 1.e1:1-
ptr:tl\1rc. Tlic L(_T1cficiJl effect <1f fl1c :"'11l,_�til1tli1;11 of Cl_lkdt for nickel 
may ncycrt.h:·ic:::s be l·-t],1•:1l1•d •;•1tcly. fn 1.Jw :l;;C: of :n,;;n-, 
the in the, ic,111p• r:·1.lliC'. L 1 \:_'.;c 1-·;rn l.1c ducc·d by 
aliunt 0.5 X 10� per This m tljc (Jf 
inY,n nuy Hwkc it to ,•;C"curc 
lrns bcn1 ;JY:tibb1c llitlic-rto. 

'fhc \Hiler c•:-,,;pre:->Ts his :,pprcci:dion of tJ1e liberal of the 
ui the "\\'c,stlnghousc Ekciric & ::\fa.nuLicl,iring Co. :illd 

of ::\fr. S. ::\f .. KiJJtnc,r 1 Director of Rc;c:carch, \Yhich c,.��bJcd the prcp:uation 
and pub1ic:1tion of this p:1pe:r. Grateful ad;no-,,yJcdgmcnt is aL:00 mr.de 
of the a�:,c)::,:trodiCe of .},fcc::-;;n:,. J. H. Cier, Jr. 1 ,.dio pn:pan"<l the alloy.cc:_. and 
H. H. \\'yrine, 1Yho \Ya� re:,:JJ(,IJ..-:cible f(ir the difEcult :HLily\ic·al \\"(•rk 
inYoh:cd in the (kti:·ni 1 h:di,,n of nickel :·1iid CPb:1lt in irnn . 

alloyi' m1<l(,ul,kdly ,,-jl] l;e uf iw·ru,.<iJg .s;civlltifk ;;!Id (·,:a:irn;(,r,:i:d Y;1]11e, ;rni_l tile ,hla 
.c:,11:,n; 11hl l.1y :\Ir. ,S1·ott :ire 1no,.:t Yr b:\!:ic: fc,r f,,t1.h·r n-_..:.•n.n·h jn tlic b_,]cl.. \\-e L-1.Ye 
fc1r ?. ni.n:1Ln uf :,-,_.;,r;o :,;1,,1,.l-iN\ ·,Jy ('::c.p;n::.o.i 1in JH(>J:r-1-<l'i .,J ilii.' Fe-::\'i '.J;i<l tLc fe--:'\"i-C11 

The •:l!J"ilJ' ,-cJ:Jd ]._. :\li ,;;-in 1, ·:-,:-;.; �1 di'., "t rr,_�,iJ1 of 1Li� ,..-;,;,1:-,.·. T)1i� \\ 
:1 lus1·-cxp::r!�j(,n .:\"i.-Fe core \,,-jt}J ('")-'Jii.'f r•:1tl1 11r,,:;;1d it. :\Ir. S,·(,tt •:;:1y lie 
iiitn('c-i\'d in tLe nll'YC' p;;l-.Ji,�Lcil on 1 ,;ge :?/1 r,,f -d.i]rnnc' -�G (,{ 1]1(' Tnu t0di1 us uf 1lie 
A111r-rierm Ek{\Fd:1•rni(:al S<1\·lc1_\·. �LO\\'!l\£:: he cncfl'.(·i('n1 of c:-s11::r1�-Ic,n 
:illo:--·:c btiW(:{:Il 25' :ind --:1-00'C., 1li,, "(>(•ff!cient (,f p]:11in11in 1,1-ing ([;km 
\1·il1 Ji,, nc<vd ill 1.1 i 1i\ :n i a.�;, C()f:i'fil'i, nt ,.>f (-c-:p; i:�-im1 ;1h 1 ,.1:-i :"i!; J,;gli :i� 

of Fe-.'.\i 
100." H 

H. Sc,.lTT. Pr,/i "(,r Fink":-; J"'.'l' ,irk::' ii::-p !I' :t .J,•.circ to 1,e:;r fnr1Lvr fr,mi 1!illl ,,n
tl!C" .�qJ-,j(·s·t (1f ,·,,1,11/.'r-' :d c ;,.,r ·;JJ,•r int("' ,-ul. ,,ct ,,.-);)\'11 L ,.. ;-<;(·l'i\'i'l no 
;dtenllc,n in 1Lc i.'(1; ·J tE+'·n':cu:ntc \ \ ·ith it" indu . .ciri:d impqrbn(·P. 


