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ABSTRACT 

The phase boundarias of the ir·o1l.-chrourium-molybdenum ternary 

systerJ!. h~.ve betin investigated o.t 1200° F n One-hundred and aighty 

alloys 111ere prepared by the method of poi.fde;r metallurgy for this 

at11dy o The o.llcyz ware a-.ged in va cuum ( 10-4 mm Hg or bet tel.") foz, 

ten days at 1200° F. Fol lowing the a~ing treatment the alloys wsra 

rapidly oooled to room twnpe:re.ture. The primary reaes.rch tools 

~ers the methods of X-ray diffraction and microscopy as applied t o 

the determination of phase boundaries in alloy system.so Micro­

hardness tests ware used in oonjunc·,1on with microscopy for the 

identification of phases for some a lloys. The results of' the 

present investigation in the three binary systems are oomparad 

with the results of previous investigators. It wus found that t..l-ie 
:.r 

siglil@. phase or the Fe-Cr binary system is stabilized by the addi-

tion of molybdenum e.nd that this brittle phase is present over a 

large range of oompos i tions. 
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I. INTRODUCTION 

The de"tenui.tmtion of' tb.e phase boundaries of basic alloy 

systems is a. fundament al prelude to w.illy advancements in theoreti­

cal metallurgy . Certain developments suoh as H wne-Rothe ry ' s theory 

of the formr.tion of' electron compouz1ds were to a large extent 

stimulated by accu.l"ate work on equilibrium di a.grams e 

Phase di a.;;ra..7118 of alloy systems are also valuable as a guide to 

the systematic de,;,rnlopruont of co:mm.ercial alloys. -~'Hthout phase 

dia.6ram.s th.:) development of useful alloys is, for the most part, 

empirical and is usu.ally quite costlyg 

The purpose of' this research is to deterim.ne accurately the 

phase boundaries oi' the ternary system iron-chromium- molybdenu:n at 

1200° F. It wa.s not feasible to imrestigate the consti tu.ti on. of' t his 

system as a ±'unction of temperature because of the time elemerJ;. The 

1200° F temperatu:re level wa.s selected bedause of' the belief that 

equilibrium at this temperature could be attained ln a reasonable 

l ent:;;th of time and, also, because the loss of chro:raiam by evaporntion 

is q.,lite srae.l l at this temperature. 

The phase bou.:ndaries of thiti ternary system were determined by 

X-ray dii'fra.c-tion and microscopy teohniqueso Microha.rdness tests 

were used in conjunction with raicroscopy as an aid in the identifi ­

cation of the various phases in some alloys. These methods are dis­

cus sed bolowo 

The method cf X-r'l?-Y diffraction. for the determination of phase 

boundaries in ternary systems is well des cribed in textbooks (for 

l 
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exar.1ple~ Bsl.rrett ( l)*) a::.d has boen successful ly applied to the 

solution of rn.u:-10,oue ternary systems (for tlxnople , (~), ( 3), and 

(, 4) ) ~ BriE~fly_. the method is as follows 1 

The variation. of the l attice spaoi l:li_,;s as a. f\1nction of compo-

si tion in the one-phase regions of t::e ternary system is detorr:iined 

fr-om diffract:i.on patterns cf al lcys in these region.so This is the 

first stop in the r .. .?P lice.ti on of tho X- ro.y :~ethod. 

Alloys in a three-pho.se region cons ist of three phases whose 

compositions co:rrespoud to the alloys at the apices of the three-

phase triangle. The lattice s9a.cingn oi' the three phases n :-e then 

determined from diffraction ps:L-torns 01' alloys in the three-phase 

~
4 e g;i on~ Corapa.rl son of thos0 spaci nt;s vt. th the spacings i n the one-

esto.b lishes the pos:l.tions of the cornara,· J1_enoe the w. 010 tr.iani.;u la:r 

rei;:1-one By looa.tini;; the three-phase tri.an~es in this 1na..nn0r, one 

bcrv.ndary is det;ormined for each ct' the !_.,d,jacent two-r,hase regions e 

The rem9.ining boundaries of each two-phas 0 region are determined 

by the i'ollowing principle. The composition of' each phase in an 

alloy coru.tisting of two pho.30s is the same a s the compositi o:1 at the 

co:rrespond irc.i; errl of the tie line which pa.ssM throut;h the alloy on 

in e. series of' alloys will then establish po ints on the bou.ndar-.1 of 

Note: F'or tau excellent. re~\,~·o:c.iCe on t}1c busic pr·i11ciples of' pY1ase 
diagrams, see eithe~ ,5) or (G ). 

,;, lfambers in par er:.theses refer to refer ence a at the end of this tho sis a 
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t h e region . The tc:r:-l.ary dj_a:;rmn is c o,i:pl eta J. y detsnn fr1e<l whe n all 

of the phase boundaries of the three- r:fr~ase and two- phase rei :i. on s 

ha.ve been loc ated. 

TLe S.Vi)l'oxim11te locations of the phas e bour.da:des C!.\Jl be e st:5.-

mated from a fe\·, care.fully chosen alloys. Additional a.l loya a r-e t h e n 

prepnred wit h the object of <lefinir.t5 the phuse bouncn.ri a ~ rn.or1.:, 

ex;3_ct: ly. 

M:i.croscopy is usod to doteIT.iine phaso bounda ri es by visuS1. l in­

vosti ;;a:tions o r t zi.e micr-ostructure of al loyi.;. The varl ou.s ph2~ses are 

ident i fied by the use of etchants which act :rnl ccti vcly. A s inc le­

phase a lloy wi 11 sh.ow a uniform structure which is ch a. r b10t0rist:.e o.f 

tha pa.rti cular phase. When a. phase boundary has been c:tos sed and a..'1 

alloy in a b-10-phase reci on is obs erved rrAicroscoplcalJ.y, t h e pr0s01,.ce 

or the second :ph...ase can usually be detected,. The stru cture of a 

t i.iree-phase alloy wi ll reveal the presence of the three i)has es • 0a ch 

distributed in some ch:iracteri otic r:nE".nner . 

Each of the a bov a methods is subject to ce.·tuir:. 1 i mitat :.ons and 

each h,,. s re l :a tive 1:::erits which m1pplement the other's sho,tcom.inf~s. 

X-ray diffra ction methods, for exa.illplo, are l:inited to c as es where 

a tri~•1sforn,.5ti on of a pha se doe s not ,;)ccu 2· duri n1; t ho qu enchin:; opera­

tion . tt1:;.crosoo py, on the other- hand , iB capr..blo o.t' deter~11i::1inc phn.r.rn 

bo :..mdario s at the tezn.pe x-at,.tr e fro;:. whic.h the specil:1cns aro qi..:.enched 

even i f decomposition of.' one phase occurs during quenching . 

Micros copy is dependent u.po:n t he existen ce o f suit able etchants 

which will identify the various phases. 'f here are instan ces where 



Gcop :1.c o f 

a sar·1Dl0 it., too small or wh en a pre::.t p i t r .. ta is -b:;o finel y div:i dod . 

P1·ovided suitable etcha.i:;:t;s car::. be f ound, t he presence of ei. 

pht,se :i.n smr~ll ,::."Ji.aunts is not , l: ovrcver, o. rcq,, i :··onent for the f ixi ng 

The accuracy of a 2has e hoLl ndt:l.r'/ detern ined by X-n:J <li f fr r.. ,,t ion 

metho c:1.s depends on the an~lc e. t -;,h5.ch th.12, t5.c lines intersect kc 

bov.nda:r5.ec should be ceter·::nin9d by rn:Lcroc copy . 

concl:.!Sion that t..11 is mothorJ should be u s ed i n conj u nct::.c :~ -with 

that the ph.aso boundaries determined by X-r-ny rneth ods alone are 7,1or- e 
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likely to rep rosent the systor:1 than t h ose determined by m1croscopy. 

1'he e.t tre.cti on for the ;,.,..ray c etr.od is m.-i.i nly its •3Xpediency. Rel a-

tivoly f'e ,.- a lloys su·e necessary 't,0 0st,<1bl :\. s h the important featun,s 

:rb.,1d y of torna.1~.f systoms., v,her0, if composition intsrvo.ls of 2.5 per 

cent were used_ BGl ::i.lloys would be required to covei· the system.. 

I n view of' tho preccJdhi,; d:l.scuasio:u8 X-ray diffra ction 9,nd mi-

c1·os copy should be used in eon;junotio:n. for au investigation of this 

nature. The necessity for thoir complemmtary use i::; woll de,aonstrated 

i.n ti:1i z ::.nvesti6 ation of t11e phase boundm:•ies of the Pe-Cr-l\fo system. 

The iron-ch romium.-r1ol?bdenur.i ternary system .-u1s chose::i for this 

r 0sca r c.h project i'o:r several ~·easons. Pi1~st, the co:wtitutio:n or. this 

o;rstorn has not beon thorou:;hly investigated. S0cond.o there· is current 

:Lnt,n~est in alloys of this system for heat .. resistant gas turbine 

alloys e '.rhird, an eq-1 ilibrium. phase of this system is the " Sigma 

Pila~rnu wh ich is now tht➔ sub.ject 01' intensive study b oca1...m e of its 

brittle nature and its adverse effect o~ uany alloys. Tbe bemif.':sc:l. a l 

other al lays is also "the subject of recent i·esea.rches .. 

A survey of the U.terat;.. r. e reveals th~t Uier.-e is no published 

u1ork or. the pha se boundaries of th:', s ·\:ernary system o.t any tem?era-

tu.re level. Tho previous ·,vo;;-k that ha s beon done is l jl.:J. :c ted to the 

investigation oi' chromium-base Fe-Cr-Mo alloys for use in 6as turbines. 
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Du.rinl the war rod for a short period thet·eaftet·, the motiva.-

tion of the motallur[;ist workii.16 on the development of' alloys for 

uso in gas tarbines was to ;_:n·oduce the best possible all.or in the 

shortest possible ti rn.e . l:U1)1 temperamre alloys used during the war 

and currently for ;;;as turbine bl adin6 he.ire: G..i.7. operating limit of 

i t l 1~00° P ,~ 11 ' ,, 11 11 d ap prox ~t • e y o l' o .i: l-e se a oys are Knovm us •• super a oys an 

consist of tha nickel-base H.astelloyn, the cobalt-base alloy 

11 Vit,tlliurn;,, the Co-Cr-ra alloy N-155~ and others. The devel opment 

oi' heat resistant alioys with superior stre.r4;th at or above 1600° F 

ror use as sas turbine blades rotat:in;; in an oxidizing a;b.nosphore re-

;,1ains a 1:;oa.l for the metallurc;ist. 

Research on prospective gas turbine alloys by Parke and Bens (9) 

has shown t.ha.t the most promiaint; alloys possessing superior properties 

a-c 1600° F are chromium-base nlloya of tha ,system iron-chromium-

molybdenum., St:-ess-rupture tes-\;s by these investigators have shown 

o.lloys of the composition range 60 Cr, 15-25 Fe, 25-15 Mo (per cent 

by we~ht) e.re capable of supporting 20,000 lbs/sq in. for as long as 

1042 hours am !?.re capable of' supporting 37,500 lbs/sq in. for as long 

as G5 hou rs e.t 1000° F. Tha above stx·Emgths represent the best values 

obtair.:ede A wide vc.rlation i.n strength was observed, and was attributed 

to the 1 ack of t:ontrol of grain size. 

lt is also interestiq; to note that Parke aud Bens, in the dis­

ous sion f'ollo"i'.i.ng their paper , state that the "Sigma. Pha.se" wa.s found 

as a constitu0nt of these alloys o 

More rocen:t research on chromium-base alloys by Hav0kott0 (10) 
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has shown thn t e.n a 11 oy of.' t ho c ompo:d ti on 58 Cr, Hi ?'e, 25 Bo, 

2 'fi (per cent hy wo i ght) vms caµn blo of i.m pportine n stress of 

40,000 lbs/aq in. at 1600° F f'or more than 500 hours. iloat­

trea.ted alloys of the same c omposition wore reported to withstand 

the same stress lovol and teEipar a turo for 1764 hours. 

'l'heso i nvc s t i Ga-c i on.s • al t :'1ou ,:;_h oa·,,cerned pr imar 11:t with cvnr-

coming fabrication dif f iculties, huvo demo• :s t rat!d t ho superior high 

tomperature properties of chrom:ium-ba:;o alloys. During the war, the 

development of thaso alloys waB so important that the basic raaearoh 

on the ternary system was not undertakon. The phaso bounda.rios of 

tho i''o-Cr-ZJo sys t em as a function of composition and tdlllperature must 

be kn own before theso i;as turbine alloys can be dovoloped systematical-

l y . Such knowlod; o wou l d imllc ~::.t;e whic h nlloy a would bo susceptible 

to the bonofit ot' t.ho :),·ocipitr.ition b u·denin;; e f ..:>rn t of t ~t<:; "Si;;:ow. 
C 

Pha ::w". 

The si1_;r.1S ph!:\se, according to 89.in and Griffiths (11), is 111\ 

olea.r-etohing; , corundum-hard, brittle, non-ma.cnetio c onstituent, 

usually fille d with fain t oracks 11
• lt we.a firs t discovorod by the 

abo ve invost i gators in a study of tho Fe-Cr-Ni system in 1927, and 

was also found to exist in the Fo-Cr binary system. Jinoc its dis• 

covory- in the Fe-Gr syatern, its analogue has been f'ound in five other 

binary systems. 1''or example, tho sicr.m structure wns discovarod in 

the f e-V system by ,,ovor and Jellinc;houoe (12) in 1930J the gamma 
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phase :tn the Cr-Co system ·,¥as oh orn.~ to bo :laonor\Jhous w:i.th sit;ma 

(14) in 1;)4:'., sh. owed that the structure of tho hit)• te:rrpera:turo zeta 

systems V-Co ancl V-~Hi. fr.iwcz a r:.d the uJ..d±10r ( l G) have shoun that. the 

siz;m.a phase do8s exist in these t,rn systems. 

Relatively little is known co,:con'lil.l t; the:; sitma phr.1.se and much 

of t hat ,t'i. ioh is know11 has been determined only on an amp j_rj_ cal bas is·. 

The crystul structure o:· this pha3e has not been determined and the 

:-,1acha;.7. ism of its fo rmo.t ion has not been invest ii;a ced t horou.shly o The 

reaction loo.dins to -the forma.tion o±' sig;n,a fro;:;i the solid solut ion 

state is oo nai deNd by ma.riy invast;iga:tors t o be slugt; isho There i s 11 

howe-ver ~ no qua.ut i tat:l.va data on trunsforma.tion rates o Many investi­

gators state that sw..all amounts of stra in seem to accelerate t he 

f ormation of sig,ma.. 

The influence of the sigma phase on the physical propertiea; of 

hee.t resistant stainless steels has been studied by a lar,;e number of 

imrestigetors. It is knovm that the presence of si6na in :'m.ny oi' 

these alloys cer1.ously ai'f'aots impact &nci co:.:-rosion roais t a.110ee 

Failures of heat res:ts tins stainles s str;els in serv i ce have been fow 

but 1.ncreasi.l,g; knowle dr,a of' potontie.l troubl es has stimulated re­

search on the affect md cquilibri:.;. ·.n rar~ e of' the si i;r1Sl phase in 

alloy syster:1a o A compre Lensive sarvey of tho px·Ei.cti.cal :i. r;.portance of 

the sigma phase mvs be found in a publicuti on by Foley (17 )e 
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EQ Ga Bai:a ( 18) in l r2G bSlieved tret t:le binary· ayst8n1 con.ststed of 

a: , ,.m.i.rlt erru.ptod series of soJ.:\.d. solutions exoept for the 6a;n.1'1...9. loop . 

I n 192? , Bain and Grii'fi t..hs annom1ced t h e presence t"'li' t Le sigma phaso 

in ch i s syste;n (sse above)o For a i'ew years followi ns the s. nnounce-

D'.';.snt oe th is brittle constituent, t h e si,gx;1a phase ir: this syste;,1 was 

u co .:,t r o.ver ::;ial subject. Adcoch (l!::-) in 1S3l danied its existe1.1ce; 

iu H :32 published an X-ray diffraction study of the 

binary vi.hich showed no siu'Ile. pnaseo Preston' c-; data. on t h e variation 

of lattice :riti.rrunetar as a function of oo:nposition, however, clearly 

indicated an r.i.bnorl':lal behavior of these alloys. As late as 1937 • 

lit.€:rs:l::',1.re (Jenkins (21) ) was appearinc in which the si6ma. phase 

was not sho-Hn to be a pa.rt 01' tho iron-chromium system. 

Of tho more recent work on the si;;:,w. phase in the l"c-Cr- b ina r-y 

system, Ly fn.r the most co;I1plote and accilrute Ylork was done by Cook 

and. Jones (22 ) in 1943. These investi. 6nton.i used microscopy in co:i-

Jrnotion ·,vi'Gb. X-ray diffraction to establish tho phaso bou ndaries 
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involving the sigina phase shovm in F:i.;,_,;Q l. These boundaries con-

form essentially with the earlier wor.k of 'i{ ever and Jelliu0house 

(23), but sho:"l wider li,nits for the alpha plus sigma rer;ionso 

The Fe-Cr binary system shown in Fig. l :l.ncor-porates the - re­

sultB of Cook er..d Jones with tho dib6rm:n presented in. the Metals 

fiandbook ( 24). 

The Iron-l✓iulybde11um System 

The iro:n--r.1olybden.um binary system, o.s shown in Fii;o 2 (24:), is 

a compromise between the work of' Sykes ( 25) aoo Takei and Murak2.m5. 

Sykos employed micros copy e.J.or1e, ,iheroas Takai ?.ml Murakam.i 

used micros copy, dilatometry, msi.g;nctic measurements, s.n.d t:iermal 

a:o.al;1/sis . These investigators a. ;2;reed a.a to tho phase bound e.ri es at 

1200° F but di1H1.gread in the more complicated regions of liquid plus 

epsilon (c) and liquid plua !!.Ota (/;) • 

The epsilon phase is given by a very narrow r~;e a:o.d is 

designated by the above m.1.thors as the com.pound Fc:.;.lk2 • Arn.felt. and 

'TT estg:ren (27) have designated the structure of the epsilo r: phase rm 

rhombohedral of the space group Dgd ·«ith parameters a s 8.97 X and 

o< = so0 :ss. 61 • This structure :requires thirteen atoms and the com-

tion correapondirnJ to Fe7Mo5 is not in.eluded in the one-phase epsilon 

region of Fige 2., l'rds apparent co.ni'lict will be discussed l!:itero 

As stated proviou.sly., the st:-ucture of the zeta phase was fo• ... md 

by Goldschmidt { 14 ) to be :i.s omorphous with tho s i 6ma phase of the 
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II. EXPERi ill.:NTAL PROCEDURE 

A. ?reparation of Alloys 

The alloys studied in tl'.is investigation were prepared by pow-

der metallur~y. Alloys of high purity may be prepnred from pure metal 

powders by ti.is me thod. The desired proportions of t he metal powders 

a.re thoroughly mixed, compacted, and alloyed by diffusion in the solid 

state (sintei·in{; ) in furnaces with controlled atmospheres. The oom• 

plexities of t he eolidifioation process which produce inhomo~eneitiea 

in alloys prepared by melting and the attending difficulties of con­

tamination at the high temperature required for melting are avoided. 

Usually it is not necessary to determine the composition of alloys 

prepared by this method. Where volatile constituents are used, it is 

necessary to investi,ate the aoouraoy of the composition of the alloysa 

The analysis in wei~ht per cent and the source of the canponent 

metal powders used for the preparation or· alloys are tabulated below: 

Hatal 

Iron 

Chromium 

Molybdenum 

TABLE I 

Analysis of Component Vetal Powders 

Source 

Carbonyl iron, type L 
Charles Hardy, Inc. 

Electrolytic Grade 
Charles Hardy, Ino. 

Raduoed from Molybdic 
Aoid 

15 

o.ooa,: c 
0.05 % Si 
0.05 % Mn 
0.05 % Ca 

0.1 % Na 
0.05% Ca 

0.25 % Fe 
0.1 "Ni 
0.06 % Ca 
0.05" Cr 
0.05 % Mn 

Analysis 

Traces of Ni, 
Ou, :Uo, Ti, 
and Cr. 

Traces of Cu, 
Al, Mg, Si, Oo, 
a.nd Mn. 

Traoas of. 'l'i, 
Ba., Co., and Sr. 



Molybdenu.m powder ot su.f'!':lciont purity was not c1.v-ail ::,.ble CON-

£'or t h ie i.nveif.d;ig&tion. Gl:~ :1icd l y r•u.re i;H:il;/hdio a.ci<l (~oOs,"3.20) w:.\6 

deoompos od by heat:tnt; at e'.bou t 1200° F l:.~J ob~t11.n ?..k>03. Th is oxide ,'i'as 

74, 46, s.nd 45 mioro:r.w in dle..w.ete:-, respectively . 

tLm..al soli<i solutions ar-o i.\.tnctior,s of the1 e.tomic di&!lurteri:l of too 

c.-:>mponents. 'fherefca~o, l!i.tOJnic porcen'l-ai.;~s are 1Y1oro ai .:;nifi cant than 

,rni1::;ht percent a,r,os . 

Alloys were prepared from the t hr ee natal powdoi·s by wei t:hir:g out 

the desired simount of' the individual comp()nonts on e.n ~.n:.1.lytical 

balanoe . The al.lo~ were usually uade up :i.:c 10 sn'l.m lo ce. Ii• oaaoa 

where a small peroentage of one metal was c.esir~d, the saill?hls were 

made up in 20 grrL"li lote. This was d.o.ne to :l.ncraas<l.'l the a ccur Hcy of 

the co1apoaition of the mixture . The individual oomponer::t.s were wsighod 

to W'it,hin an. accuracy of ± 0.0005 i;r ru.w . 

Subseq,.1.ent to v.eiQ1,ing, the powders wero aoaled in a gl al!ll!l jar. 

'.the [f,laas jars were placed in a small mixing mill and t he po-.. ders were 
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) 

L c:.~2:pf~ra t.ir o 

nesh screen, re- p:ressed and resint.ered us described abov~ . Tho 

therm(-1.l hhri::ory of the va:dcus alloy~ '~s hi.eluded in Tabl~ I!. 

silica tubes. 
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Copper Ct1 K«l 1054050 i: 
CobaH; .. Co I O(l 

,) 

l . 78890 A 

CJ,rom.lur.'l. Cr K"'l 2 02€3962 x 
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avoided v 

used QB ~ll adhesiVO o 
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apecimons ware (}ent~recl in the, sr:12Lll ca!llera prior to loading the 

film. The apeoims:n was ni:-st centered on its speo3.l?.en. sta6e by use 

of an exteroal ohuok. 'fhe centering w::1.s 0;'1.eokod prior to tho in.­

aertio11 of the film by irot}i~~i .i'.i/6 the spooimen i:'l. the camera ohuok. 

Adjustm.ent1D ware ma.de if rcqt .. ired. Conterir!i; was finally oheoked by 

obaenri!l£ the shadow of the speoirna;:i in tho X-ray beam ',vi th the 

camora loaded an(}. too speoimen. rota.ting. 

Th$ largo camura via.a oal i brated by coiw:;;,aring co--:nputed interplanar 

spaoings ot"' calcite with ·those otHH!n--ved i':rom e. dil'fractiot1 patterr. of 

this ma.tor-ial. Two conveniently located knife edges in the crunGra . 

which cast sharp s.h.a.dov,a on the film. were fO"i..md to be locs/coo ao as 

to include 340 degrees of arc of e.?p osed film. These r ei'erenceu on 

tho fil in wet·e used as standardJ thej.r use automa:cioully corraoted 

for film shrinka~e. 

1'hc,, arrangement of tho i'ihn. used in the l&ri5e ca.'llOra is Hl1.i2tratad 

in Fit£• 4. 'I'ho distllnces meaeured for computation of the BraAf!; ani.;les 

.for the various reflecting atomic planes ar,a1 alao illustrated in f' i g . 4. 



1'h;zi f'i l m in the m-n.u l ca..n.e::•.q wa:n mo.mted fo llowi n,.; the 

X·ra beo.n, 

P"' liole 
.5y•t .. m 

Film u1Sed in this manner has di.ffract:i.on lines for Br2g;g at1€;las 

in defined ar~d th@ dista.s-ioe on t h e film correspondil)G to t h e a.re sub-

ta.nee, x, • val.'"iea from film to fib.1. due to shrinkaie i:u prooesein, 
0 . 
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cor-.ootod for film shrir::.kaga by a?plyix~ a proportiom-.l corTcction 

previously determined by the use of the large camera. 

The poe it;ion of a diffraction line was raeasur-sd t;o within ± O. l ;r..;: •• 

cause the accuracy o.C the la.tt:!.oe spacings so dater.ruined was con-

sider0d auff'ioiont. i¼ri.ere grcf.!l.ter acc'.H'!1cy was desired in critical 

of tho b.rg;e eru:wra were annenled ( 2 to G hrs.) in 'th.a powder forn in 

vacuum a.t 1200° F to remove nn:r cold work that mig,ht b@ presont . In-

ter:r,al stresses in powder samples produce broei.d diff'r~ction lines., 

particularly in pa.tterns obtained w:l th crn.mer&s of ls.r-;c diea~ter. 

'too errors involved in the use of pm.der oar;.eras tor the 
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determination of interplanar spacings and lattice parameters a.re 

investigated in Appendix II. The method used in determining 

corrected lattice parameters of the body-centered-cubic phases is 

also illustrated in this appendix. 

The lattice parameters of the body-centered-cubic phase whioh 

occurred in the alloys after lO days at 1200° Faro tabulated in 

Appendix I (Table II). The parameters computed from data obtained 

usine; the small ca.roora are accurate to within ± 0.002 i and the 

parameters computed using data obtained with the large camera are 

accurate to -within ±0.0007 i. 

c. l!etallographio and Microhardness Technique 

The majority of the alloys were prepared for metallographio 

observation by meohanioa.l polishing and electrolytic etching. 

The electrolytes used for the electrolytic etohing were 

primarily (1) 10 per oent oxalic acid and (G) perchlorio acid solu­

tion. The perchloric acid solution is the standard electrolyte 

recommended by the Adolph Buehler Co. for ferrous alloys. The 

etchan ts used for producing the structures shown in the photomioro-

6raphs in this thesis are indicated beneath the photomiorographa. 

The etching of a porou i:; alloy is sensitive to the time of etch­

ing since the etchant enlarf;eB the voids, leaving a very undesirable 

surface for metallographio observation. Many of the alloys were 

porous. A number of t he alloys were too porous to be of use for 

metallographio examination. 



ArJ. attamp'c was made to find an etoha:at which would posith·ely 

idan.4.;ify the s iima phase. Alloy tfo. 120 ( 62Fs - 48 Cr) in the 

Fe-Cr binary system was , .. urnd fer '(,;be investigation of.' a number of 

e'cchanto suggested in the l iteraturs by vs.riou,l!l authors. Thia 

alloy when quenc..~ecl front 2300° F consistr:; of 011a phase . (solid solu­

tion) o Aging for 10 daya nt 1200° :r completely transforms the alloy 

to ait;ms.. T'i.'O s:runples of this r.l loy, one in. the solid solution 

state a.ncl o:ne in the t:ra.:na formed ai,;ma s·ta.te, were used in ·this study. 

The etchant a inv-osti t1a.tea we:re i 

1. Modified Murak~i Reo.&ent - used at boilillt,; talllperatura 

2 .. Marble's Roa.gent 

3. Vilella's Reagent - used electrolytically 

4. Aqua Regi a 

5. 50 per cent aqueous solution. r;;f' Hydrochloric Acid 

6. 10 per cent aqueous solution of sodium cyanide used 

electrolytically 

7. 10 pel' oent oxalic acid - UiHH.t ale otrolytica.lly 

8. Perehloric acid solution - u.aad elactrolyticall;y 

The s tr..i.otures observed in e·;;ch.ed aurfaoes of this alloy were 

a like ret,;a.r!.iless of the phue present or of the etobe.n'c used. (See 

Fige :·::,.; (solid solution) and Fi~. < ,,: (sigma.).) Henoa, it was no-t; 

possible to r-ely on etchants o.lone to distinguish the s ignw. phase. 

MiorohardneSB tests were used for the identification of phases 

in etched GU rfacas of BO me · alloys. For this work a 11 'l'ukon Superficial 

Hardness Teator" wit..11 a 11 Knooptl type diamond pyramid indentor was used. 
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rho:nhio :i.n shape with r.1. ra,t i o of' long diae,onal to ahort dhtboual 

of 7. 11 to l. This tester is iii.c.nui'a.cturetl b;;r Wilsor~ h1echo.nical Iu­

stru.rwnt Co. Phases wen.\ id(mti fied pri!'!lari ly by n. " soratoh test 11 

us ine the dia:no11d pyrara:i.cl vii th e. ,~5 5ro.m. load to produce l, corrtrolled 

1M1·atch s.oross tho vu1·ious ph~tses i.n tho alloy. By obcer1in1;; tho 

widti.i of the scratcli.. the relative r..w·dne:HJ of' t.h~ae phr> .. s~s irn.s 

determined. 

The hard:uesa of the alloys was determined usi 1~5 a 300 i;r&.-n load. 

With th.is load. the impression of the pyramid was not as seusi'l;ive to 

minute dif'f'erences within tho grains &B ~tj,th lower loads. The length 

of the lont,; dia&or.al of the impression was determined with a mioro­

soope equipped with a filar mic1·omoter eyepiece. A ruainification of 

lOOX we.a used. This leugti1 was then ooi:..-verled to Knoop 0.ar<lness 

ni .. uubers by use of a. oal ibration chart supplied by tho mauufacturar. 

The hardness. in Knoop hardness numbers, of the alloys is recoz•ded 

in Table II. These hardness Ye.lues are the ava1·2.ge of at leaet 

three measured values. 



III. THE Fo-Cr-Mo TERNARY SYSTEM 

The sxpertmental results and 2peci::nen. composition.,; are pi-e­

sented in this section bocru.:tse of the bel isf that the reader should 

ha:ve this information availabl e durini:; the dov·elopment of the phase 

boundaries .. 

The ternary phasiJ diagram at 1200° F, ns determined. by this in­

vestigation, is preHnted in Fig. 6. 'fhe contours cf equd lattice 

para.>:neter in the alpha (ex) solid solution region s.nd in the iron-

rioh s.1.pha prims (0(1) solid solutior:. r-eeion of t h is f'i_ g,1.1.re are labeled 

in .All£strom units. The variation with composition of the cell 

para.meters of' the sigma phase in the aigrnn region is indicated in 

terms of the parameter "a.". The parameter "a." is the length of the 

cell base of a tentative tetragonal struotura whi~~ is developed in 

Appendix III. 

The alloy oomposi tions used in this s·~dy are shown in Fig. 7. 

Fig. 7 also showe the munber of phe.aes present in these alloys o.t 

1200° ,. 

Examples of typical X-ray diffraction patterns are shown in 

Fig. B. These patterns were obtained with cobalt radiation and the 

7l. 66 mm camera.. The films were enlarged nlishtly ( l .03X) when repro­

duced. 

The phase boundaries of the ternary system shown in Fig. 6 are 

developed in the followi.n1t; eectiona. 

28 
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IV. THL PtLtiSl~ BOUNlVJUff.:3 OF TffE bL...,i'i.A ?LUS ----------------

The lines in the beta re~ion are conco<..lr linos wllich :i.nd:ioate 

CO:.lipoeitions having equal 10.ttioe para.meters. _The lines iu the 

gar.wa res;ion tAre alfJO contour lim:ia and ir1dicate OOXUf>c11:.dtion::i that 

have equal parwnoters of ·this ph.aso. Goi:d,oi.U'S in thaee .·egionB are 

be approximated by strai6ht lines. 

In the f3 + Y rebion, ·tho lines are a trv.i;._;ht; a.nd are called 

30 
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"tie lineau. Alloye which lis on the name tie line ars compose;d of 

two phasoa whose eompos itiom a:rs deteri·;iined by the end points of 

the tia line,, For example, au alloy of com.position b is located ou 

the tie lins abo. This alloy oor.sists of t-uo pha.iee whose composi­

tions s.re given by the co.mpoaitions a and c. '! Le rela.tiv·e propor­

tions of th.a beta phase ar.d the t;tii.mma phase in this s.lloy aro giYsn 

by bo/ac and ab/ac, reopeotivGly. 

All alloys 'lrl,000 compositions lia on the tie line a.be. contain 

phases whose J.X,i.:ram.eters ara given by the pai~runetero of the contours 

labeled {l) in the 'beta region and (2) in tho gamma r('~giono There­

fore, the pare..-ueter contours in a. two-"pb.aae ro1;;ion are equivo.lent to 

tie lines am are straight lines. The int-srsecti on of parameter con­

tours in the two-phase reGion with pa.r&.'llErter contours in the one­

phase rei;;iO,lS determines points on the pha.'ae boundaries. 

If the parameter oontours of the beta phase alone o.re plotted on 

the oom.posit.ion triangle, points on t.he boundary between this region 

a.ud 'i;ha two-phase region a.re located. at the disoontinuitiea in the 

parameter contours. Pointe on the boundary between the /3 + Y region 

and the ¥ region are located by considering tho paramtrter c.::ontours of 

the Y phase. 

The acouraoy of the location of a phase bo\.mdar.r determined by 

this method dependa on the angle of inter-section of the paramercer 

oo::ltours. l.t' the straight lint:t contours in the t;wo-phase regio!l inter­

scot contours in the one-phase rer;ion at an obtuse Q...'1.gle, the scouraoy 

of the location or the boundary is poor. 



plotted on the composition tria.n~l~. Contours a:rc thet;. drawn through 

)?Oir;ts cf' equal lattic·e pw;ametor. 

3;'{l,lt:eia v.1e:ee deter.ai.ued b-.t tha iaethod dii.;01.is!H.•d o.bove. 

lt ia moot conveniem. <.;o dotor!iiino the ph.a;,,e botmdaey bet-ween 

the o<. arri the o< + ,:r r1og:i.o.i:.s 1'ir:st. 

The v1~r:1.ati on of the lE" .. ttico parruiletor of the body-cunt,1i~0d­

.:~u.oio alplie. phase as a functio!1 of aomposi ti on was fire t f)stabl iehed 

i'or the adjoini:r.:.g binary :s;yr.tem.s. The variati on of t~1a lattice 

par8.iaatar with ccm.posi tion W:J. s then est,nblishe<l f'or section l inoa 

c,i.ttint: aorose the ternary molid aolution region ar.d tho t;;o-p.lla.s,;1 

°" + tr rer;ton. These sectior1s -nere choaon suo.h 'chat the percent!a1;e 

of o.r..o of the component meta.ls r~mained constru1t o:r the :ratio of the 

perconta.ges of t-.i;o of the component metal~ roms.L"l.ad co::i.stant. 

Ths vari.ation of lattice parameter a.a a function of con1posi tion 

in the Cr-Mo binnr-1 system &a detel•mi.ned iD thl:a i nv-ostig;a:tion iai 

compared for conve..t1ienoe n"ith the results of' Trzebia:to-.'lsky and 

ccllea(;UGB (2 :;,) in Fig. 9. I n Fi~. 10 the result2 of Preston {20) 

regardin;; tha variation. of lattice p~ra.meter in the Fe-Cr bin.ary 

system are coutr;111roo with thfJ roaults of this s-t;udy. 



The variation oi' lattioo paranietel~ as a funotion of 

molybdenum con'cent along a secti en of oonsta.nt 10 per cent iron 

is sho·® in i<"'ig. ll. figs. 12 e.nd 13 show 'the variation of 

lattioe parameter with :raplybdenu.m oontent for aootions of constant 

chromium content (60 and 70 per oellt respectively). Values of' com• 

position corresponding to lattice parameter increments of O.Ol i 

wsx-e intarpoh:ted from these curves. These values are plotted in 

Fi£;• 14 .. The data for the aections which were inveuti;:;atad ara 

shown in :ng. l4o A:n attempt was made to utilize sections which 

would inte~seot contours as close to right ani;les as practioal. In 

this me.uner. tho error in the composition oorre3ponding to fl parti­

cular lattice parameter was minimized. 

?ar~~eter contours were drawn through points of equal lattice 

parru:ieter as shown iaFig. 14. The intersection of the straight 

line contours in the o< +- <1' region with th8ir oorrospondirig ooutour11 

in tha alpha solid solu:t:ion region determined points on the boundary 

between theiae two rogiona. In the determination or tl:e pointa on 

this boundary. cont.ours for increments of 0,01 i were used. In 

Fig. 14 contours are shown only for values of la ttioe parameter in 

increments of 0.02 i; however, points for values of lattice 

parru-:uiter in :!.norementa of 0.01 i a.rs included. For oonoentra.tions 

of mclybdenu.."l! less than approximately 25 per oent. the parameter 

oontourei in the ol + er reg ion interaeot contours in tr~e o<. reiion at 

an obtuse angleo Therefore, the location of the phase boundary in 

this 1·egion is uncertain and the boundary is ehomi as a dashed line 
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in Figo 6. 

To obtain the bo1mdu;v between the c, and the o<+ er region s, 

the variation of int erplu..o.r s pacings with composit ion or the 

eigms. phase was first established i n the ooo-phasa aic,ma r 0gion . 

Points on the boundary between t hese two regiorts ware then looa.ted 

by constructing the tie l ir.1e t hrou&11. eaoL of the alloys in the two­

phase I'et!;i.on. The slopes of thes.:-. tie linoa were determined on the 

basis of the latt1oe parameter contours of t he alpha phase iu this 

reg;ion. The end point cf the tie line which pauad through a 

partioular alloy waa located by comparint t..~e iutcrplanar spacings 

o.f' the sigma phase in the alloy ·mth the contours iu the one-phase 

aignia region. 

?ha it..torplanar spacir.i.go used to der l:icrmiue oon:to..,.ra i n the 

sigma re1;ion were the spacings, d, of a pel"'aistent, easily iderri;i­

fied aet of' lines in the b t".ok r ofleotion raube (i.e. Bragg an6le 

8 > 60° for oobalt radiation) of tho di f trect ion pattern of thia 

i)hase. The se spaoi.ngs oorrespond t o the lines labeled l and 2 i n 

Fi r;s. 15 and 16. In particular, the iuterplanar apactng of the 

line designated 1 i.u these figures was used to datorm:n.e inter­

planar spacing contours for tho si011a region. The spacing of t.his 

raf'leotion varied. !'rorn appro.xi~.tely 0.900 i to appi-o:dmately 

1.030 i,. and the maxi."tl\..U'Jl error i.n i ·ts determination wns approxi­

mately 0.002 i. (Appendix II). 

Three section lines t hrough the one-pbase sigma 1~egion ,vere 

uzed to deter-mine interplanar spacing contou:·s in this region. 
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Fig. 15 shows the variation of interplanar spacings for eight 

re.n eoti.ons as a i'uncti on of r:v.:>lybder::.i.rn content along the line 

frors the center oi' the Fe-Cr- bi:nary system to the molybdenum 

corrwr (i.,e. variation of molybdenum iu eq-v.al proportions of iron 

and cb.rortdur:J.). The v1.1:riv.tio.n ir, the opaoing;s oi' tho same eiGit 

rofloc 'Gions at> a. function of :molybdonum con.tent alo116 the section 

oi' cons tam; 50 par cent iron is shown in Fie;. 16. M can bo soon 

from t.'1.ese fi;.;uros, the interplanar spaoiugs along these lines m·e 

a lioo&r function of tuolybdonu.n con.tent within the limits of exped­

.'.;lental accui;•aoy. !u addition to the abo-ve secti one, thti vari&tion 

of interplanar spaoings as a function of per oeut molyude!lw~ al.out; 

ti1l:I line through alloys ~o. 102,. 78, 99, a.."l.d 74 {Sea Figo 7J was 

determined. 'l'he va.rlatiou in the spacing of' t'.ne reflectiou desig­

:uate<.i. l in figs. 15 and lG wae used to det6rmine interpla.uar sp::1oint; 

contours in the one-phase sigma x·e~ion for the sections ~'¥hich wore 

discussed above. 

The phase boundary bet--w®en the CJ and the o< + er r~gior~ was 

then 01:stablished usir-~ 'thtHu:i corttours and thti t.ie lines whioh wera 

drawn 'through expei-irsenta.l poiuts. The f.\ bove iuterpl ans..r a pacing 

ot tha si~ ,:ihase .fo1· each alloy in the o< + a- region was extrapo-

lated a.lout; :i. ts tie line to loct.to a poiut at the boundary on thG 

correepondl ug iutcrplanar spauirl& contour. Ueit!6 coba.l t radiation,. 

the m.f fraoti on line corresponding to the interplanar spacing 

(labeled l above) was perceptible. for alloys o't tha 0( + o- region, 

-w'here t.rie 2i1$m&. phaee oomp1•isod lea~ than 10 per oerr'i; oi' ',he total 

alloy. 



T: ,c C1ontours shown in the sie,rrw. nl>gion in ?igs. G and 14 are 

inc':i.~at.ecl 1n terms of the hn1,;~tL of the basal edge of tho tenta­

thre tetra{;ona.l cell developed in Appendix III. This pars .. '.later 

was used only as a convenien.ce 'to indicate the variation of the 

parrunoters oi" 'chis phase. 

As oan bo seen .t"':rom either Fig. 6 or Fig;. 14, the e.oouracy of' 

the location of the boundary betwee:n the sigma region and tho o< + er 

rei;iou increases contin\loualy with molybdenum content to a maximum 

accuracy ne1tr the sigma-apex or the three-phnse o1.. + E. + <f' t1·ia:1.gle. 

For molybdenum content3 lase than approximately 26 por cent, the 

aocuraay of the boundary determined by the X-ray method ifs poor. 

In thi.B region iuicrosoopy was utili!ed. 

The diffraction po.ttorn or alloy No. 106 did not reveal the 

preoenoe of the alpLa phase in this alloyr however, the atruoture 

observed microeoopically clearly indicated that the alloy was com­

posed of two phases. A photoraicrogr.aph of th:13 alloy is ohown i n 

Fit;. l 7a,. A ''scratchn test indicated that the darker oonst:l.tuent 

wa.s aoi'tar than the cle,ar etching siz;me.. Fig. 17b ie a photomicro­

graph of alloy Ho. 20. ·«hich also would be interpreted to be one ... 

phase sig,,:ra .frmn diffraoticn data. Ferritic type grain boundaries 

rn.ay ho observed iu this structure. It was found that upon ertohing. 

the mate,~ial n.t these boundaries "i•.ras not attacked by the e-1.ohant. 

Th:i.s rllllten.·:i.el was loft in relief and was interpreted to be alpha 

solid solu.tiono Therefore_. the phase boundary was so drel.\m ·to in­

clude these alloyz in the ex+- a- region. The la.'nellar structure 
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which may be seen in the photom.icrobraph of alloy Ho. 20 is of 

interest, This type structure w , s also obscr,;ed in seve14 al alloys 

in the one-phase sigma ret;iou. A growth pattern of the sigma. phase, 

"Mlioh could produce such a structure, may be seen in the photom.i­

crograph of alloy No. 105. 

The attainment of equilibrium in alloys No. 21, 31, and 37, 

which are in the o<+ er re(!;ion, is questionable. According to the 

phase boundaries shown in Fig. 6, the relative proportions of the 

sigma phasa in these alloys should be of the order of 50, 26, and 

76 per cent, respectively. X-ray diffra.otion patterns of these 

alloys showed very weak sigma lines and the structures observed 

10.icroscopioally would not indicate sigma to be in these proportions. 

The equilibrium of the alloys in the o<+ er region in the Fe-Cr 

binary system is also questionable. The structure of alloy No. 62 

indicated that this alloy oonsiated of one phase {alpha) J however, 

very weak sib'..na lines were obsorved in tho diffraotion pattern of 

this alloy. The structures observed miorosoopically in the rest of 

tho alloys in this region ot the ternary system wore compatible 

with the derived phaso boundaries. 
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Q 25OX 

Specimen No.1 105 

Compo11tlon1 30FE - 45CR - 25Mo 

Etch• ELECTROLYT1c:, PERCHL0R1c Ac1c 

Specimen No,, 

Compo1ition, 

C 250.X 

120 (SOLID SOLUTION) 
(ALPHA) 

52FE - 48CR 

Etch• ELECTR0LvT1c, 10 % OXALIC Ac10 
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Specimen No.• 20 

Compo11tlon• 40FE - 50CR - 10Mo 

Etch• ELECTROLYTIC, PERCHLORIC ACID 

d 250X 

Specimen No., 120 (StGMA) 

Compo1itlon, 52FE - 48CR 

Etch• ELECTROLYTIC, 10 % OXALIC Ac1D 

Figure 17 



V. TEE .?BASE REGI ONS I EPSILON. PJ...P'.dA PLUS EPSILON , 

AID) AI...'m FLUS BPSILON PLUS SIGMA 

Ths Fe-Mo binary system (Fig. 2) shONs that the oomposition 

range of the epsilon. pho.ll!e is very mrrow and that a. tru.e com.pound 

e,xists oorresponding to the formula Fe3Mo2, Sinoe Arn.felt and 

Westgren (27) have determined the structure of the epsilon phase 

and a.ssooiated the for1m1la Fe7Ho6 with this structure, it we.a con­

sidered important to oheok the oomposi tion range of the eplilon 

phase in the Fe-Mo eystem. 

Only ditfraotion lines oharaoteristio of the epsilon structure 

were observed in the X-r&y diffraction pattern of alloy No. 12 

(00 Fe-40 Mo oorreaponding -to Fe3Ho2)0 Data obtained from alloys 

Ifoo 13 ( 59 .. 9 Fo-46.l Mo corresponding to Fe7Uoe) and No. 14 (60 Fe-

50 Mo) showed oharaoteristio diffraction lines of ths alpha phase. 

The s~oings oorrespondi~ to high-angle reflections of the epailon 

phase in these alloys were tho ea.me as those for alloy Woo 12. 

Therefor,e, the composition oorresponding to Fe3Mo2 11!1 shown in Figo 6 

as one bowidaey of this phame. 

Alloys l'i!oo 80 through 83 were investigated in an effort to 

dete1-mine the width of thot:region in the .Fe-1-'lo binary syrrtiemo Ths 

structure of alloy No. 80 when observed miorosoopioally showsd that 

this alloy oonaiatad of two phases. In addition, interplanar 

spacingB of the epsilon phase in these mlloy»1 were invariant. It 

was oonoluded th!il.t the range of composition over whioh epsilon 

existm in the Fe-Mo binary Bystem io leas than two atomi c per cento 

47 
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Thia conclusion is in agreement with tho ccmposition limits shown 

in Figo 2 for ·this phase. 

'i'he solubility of iron in molybdenum in the Fe-Mo binary sye·tem 

was determined by plotting t.~e lattice parameters of alloys Noo 45, 

44, 46 1 46, 48, and 50 versus canposi tion ae shown ill Figo 18. The 

phase boundary between the alphe. region rui.d t.J.ie « -t- e. 

the binary was fixed as shown in thie fiGUre. 

The al lo:-,'D 1.n 1\he three 0 phru1e o< + € + d region are alloys Ho o 

76i 76, 135-138, 153-159, 164, 166, and 167. The si gma p.ha;ae .ro.s ob­

served .in t he ~ iffraotion pa:t;·t;errui of alloys Moo 75, '16g 155-158 0 165-

159, 164, 166, c..no l67o Epsilon v1as observed in diffrao't,ion patterrui 

of alloys No. lSS ., 153-155, 164, lS6, 167, rind was q.rnationable in tha 

diffraction patterns of alloys No. 76 and 137. Alpha wa6 clearly 

present in diff'rnotion patterns of alloys !i .o. 76, 137, 138, and 166-

1590 

The oomplioa;ced pattern of epsilon supe:rimposed upon the like .. 

wiaa oomplioated pattern of sigm.,. (Fig. 8) presented a praotiool diffi• 

oulty in ttle id; erpretation of t.h.e diffraction patterns of several of 

these alloys o Where only a sme.ll proportion of epsilon existed 1'rith 

a large proportion of sigma, or vioo versa, it was diffi&l t t.o 

aaoertain tho presence of the minor constituent. Thi~ diffioulty 

was not too serious in view of' ttle follOl'.riZJ6 oonaiderations. 

The alloys inwhioh the aigma phaae waa observed establieh&d the 

invariance of the interplanar spacings of the sigma phaseo The in­

variance of the inter-planar sp~oinge of the epsilon phaee in alloys 
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llhere larie proportions of this phase were present was also easily 

established. Au can be soon tro::a ?able Il, the lattice pe. r amet er 

of thra alpha phase for alloys of this region is oonstant. There­

fore, tne criterion for e. three-phaae region is satis.fietl. 

The boundary between the E. + o1. re&ion and the « + £ +a-region 

was determined on the basis of' alloys No. 156 and lM. Those alloys 

are within one atomic per oent of the Fe-Uo binary system and con­

tain three phases. Consequently, the boundary between tho two-phase 

£ + o< region and the three-phase o< + E + d region is approximately 

parallel to the Fe-Ko binary system. 

The location of the alpha-e.pex of the o< + £ + er triangle waB --­

determined from tho intersection of the boundary between the t=. + ~ 

and the o< + € + o- regiona wit.~ tho 3.125 X alpha region lattioe 

puameter contour. This value of the la.ttioe parameter is repre­

sentati Te c£ parameters cf the B.lpha phase in m.lloya of the o1. + £ +<1' 

regi.ono 

The looa.tion of the epsilon-apex of the o< -+- e.. + er triangle waa 

determined on the basis of ollojJB Noo se. and 151 th.rough 155, and 

on tho baaia of the boundary betwell!ln tho c. +- o< region and the 

o< + E +- if region. Alloys No. 163, 154, and 156 were located in the 

three-phase region (see above). Alloys No. 88 a.nd 162 were located 

approximfAtely on the aame tie line in the E + er region. The epsilon 

apex was found to be located at a composition of app~oximately 

54 Fe - l Cr - 45 Moo The boundary between the E + ~ region and 

the "'+ €-+ o- rezion determined the ohromiu:u content of this apex. 
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The tie line through alloys !foe 88 and 162 determined the 

molybdenum content. 

The boundary between the o< + E + cf region and ·the o< + d region 

was established on the baGis of the alpha-apex of ths ~~ree-phaee 

rei;ion and the tie lines in the « + d regiono Thia bo~ary in the 

ter:nary diagram was drawu from the ts.lpha-npex. The elope of the 

bound::.ry was adjusted so that the boundary was nearly parallel to the 

nearc.s t tie line in the o< + d region. The s igm.e. end or thia boundary 

was determined on the basio of the interpla.nar spacing contours in 

the one-phase sitma regiono A straight line between this point aD.d 

the oo~position limit or the one-phase epsilon region determined the 

boundary betwa0n the E. + cf region and the o( t- E -. <f' regiou. 
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VI. PHASE BOUKDARIES lN THE IRON-RICH PORTION 

OF THE TERNARY SYSTEM 

The phase boundariem shown in the iron-rich portion of the 

ternary eystom were determined ?"imarily by miorosoopy. Ae can be 

oeen t'rom the lattice parana0ter ooutoura shown in the alpha prime 

(o<') region (Fig. 6). the lattio• parameters vary a small amount. 

Therefore. in orde1~ to establish &1.ocura.te boundar1.es by the X-re.1r 

method, the accuracy of thr; lattice para.motors should bs groator 

than that attained in th i:s investigation. In addition, a large 

number of alloys would ba req~ir8d to establish parameter contours 

in the or..s-phe.ae o<' region and tie lines iu the adjacent two-phase 

rogion.z. The lattice parameter contours shown in this ~ebion in 

Fig. 6 &.re only approximate and -were determined by oonstr...tcting 

lines through points of equal lattice parameter in the Fe-Cr and 

the Fe-Mo binary systems. The d.i!'fractionr data for these binary 

sys tema were obtained. with the large cs:tllsra. 

The solubility limit ot molybdenum in iron (1200° F) in the 

Fe-Mo binary syatem wu determined by X-ray diffraction in oon­

junotion with miorosoopy. A plot of lattice para.meter versus compo­

sition (Fit• 19) indicates that the aohtbility of molybdenum in 

iron in the binary system is four per oent. The photomiorogrsph of 

alloy No. 26 (Fig. 20b) shows this alloy to be composed of two 

phases with the second phaae, E, finely distributed wi 'ti'1 in the 

grains. Fig. 20a shows that an alloy of two per cent molybdenum 

in the binary eyatem ii composed of' ono pha.seJ therefore, the 
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boundary 1a at some oompos1 tion between two and tour per oent 

molybdenum. In view ot the X-ray diffraotion data. the boundary 

was looated between three and tour per oent molybds.tlWrl. 

The phaae bound.ariee in the vicinity ot tho o< '-apex or the 

o<' + e + if region •ere determined solely by miorosoopy. the oom­

positions of the alloys used for this investigation were determined 

after tho boundaries had been approximately located on the basis of 

X-ray diffraction. In particular~ the ~•-apex of the three-phase 

triangle waa looated in the oompoaition r~e enclosed by alloys 

No. 168 through 185. These alloys were then prepared for metallo­

graphio observation. 

Tho boundary between the 0(' and o<.' + e regions waa located 

from the etruouires obae"ecl in alloys No. 168 and 169. The 

boundary was found to lie between one and two per cent molybdenum 

on the ten per cent chromium section. The structures obser,red are 

illustrated by photomicrograph• of these Qlloys in Fig. 200 am 

Fig. 20d respectively. 

The interaootion of the boundary between the o<' + E. region 

and the o( • + E.. + ef region with the ten per cent chromium sooti on 

was established near nine per cent molybdenum. This intersection 

was established by microaoopy in conjunction with X-ray diffraction. 

Photomiorographa of the alloys whioh were used in this determination 

are shown in Figs. 21a, 2lb, and 2loo Alloy No. 16 (Fig. 210) waa 

found to contain three phases. This fact was determined from the 

X-ray diffraction pattern of this alloy. From Figs. 21b and 2lo. 
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it appears that the sigma phaso is present at tho grain boundaries 

with the epsilon phase distributed within the grains in a rmtrix 

of the o<' phase. The structure of alloy No. 174 appears similar 

to the structure of alloy No. 175; however, the grain boundary 

precipitate is not well defined in alloy No. 174. Therefore, from 

microscopy alone, it cannot be concluded that the boundary is near 

the composition of nine por cent molybdenum. However, by consider­

ing the X-ray diffraction data of alloys in this composition range, 

it is estimated that the error is not larger than two per cent. 

The boundary between the o< '+ E. + o- region and the o< '+ o­

region was located near six per cent molybdenum along the 80 per 

cent iron section by considering the structures of alloys No. 178, 

179, and 147. Photomicrographs of these alloys are shown in Fig. 

21d, Fig. 22a, and Fig. 22b respectively.. The structure of alloy 

No. 178 is assumed to consist of three phases with the sigma phase 

located at the grain boundaries and the epsilon phase distributed 

within the grains in a matrix of the o<' phase. The photomicrograph 

of alloy No. 179 (Fig. 22a) presumably shows the sigma phase at the 

grain boundaries and Fig. 22b shows that the sigma phase is precipi­

tated within grains of the o< phase. An X-ray diffr~ction p:1ttern 

of alloy No. 147 showed vory weak lines of the sigma phase. From 

these considerations, it was concluded that the phase boundary be­

tween the o<' + E + o- region and the o< '+ er region was near six 

atomic per cent molybdenum on the 80 per oent iron section. 

The boundary between the o<' + o- rer;ion and the o<' region was 
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determined from the structures observed in alloys No. 182 and 183. 

Photomic rographs of these alloys are shown in Figs. 220 aD:1 22d 

respectively. Theao photomioro&raphs show that the boundary lies 

in the interval between one and two atomic per cent molybdenu.u 

along the 80 per oent iron seeti on. 

The boundary between the ex' and o(' +- O" regions in the Fe-Cr 

binary ayatera is not considered aocurato beoauee the lattice 

pa.reeter in the o(, + er retion of this ternary system is not a 

constant. The variation of the lattice parameter with composition 

in the Fe-Cr binary system is shown in Fig. 13. The boundary was 

approximately located by using information obtained .from the dif­

fraotion pattern ot alloy Do. 59. Weak lines observed in this dif­

fre.otion pattern were attributed to the presenoe or the sigma phue. 

ilowevor, the intensities of' these lines w~r-e ao weak that their 

interpretation was dif.ficul t. Therefore, the boundary between 'OIL. 

and 0( '+ d in tho binary syate14 is questionable and the boundary 

between these two regions is shown as a dashed line in tho vioini ty 

ot the Fe--Or binary systau in Fit;. 6. 

The alloys in the throe-phase c:J..' + e:. +- er region are alloya llo. 

16, 71, 72, 86, 86, 89, 91, 132, 133, 149, 176, 177, and 178. 

Alloys No. 176, 177, and 178 were analysed by miorosoopy only. The 

remainder of these alloys were found to be looated in tho three­

phase regi~n by comparing parameters of the three individual phs.aes. 

Here again, the superposition of oomplioatod diffraction patteroe 

was annoying. However, the parru.:sotera of the threo aeparate phases 
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were determined by investigating regiona of the three-phase 

triangle where only two phaaes were predominant. The o<.' phase 

was olearly observed in alloys No. 16, 71, 85, 89-91, 132, 138, 

and 149. As oa.n be seen from Table II, the lattice parameter of 

the body-oentered-oubio phase of these alloys is constant within 

the limits of the e:xperi.mental aocuraoy. Diffraotion lines of tho 

epsilon phase were observed in all of the alloys except alloy No. 

91. further, the interplanar spacings of epsilon in the thrae­

phase &lloym were found to be nearly the eame as those or alloy No. 

12 (i.e. Fe5Mo2). For this reason, the epsilon-apex of the three­

phase triangle was fixed as shown in Fig. 6. The line from this 

point intersecting the ten per osnt ohromium section at a composi• 

tion of nine per oent molybdenum is then the boundary between the 

ex.'+ €. rogion and the o1. • + E + d region. • . 

The boundary between the o<' + E. ~ o region and the °'' + d 

region was drawn so that it intersected the 80 psr oent iron section 

a.t the composition or aix per oent molybdenum. This boundary was 

drawn so that it included alloy No. 89 in the three-phase region and 

excluded alloy No. 56. Alloy No. 66 11 in the o< '+ d region. Thie 

was este.bliahed by the interplana.r spacings of the sigma phase ot 

this alloy. The end-point of this boundary at the sigma-apex of the 

three-pane triangle was determined on the basis of the interplanar 

spaci~s of the sigma phase in three-phase alloys and on the bads 

of the interplana.r apaoing contours in the one-phase sigma region. 

A straight line drawn between this point and the point corresponding 
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to the epsilon-apex is then -the boundery between the o< ' + E. +- d 

region and th.c E + d rogi ou. 

'l'he phase boundary between the E. + <f region and ·the d region 

was drawn as a smooth curve between the sigma-apex of t.l\e °'' + e + ef 

re~ion and the sigma-apex or the ol + E. + o' region. As ean be seen 

trorll Fig. s. the tie lines in the £ + o' region are very nearly 

para.ll el to the parameter contours in the one-phase sig:na region. 

Tt.arefore. the· determination of this bowidary ey the intorsoction of 

tie lines with PQraaoter contours was not possible. In addition. the 

allo¥9 near the .bounda..7 between these regions were very poroua. 

In tho e + d region, none of the alloys were der.se eno~h to give 

a satiofe.otory surtaoe tor otchiog. liowever. this boundary as drawn 

was &ubata.ntiated by the two-phaso alloys No. 92 aild 93 and the onc­

phue alloys No. 79 an.1 74. 

The bo-v...'1dary between tho d region IUld the two-phase o< '+ o' 

region is 1hown in Fig. 6. This boundary waa established from the 

bound~y between tho «' + d region and the d rogion in the le-Cr 

binary system. from the s igrna-apex of the o< ' + E + d tri&ll{;lo 

determined above, and from the alloys in the o< ' + d rei:;ion. 

The boundary betwoen the d ro6:'.on and the ..<, '+ d reiion in 

tho Fo-Cr b5.uary system ws.s determined on the ba.ais of X-ray dif­

fraction. The 'boundary between t.~e <;:,( '+ Cf' re,ion a.od the d region 

waia .f'9und to be located betv1een 42 and 44 per cent chromium. 

This result s.&reea with the results of Cook and Jones shO\m in Fig. l. 
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The structures observed mioroaoopioally in alloys No. ~a, 56, 

97, 98, and 100 showed that theae alloyo oonsiated of two phaaea. 

This result agrees with the X-ray diffraction data except for alloy 

Ho. 98. Ho body-oentered-oubio phue could be detected from the 

diffraction pattern of thia alloy. However, according to the 

boun<lariee ah.own in Fig. 6 for the <)('+a' region the amount of the 

body-oentered-cubio pb&se in this alloy ehould be leu than two per 

cent. Thia wu eu.batantiated by the small amount of alpha prime 

observed in the structure of alloy No. 98. 
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VII. ACCURACY OF Rh--SULTS 

Tho location of the phase bou.ndarioa shown in Fig. 6 s.re sub­

ject to the following sources of error, 

(1) Inaccuracies in the determination or lattioe para.meter~ 

and interplana.r spacings. 

(2) Laok of equilibrium in alloys. 

(S) Actual oomposition of alloya compared with experimental 

oompoaition shown in Fig. 7. 

(l) Xhe aoouraa<J of the lo.ttio@ pa.ra.nwters deter-mixied for the 

body-centered-cubic phaees is disouued in Appendix II. The lat­

tice parruneters determined from do.ta obtained ltd. th the small camera 

are accurate to within ±0.002 i. The aoouraoy o.f the interplru1u 

spe.oings which were used to determine the boundaries of the sigma 

phase and the epsilon phase was of tha eame order of magnitude 

(Appendix II ) • As oan be a een from Figs • 9 ., 11, 12, arxl 13., e.n 
, 

error of 0.002 i in the lattice parwneter oauaes a composition error 

of approxb:ia'Gely one per cent in the looation of the lattioe 

parameter pointe in Fig. 14. From Fig. 15 and Fig. 16, it can be 

seen that e.n error of' 0.002 i in the interpl&m.ar spacing (line No. l) 

of the sigma phase also oauees a oomposition error of one per eento 

Therefore, the oontours shown in Fig. 6 are considered aoou.rate to 

( 2) T'ne sharpness of diffro.oti on lines for hig..~ Bragg angles 

was used to determine the homogeneity existing in alloys after being 

aged for ten days at 1200° Fa The sharpness of these diffraotion 
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lines is a valid criterion f or detormi:ii1 .r; the existence of equili­

brium beoauaa the widths of these diffraction lines are a measure 

of the consisteuoy of' the spe.oing between atomic planes. The lines 

obtained from the idi;h aug;le reflections e.re sensitive to inhomo­

geneities in the lattice and to varj_ation in phase composition. 

It Ill.Uat be realized that the reaction rates which determine the 

approach to equilibrium at a particular temperature a.re a function 

of oompositibn. A standard agiug time may be sufficient to obtain 

equilibrium in some regioll8 but may be insufficient in others. Sharp 

diffra.otion lines were obtained for the mu. j ori ty of' the alloys. The 

apparent lack of equilibrium in alloys No. 21. ~n. and 37 was dis­

ousaed in Seotion IV. Iu addition to the above alloys, the equili­

brium of alloys in the o< '+ er and °' + O"' regions of tte Fe-Cr binary 

system was also questioned. The phase boundaries in the vicinity 

of the Fe-Cr binary system are shown as dashed lines. 

(S) The vapor pressure of pure chromium is approximately 

1 x 10-4 atmospheres at 2500°F and l x 10-13 atmospheres at 1200° F. 

It has been reported that in the alloyed state, the vapor pressure ot 

ohroi:;ium is lowered (30). Since chromium is quite volatile at 25oo°F. 

it was necessary to determine whether or not the loss of chromium in 

the einterill{; process was excessive. 

The loss of weight of an alloy of 52 Fe-48 Cr was found to be 

0.11 per cent of tho original weit;ht after four hours sintering at 

2500° F. If this loss of weight is assumed to be due only to the 

vaporization of chromium, tho change in composition would be 
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approximately O.OS atomic per oent. 

In addition, two alloys whioh had been sintered for ei&J.it hours 

at 2500° F and had been aged for ton days at 1200° F were ohemioall y 

analyzed by the Smit..'1-.Er11ery Co. of Los .-mgelas , Cal iforniao These 

eJ.loyu were No. 91 and No . 101 . The quantitative analysis ii com­

parod with the as mixed oomposition in weight per oent below 1 

Alloy No. 91 Weight por c®n.t \'ieight per cent 
( lm.Dl ya is ) (As mix$d) 

Carbon (0) o.os --
Iron (Fe ) 53 . 25 51.32 

Chromium (Cr ) 11.72 11 .95 

Molybdenum (Mo) 34. 93 36 .73 

Alloy No. 101 

Carbon (C) o.os --
Iron (Fe) 66. 26 64 . 54 

Chromium (Cr) 36 . 41 36 . 94 

i.folybdenum ( Mo) 8. 40 8.52 

Traoas of Ni , Cu, and Si . 
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On an atomic basis, the comparison of the analysis with the 

as mixed composi tiou is e.s follC\'fa& 

Alloy lfo . 91 Atomic per cs:ot Atomic per oent 
( Juia.lya is) (Aa mixed) 

Carbon (C) 0.32 .... 

Iron (Fe) Gl . 60 60 

Chromium (Cr) 14.56 15 

ltlolybdenum (Ho) 23 . 52 25 

Alloy No. 101 

Carbon {C) 0.14 

Iron (Fe) 56.64 55 

ChrolJl.iu.m {Cr) 38.29 40 

Molybde.m1.iu (Uc) 4.92 5 

lt was stated by theae ohemis'ts th.at thi;lir usual accuracy in 

a ohemica.l :ma.lysiG of t!1is nature is of the order of ±2 per oent 

for a component whioh comprises 50 par oent of a.n alloy and ± l per 

oen', for a oomponent which oomprise!l 25 per cont. It ,;as .i\u•thor 

ste,tod tha-t analysis foi• molybdeuuin iu amo,.mts 1rea:ter than ens per 

was reques·ted for the analysis of alloys No . 01 and 101. At extra 

cost, the results of two zeparate determ.ino.tions on eaoh of the 

alloys differed 'oy a maxiaum of 0.53 per. cer~ for an individual 
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component. An o.vera(:f.e of the t',-10 detarm:inatiorus is presented above. 

'fhe loss 0f moly'bdenum i n s.lloy-s No. 91 and lOl ie not com­

patible with the vapor pressure of this .netal compared with the vapor 

pressure of' irono The vapor pressure of molybdem~m u.t 4160° li' is 

0o00l mm Hg and of iron at 3420° F is l l!l?ll .Ug (31). Therefore, 1 t 

appears -that the analysis is in error due to the diffioL,lty att<3nd­

ing the dotermination of molybdonum. Furtherp the oomparicon of the 

resulta of the investir;atiorui cf' the binary sys·tems for the three 

oo.mponent metals with the ros:ult s of previous investigu.tors indi­

cates that the composition aoouraoy is g;reater than that indicated 

!'rom ·the ar..slys is of alloys Noe e 91 and 101. The location of the 

epsilon phase in the Fe-Mo binary system and the solubility limite 

ot iron in molybdenUIU and of molybdenum in iron in this system as 

determined by this study are compatible (n't 1200° F) with the diagram 

sh~vn in Fig. 2. The variation of lattice parameter with composition 

in the Cr-Mo system is compared with data presented by Trzsbiatowsky 

(27) in Fig. 9. As shown, th~ agreement is goodo Preston's data on 

the variation of lattice parameters with oorapoai tion in the Fe-Cr 

syatem also agrees closely with the results shown in Fig;o lOo 

In view of the above dis,ous,sion on the aoouracy of the chemical 

an&lyais of alloys Noo 91 a.~d 101 and the agreement of the present 

results with data of previous investigators, it appears that the aa 

mixed composition of alloys is reliableo It is estimated that ths 

actual composition of the alloys is within one atomio per cent of 

the oompos ition shmm in Fig. 7. This error will hs.ve a minor effect 
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on the looation of the phase boundaries. 

It may be seen from the a.no.lysia of alloys No. 91 and 101 

that sorile carbon is present i n these alloys. Sinoe these alloys 

reoed.vod the maximum handling (i.eo crushing and resintering)., it 

is assumed t."lat the :m.a:rl mum amount of carbon present in any of t h e 

alloys preps.red is of the order of 0.06 weight per cent. Thct 

alloys were not analysed for oxygen content aod it l.'l hould be no·c$d 

that oxygen may also be presei'!t in the form of Cr2~• Adcook (32) 

stat es that eleotrolytio chromium roay contain from one to two per 

oent of this stable cb.romio oxide. 

The carbon and oxygen present in alloyu used i~ this investiga­

tion a re not expected to have a serious effect on the phase boundaries. 

The presenoe of oarbides or Ci-203 wa.s not detected miorosoopically or 

by X-ray diffraotiono 

In general, the shape of ths phs.se boundaries shown i n Figo 6 

is probably znore correct than theil- &.baolute looa.tionso A m1morioal 

calculation of' the aoouraoy of the ph~se boundaries is impossible., 

but it is estimated that on the average they are aoourate to within 

two atomic per oent. 



VIII. DISCUSSION OF RESUUS 

The ternary phase diat;rrun or the Fe-Cr-Mo system as determined. 

by th~ present investigation is shown in Figo 6. 

In the foregoing a ectiona, th~ present results in the three 

binary systems r.ave been compared with the results of previous in­

vestigators.. The agreement is summarized as followsg 

lo The phasa boundaries of the sigma phase in the Fe-Cr 

binary system iat 1200° F agree within one per cant with the 

boundaries determined by Cook and Jones (Fig. 1). After ten 

days at 1200° F, some or the alloys in the t«o-phase regiont& 

of this binary syatem wera not considered to be in equilibriumo 

Tha boundary between the o<' and the o<' + er regia:s a."ld the 

boundary between the °" and the "" + a- regions are not considered 

to be aeouratee The data re&arding the variation of lattice 
~ 

parameterl!I nth composition in thh system (Fig. 10) agree with-

in 0.001 i with the date. of Prostono 

2. 'rhe phase boundaries in tho Fe-Mo b:i.nary ayst«a at 

1200° F o.&ree within ono per cent wi. th ·the boundaries of this 

syr.tsn at this temperature shown in Fig. 2. 

3. The data on the variation of lattice para.me-tars with 

composition 1n the Cr-Mo system (Fig. 9) agres closely with 

the de.ta of Tr zabiatowsky D.nd ool leo.6-ues. The maximum deviation 

in the two ourves ie 0.01 X. 
The only results ll>.va:Uabls in t.hli;l literatl.1.re which may be 

compared with the phase boundaries deterr-.1ined for this ternary 
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system are given by Parke and Bene (9). These investigators state 

that the &1&J:n6. phase was found in alloya in the composition range 

60 Cr, 15-25 Fe, and 25-15 Mo {per oent by weight). The composi­

tion limit 60 Cr - 26 Fe - 15 Mo corresponds to 66.64 Cr - 25.47 Fs -

8.89 Mo atomic per cent and lies well within the o< + c- region of 

Fig. 6. The oomposition limit 60 Cr - 16 Fe - 25 Mo (weight per cent) 

corresponding to 68.66 Or - 16.96 Fe - 15.48 Mo atorrlo per cent, lies 

outside the two-phase re&ion. This composition, however, 1a within 

one atomic per cent 01" the boundary between the oe-+- a-- region tUld 

the o< region of Fig. 6. In this composition ra.n~e, the boundary is 

shown as a de.shed line Wld the true boundary may well include this 

oompoaition. 

The apparent lack of equilibrium in several alloys after aging 

for ten daya at 1200° F has been disouaae~ previously. A compromise 

between inordinately long aging times and very short aging times is 

clearly neoessary. In this investigation, all alloys were aged for 

ten days at 1200° Fo Therefore, the diagram presented in Figo 6 

should be considered aa the phaee diagram for Fo-Cr-Mo alloys which 

have been aged for ten days at 1200° F. 



IX. SUMJ.!ARY AfID CO NCLUSIONS 

The phase boundaries of the iron-chromium-molybderrum tor11ary 

system at 1200° F have been i nvestigated. The location ot' t hese 

boundaries (Fig. 6) was detarro.ined from an axperimen.t a l i nvesti ga­

tion o.f 180 alloys.. These dloy0 were aged for tar. days at 1200° F. 

The experimental meas~rements were made by using the followi r-r.; 

techniques a X-ray dif.fraotion, microsoopy, and 1aiorohuu·dneas. It 

is estimated that the looation of the phase bounda.riH is aocurata 

to within two atomic per oento 

The necessity for the complementary use of X-ray diffraction 

and microscopy in e.ii investigation of this nature has beeu clearly 

demonst1•atedo 

It wn.s found that the sigma phase of the Fe-Cr binary system 

is stabilized by the addition of molybdenum and that thin brittle 

phase is present in a le.rbe portion of th.a ternary pha.i!le diagrruns. 

A tentative tetragonal etructura for the s igraa phase is 

developed in Appendix II!. This structure 1& probably not the true 

structure of this phase. iiowover, the pr@dioted diffraction pattern 

of the tentative struoture is eo similru.· to the diffract ion pattern 

of the sigma phua that this model is very oonvoniont for correla­

tion purposes. 

Further basic research should be done on the segment of the 

boundary between the ex and o< + er regions which lies in the 

ohromium-rioh portion of the ternary riystem. Th.is bound~ry should 

be detemined aa a funotion of temperature in order to estublimi 

70 



71 

the useful composition ranbe for bas turbine alloys. A kWYnledge 

of the extent ot' tho s:i.bma phase in thifl oompoei tion ra.n.ie oould 

aid tremendously in the produotion of these hil.}'1 temperature alloys. 



APPfillDIX I 

TABLE II 

ALLOY COMPOS IT IONS, TliERMAL HISTORY, HARDNI<~SS, 

LATTICE PARAMETER-BOC PHASE, AND PHASE REGION OF ALLOYS 

Alloy 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Composition Thermo.l 
Atomic Percent llistory 

Fe Cr Mo 

0 8.9 

O 17.0 

91.1 

83.0 

0 24.6 76.4 

0 31.6 68.4 

0 44.3 55.7 

0 65.2 44.8 

O 64.9 35.l 

0 73. 6 26.3 

0 81.2 18.6 

O 88.l 11.9 

0 94.5 5.5 

60 O 40 

Hardness 
Knoop No. 

Lattice 
Parameter 
BCC Phase 
i units 

3.126 

3.107 

5.080 

5.052 

3.019 

2.993 

2.964 

2.936 

2.918 

2.903 

•These alloys were sintered 12 hours at 2500° F. 

Phase 
Region 
1200° F 

0( 

0( 

o( 

0( 

o( 

0( 

0( 

o( 

0( 

E.. 

«•These alloys were crusned after eintering for four hours at 2500° F, 
re-pressed, and resintered for eight additional hours at 2500° F. 

•**Subsequent to the above alloys, (l) will identify an alloy that was 
sintered for four hours at 2500° F; (2) will identify alloys that 
were sintered four ho1..irs at 2600° F, crushed, re-pressed, and re­
sintered f or an additional four hours a.t 2500° F. 

Subsequent to sintering, all alloys received ten days at 1200° F 
in vacuum followed by rapid cooling to room temperature. 
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TABLE II (Continued) 

Alloy Composition Thermal Rardnesa Lattice Phase 
No. Atomio Percent ilistory Knoop No. Parameter Region 

DCC Phase 12000 F 
Fe Cr Mo j units 

13 63.9 0 46.l 2 3.1346 (L) 0 .. o( + £ 

14 50 0 60 2 3.l352(L) cl,.+ E 

16 50 60 0 1 er 

16 80 10 10 l 365 2.87S8(L) 
/ 

o<+E.~<:J 

17 70 20 10 l 606 2.8742(L) ol. '+ if 

2 • 8662 ( L) a 
I 

18 60 so 10 l 810 ol. + (1' 

19 50 40 10 l 1090 (f 

20 40 50 10 l 1130 2.906 ol. + d 

21 30 60 10 l 540 2.910 « t- d 

22 20 70 10 l 490 2.9040(L) 0( 

23 10 80 10 l 560' 2.907 6(L) 0( 
~ 

I 

24 98 0 2 l 95 2.8685( L) o( 

25 96 0 4 l 175 2.8713(L) o( I+£ 

26 94 0 6 l 235 2.87l3(L) o( I+ E 

21 92 0 8 l 330 2. 8713(L) a<'+ E 

26 90 0 10 l 250 2.87la(L) "'-'+E 

29 5 90 5 l 400 2. 8960(L) o( 

30 15 70 15 l 455 2.923s(L) o< 

31 20 60 20 2 865 2.9417(L) o( + er 
260 

••••(L) Identifies parameters determined from data obtained using 
the 214.86 mm camera. 

a Probably not in equilibrium. 
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T. BLE II ( Conti nued) 

Alloy Composition Thermal Hardness Lattice Ph ase 
No. Ato.'l'liC Percent Hi story Knoop No. Parameter hegion 

BCC Phase 1200° F 
Fe Cr Mo X units 

32 25 50 25 2 . 540 2.956 o( + c:r 

3S 40 40 20 2 1060 er 

34 35 86 30 2 (J 

35 45 45 10 l 915 <f 

36 47.5 47.5 5 l 1075 er' 

37 so 55 15 1 455 2.912 o< + O"'b 

38 5 80 6 2 590 2 .• 928 o( 

39 7.5 70 22.5 2 460 2.947 o( 

40 10 60 30 2 635 
230 

2.968 o< + d 

41 12.5 60 57.5 2 495 2.997 0(. + d"' 

~ 'J 15 40 45 2 505 2.017 :kw 
o(, t, O"' 

43 2 0 98 1 335 3.144 0( 

44 4 0 96 1 282 3.140 o< 

45 6 0 94 l 316 3.136 ex 

46 8 0 92 l 405 3.130 o( + £ 

47 10 0 90 l 465 o( + E. 

48 12 0 88 l 425 3.130 oC. t- E 

o< + E 
49 14 0 86 l 465 

50 16 0 84 l 440 3.131 o( + E. 
I 

51 49o5 49.6 l 1 1020 
er 

52 49 49 2 l 1070 er 

b Probably not in equilibrium, CJ ver.1 very weak. 
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TABLE II (Continued) 

Alloy Composition . Therm.al Hardnoe;e Lattice Phase 
No. Atomio Percent Eistory Knoop No. Parame·ter Region 

BCC Phase 1200 o F 
Fe Cr Mo X units 

63 48.5 48.5 8 l 945 er 

54 48 48 4 l 880 - er 

65 49.76 49.75 0.5 l 1046 er 
56 60 20 20 l 1010 2.870 

, 
o( i' a"' 

57 90 10 0 l 95 2.8704(Lj o( 

58 80 20 0 l 120 2.8721(t) 
o( 

59 10 30 0 1 153 2.8752(L) ol. , t f1'J 

80 60 40 0 l 220 2.874.5 (L) o('+-cr 

61 40 60 0 l 350 2.8767(L) o( + 0-

52 30 70 0 l. 350 2.8779 (L) o(. + c-9 

63 20 80 0 l 400 2. 8199( L) o( 
>; 

64 10 90 0 l 364 2.8899 {L) o( 

65 so 50 40 2 if 

66 25 25 60 2 3.0a26(L) o<. ~er 

67 20 20 60 2 500 2.09S8(L) o(. ~ O" 

68 15 15 70 l 470 3.lOS o( ta-

69 10 10 80 l 360 3.107 o(' t- O"" 

70 5 5 90 l 365 5.l221(L) o( +- 0-

71 10 10 20 1 815 2.871 o('+E+-CJ 

72 60 10 30 2 790 o<'+E.~O" 

0 Sit;ma. questionable - very very weak. 
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TL,.BLb I I ( C01: t~'J. :t~u,~d) 

Alley Composit i on. T1. orme.l th,.:r d:nes s l.utt:ce Phuse 
1: ~ 
llO . At o,Jic Per cent L.ist or~r 1:~,oop .No. Parm.,ct1io-r Resi .Or i. 

8cc Phase 1200°F 
Fe Cr llo A '1J .. ;i.i t r; 

73 50 10 so ') ... c t-0-

74 40 20 40 2 er 

76 40 10 50 2 o( + £ t-0"' 

76 so 10 60 2 385 s.122 o( +E+a-

77 20 10 70 1 730 3.121 o( t- er 

78 50 50 20 2 er 

79 60 20 30 2 o-' 
, 

80 62 0 38 2 980 2.871 o( +c 

81 64 0 36 2 -' 2.870 o<'t-E 

S2 68 0 S4 2 2.868 o(, +E. 

I 

83 68 0 32 2 905 - 2.872 c< +E 

84 70 5 25 l 665 < 2.8727(L) o<'t-c. 

85 66 5 30 2 2.870 o<'+E t-a-

8(3 60 5 35 2 870 o<'+-E. t- (J 

87 56 5 40 2 495 £+a-

88 50 5 46 2 C. +- er 

89 75 15 10 l 475 2.872 o<'t-E.. t-0-

I 

+E +-0"" 90 10 15 15 l 760 2.871 o( 

91 60 15 25 2 2. cn o<'+E. +- a-

92 50 15 36 ,., e.+0-,:. 

93 40 15 46 2 E,. + 0-

94 30 15 65 2 400 3.104 °'+er 
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TA3LE T..,. .,_ .. ( Cor:t 'l.n'.;_ ad ) 

Alloy Compos :,tior; The r r.1a l H£tr dness L<1,tt ice Phc.so 
No. A tonic Percent I.ii ~tnry K,:.OO? •' .: 1>. 0e Psx nnctor Rc:-5. on 

nee Phase 1200° F 
0 

Fe c- Mo .f.1. '..i.'.t: i ·~-.S 

9J 30 20 50 2 470 3.094 o< + O"' 

96 17.5 17.5 65 2 425 3.096 o(, +- 0-

9 7 60 25 15 l 870 2. 8723(L) o( I t (7" 

98 53 25 20 1 485 2.8728(L) o<'+o-

~9 46 25 30 2 0-

100 80 S5 i· 
0 1 865 2o868d O("+a--

101 55 40 5 2 a-' 

104 55 So 10 1 er 

103 40 55 5 l 590 2.890 o<. i- 0-

104 35 55 10 l 630 2.:no o<. t- (J 

105 30 45 25 2 ·385 o( -t- 0-
410 

106 25 40 35 2 520 >;. 3.001 " o( +- a-

107 20 36 45 2 586 ~.031 o( +o-

103 15 30 55 2 640 S.050 o<.. +a-

lOS 10 25 65 2 585 S.072 o( +- 0-

110 5 20 75 2 365 S.090 Cl( +a-

lll 0 10 90 2 2~0 3.12$ o< 

112 0 20 00 2 345 S.103 o( 

113 0 30 70 2 630 3.080 o( 

114 0 40 60 2 525 3.069 o( 

115 0 50 50 2 520 3.0S4 0( 

d Pe.r.runeter inaccurate due to very ,-veak :ace lines. 
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TABLE II (Continued) 

Alloy Composition Thermal Hardness Lattice Phase 
Noo Atomic Percent History Knoop No. P£..rameter Resion 

BCC Phnse 1200° f 
Fa Cr Mo X uuits 

116 0 60 40 2 525 3.007 o( 

117 0 70 30 2 280 2.976 ~ 

116 0 80 20 2 385 2.940 o( 

119 0 90 10 2 377 2.917 o( 

120 62 48 0 1 0-

121 54 46 0 1 cf 

122 56 44 0 1 er 

123 58 42 0 l 2 .878 o<'t-0"' 

124 62 38 0 l 2.8"16 o<'+-0--

125 65 35 0 l 2.870 o<'+-cr 

126 48 52 0 l 2.876 o( t- a- e 

127 46 54 0 l 2.875 o<. t- J" e 

128 44 56 0 , . 2.874 o(.. t a' C 

129 42 58 0 l 2.875 °' +- cr a 

130 10 35 65 2 1110 3.0S4 ~ -+- 0-

131 10 45 46 2 705 3.010 o<. t- J" 

132 65 15 20 l 925 2.870 o('+e+-O--

133 65 10 25 l 915 I?' o<'+E.+-0--... 

134 46 10 45 2 ?60 E-+0- g 

e Probably not in equilibriur.:i - howeve1·, <T ohserved. 

r DCC phase observed v0ry woak. 
,~ Very wcs.k Sigma lines superi.,aposed on stroniS cor::pl icnted Lpsilon 0 

pattern, possibly not in equilibrium. 
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TABLE Il (Conti..riued) 

Alloy No. Composition Thermal Hardness Lattice Phase 
Atomic Peroent History .Knoop No. Parameter Region' 

BCC Phase 1200° F 
Fe Cr Mo i units 

135 35 10 66 2 620 o< + E + a"' 

136 45 5 50 2 o<+E+cr-' 

187 35 5 60 2 385 3.125 o( t E to-

138 30 5 65 2 350 3.124 c:,( t E +- O'"" 

139 55 16 50 2 o( +-<T' 

140 6 10 85 2 365 S.109 c,( + 0-

141 5 30 65 2 520 3.058 o< + {T 

142 5 40 56 2 386 . S.033 cA ~0-

145 5 50 45 2 410 3.010 o( +o-

144 5 60 35 2 275 2.982 o( 

146 5 70 25 2 510 2.955 0( 

146 85 10 5 l 310 2.872 o<'+E. 

147 80 15 6 l 560 2.874 o<'+-0-

148 75 20 5 l 316 2.871 I 
o( + 0-- ' 

149 625 2.5 35 1 490 2.874 o<'+-E¼-0--

150 60 2.5 37.5 2 ~ i 0--

151 67.6 2.5 40 2 E. + er 

162 65 2.5 42.5 2 E. t 0-

163 62.5 2.5 46 2 o<' +- t + 0-

154 60 2.5 47.5 2 o<.+~i-Ci 

156 47.6 2.5 50 2 o<.+E+Ci' 

166 30 l 69 2 3.126 o< +- E. ·HT 

157 30 2 68 2 3ol24 o<+Et-0-
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TABLE II ( Continu ed) 

Alloy Cor:i.pos it ior~ 'l'herrM.1 Hardness Latt i ce Phase 
ho. Atomic Percent History Knoop Ifo . P:,. rameter Region 

BCC Phase 1200° F 
Fe Cr Mo 

0 
A units 

158 30 3 67 2 000 3.124 o<. -t- E +- 0-

159 go 4 66 2 515 S.124 o( +Ef-0-

161 2 20 78 2 3.090 o( t 0-

162 2 30 68 2 3 .. 064 o<. +o-

164 45 l 54 2 o<tEtO-

166 45 3 52 2 o( t- E +o-

167 45 4 51 2 o( -t- E +-O-

168 89 10 1 l h o( 

169 88 10 2 l h o( I +E 

170 87 10 g l h o<. '+E 

171 86 10 4 l h o<, + E 

172 84 10 6 1 h o<, + E 

' 173 83 10 7 l h o( +E 
, 

174 82 10 8 1 h o( +E 

175 81 10 9 l h o( 
I 

+c.tO-

l7G 80 11 9 l h o( It- E. +-a-
, 

17? 80 12 8 l h ol +- E.. +- 0-
,, 

173 80 13 7 1 h o( -r ~ +o-

179 80 14 6 l h o< ' +cr 

180 80 16 4 l .... o<'+o-.. 
181 80 17 3 l h o<' +- 0--

182 80 18 2 l h o<.'t-0--

183 80 19 l 1 h cA 

h Analyzed by microscopy onlJto 
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APPR?JDll II 

INVEStlOATI ON OF ERRORS IMIEREET IN TilE USE OF P(llfl)BR CAlil!ERAS 

The determination or intarplanar apaoinga and lattice parameter, 

by the uae of a powder diffraction camera is subject to inherent 

systematio errors. Thase errors are due to film shrinkage, 

eccentrioity of the specimen relative to the axis of the camera, 

and absorption of X-re.ya in the 1peoimeu. In addition, the ~easure­

rnent of the position of the diffraction line or the re.fleotion a..~gle 

is subject to a random error. 

A correction was made tor the film shrinkage by asauming that 

the shrinkage was uniform along the length of tho film. llenoe the 

data were assumed to be free from errors arising from this aouroe. 

It we.a also assumed that the axia of rotation of the specimen coin­

cided with the axis of the camera. l'he data allowed that these two 

assumptions were nlid. 

The remaining errors a.re the systematic error du.a to absorption 

and the ramom error in reading the position of a dif.fraotion line. 

The tundanumtl\l interplanar apaoing error equation mny be 

developed directly from the Bragg law 

n.A • 2dsin8 • (1) 

The spacing, d, ii computed from o. measurement of 8 by using the 

equation 

d • nA/2 x oso 8 • (2) 

By differentiating equation (2), the ~~ndamontal error equation is 

Ad • -(nA/2) x oso e x cot 8 x~ o (3) 
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To avoid oor.fusion, .ll is used to indicate the dif'farentia.l quantities. 

Dividing equation (3) by equation (2), the fraotional error 

equation is 

Ll d/ d : - oot 8 x Ll9 (4) 

The lattioe parameter, a, of e. oubio struoture is given by 

J 2 ., 21 

the relation e. • d h + r-+- l , where h, k, and l are the Killer 

indioes ot the atomic plane which corresponds to d. Therefore, the 

fractional error j.n the lattice parameter may be written u 

~ a/& • - cot e X Ll e (5) 

A. Error in Reading Diffraction Film. 

The souros of the reading error may be seen from Fig. 6, where 

the position, x, of' the diffraction line is subject to an error Ll x. 

The error 1n 8 is then 

4 e • ± 4 x/2B. ( 6) 

where R is the radius of the cam.era. This error for the small ownera 

is shown in Fig. 23 where Ad is plotted vorsus d for the three 

radiations used in this invystiiation. The reading error ourvea for 

the large owners. may be deduced from Fig. 23 by dividing the ordi­

nates by thre&. 

B. Absorption Error. 

The abaorption error a.rises, as shown below, from abaorption of 

X-rays in the speaimen. 



X-Ya beam 

Thia error is a .t'unotion of the diameter ot the specimen, the 

oom.poaition of the specimen, and the ra.dia.tion mploysd. The ob ... 

served Bragg angle is alwe..ys larger the.n the true value. Therefore, 

the oauputed i.nterpla."lar spacing, d, or the lattice parameter, a, 

will be bis.aed in the negative seWJlita 

For complete absorption in the mpecimen, i.e., reflection 

from atomic planes at the surface of the specimen only, Bradle;;r 

am Jay (33) have shown this error to be related to rm arl"or in 8 

by the .f."ormul.~ 

4 8 • !11 + .!.)oos2 e 
R' Mx 

(7) 

where r is the radius of the speoim.en, R is the radius of the 

camera, and Mx is tho dis tanoe frma the source of the X-ray b.eam to 

the specimen. The faot that the usual X-ray beam is slightly di­

vergent is aooounted tor by the fao'cor laa The coefficient of 

cos28 in this equation will vary from specimen to specimen bees.use 
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of an unavoidable variation in the radii of the specimens. How­

ever, this coefficient is constant for any one particular film. 

Therefore, the absorption error is written 

49 • D0011 28 ( 8) 

This equation substituted in (4) or (5) shows that errors of this 

nature vanish for 8 : 90 degrees. The function ooa2e has been used 

graphically by many investigators for extrapolating apparent values 

of the lattice parameter, a, toe= 90 degrees and thereby elimi­

nating this error. The above technique, though derived for complete 

absorption in the specimen, has been shown to provide a satisfactory 

correction for values of the Bragg angle, 8, greater than 60 degrees. 

In an excellent paper, M. u. Cohen (34) preaentod a very gen­

eral aoa.lytical method for the determination of lattice parameters 

which has been used extensively in this cou_ntry. 

For wbic orystals, the Bragg equation can be expressed by the 

relation 

(9) 

where &o ia the true la.tti ce parameter and 8hlcl is the true Bragg 

an&le for a particular plane, (hkl). Squaring both sides and de­

noting >.2/4 &c,2 by A0 • 

Ac,(h2+ 1t2+ 12) • Sin2 9rucl • (10) 

Expandin6 Sin2e in a Taylor's series and substituting the series in 

equation (10), the following relation is obtained. 

Ac, { h 2 
+ k2 

+ l 2 ) = S in2 e 1 - S in28hkl 6 9 ( 11) 
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where 81 is the measured Bragg angle for a particular plane. Uaing 

81 for the true Bragg angle in Sin 28hkl and substituting Bradley 

and Jay's absorption error for lie, equation (11) may be written as 

(12) 

where 
2 

Ao• 'A/4ao2 

o< 1 : (h2 + k2 + 12) for the i th plane 

~i • oos2e1s1n22e1 

D = a constant depending upon absorption. 

The usual equations which are used to solve this set of linear 

equations for Ao area 

IV /V N 

? o(i 1in2 e1 = Ao L o(i 
2 + D I. o( s (13) 

( > I 
,·, I ,•, I i 1 

IV tv' l'I 

IS sin2 e1 • Aol_ o(i-~i + D Lb 2 
,,., i ( °:/ 

( Sf i 

The above method was applied to amall oa.mera diffraotion 

reoorda for pure annealed iron, chromium, and molybdenum. The re­

sulting values for the lattice parameters, utili1ing only refleotiona 

for which 8 > 60 degreea, are Fe, a • 2. 8663 i, Cr, a = 2. 8846 i, and 

0 
Mo, a = 3.146g A. These compare well with corresponding large camera 

determinations, Fe, a• 2.8662 i, Cr, a= 2.8845 i, and Ko, 

a= s.14a4 X. 
The ooeffioient of the absorption error in Ll8 was also computed 

for the small camera records of these pure metals. The percentage 

error in measured spaoing, d, or lattice parameter, a, for these 

three records is plotted as a function of 8 in Figo 24. Theae 
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reoords were taken with cobalt radiation. For Co 1~1 radiation, 

the mass absorption coefficient, f/p , for iron is approximately 

58, for chromium is approximately 385. and for molybdenum is 

approximately 245. These values were determined by graphical inter­

polation of mass absorption ooeffioients given by Barrett (l). It 

oan be seen from Fi~. 24 that the absorption errors for the three 

specimens vary as expected with their relative mass absorption oo­

effioients. Another error caused by the difference in radii of the 

three specimens may also be superimposed on the absorption error. 

This figure is intended to give only a relative idea of the error 

in the interplane.r spacings which are caused by absorption. As the 

oomposition of the alloys is varied, the absorption error also 

varies. The ourve for pure molybdenum may be used a.s an average. 

The calculation of lattice parameters, by Cohen's method is 

used extensively in this country for precise work on standard sub­

stances. However, for a systematic study of a large number of alloys, 

the method is not desirable beoause of the long and involved calcu­

lations required. For this investigation, these tedious calculations 

wer~ not warranted, and a simpler graph1oal method was used for the 

elimination of the absorption error. 

'fhe lattice parameters, a, for the body-centered-cubic solid 

solution phaae were corrected for absorption errors by the use of 

a graphical extrapolation technique which was recently suggested by 

Nelson and Riley (35). These authors investigated various function& 

of 8 for use as extrapolation functions and showed empirically that 
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absorption errors are proportional to a function F(Q) which equals 

2 2 cos Q/SinQ + ooa g/g. A plot of ½,(Q) versus apparent values 

of ~a" was shown to be linear for values of Q)30°. This extrapo­

lation function was subsequently given a semi-theoretical basis by 

A. Taylor and H. Sinclair ( 36). 

Using a table of ½F(Q), the apparent lattioe par8.11letera, a, of 

the body-oentered-oubio phase were extrapolated to Bragg angle 

Q: 90 degrees. Examples of the uee of this extrapolation function 

for several Fe-Cl'Mo alloys are shown in Fig. 25. As can be seen 

from this figure, the linear relationship between apparent lattice 

parameters and ½F{Q) is very good. 

It is interesting to note that if the lattice parameter, a, 

{computed from a particular plane (hkl) and for several alloys) ia 

plotted versus F(Q), the resulting curves ·~i:e approximately straight 

lines (Fig. 25). Thia is an approximation for the small range of 

lattice parameters covered in this figure. The significance of this 

result is not understood. 

The la.ttioe parameters of the body-centered-cubic phase was 

corrected by the above mothod. This data was obtained with the 

small cnroera and ia estimated to be accurate to within 0.002 i. The 

lattice parameters which were determined from data t~ken with the 

larGe camera were not corrected for absorption. However, only high 

Bragg angle reflections were used for these calculations. It is 

estimated that these lattice parameters are accurate to within 

0.0001 i. 

The variation with composition of the parameters of the sigma 
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and epsilon phaoos wao detc~rmined from intGrplnnar spacini~s. 

Diffraction linos in tho back refhiction ranee, i. o. Q>5o0
, were 

usod for thesa oalculationa. 1''or the sir;ma phase, the lnterplanar 

spacinc;a which were utilized wero found to vary with composition 

from approximately 0.900 R to 1.oso R. Theao apaoir. bs waro not 

corraotec for absorption and tho readinr.; error is present. How­

ever, as can bo seen frtlffi Fig. 23 un<l 24, the reading arror nnd 

absorption error in thia rang;e (Q>6o0) aro small. '.f'he maximum 
' 

error in these intorplanar spacings is ostlnated to b6 0.002 R. 
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APPENDIX III 

TENTATIVE STRUCTURE FOR THE SIGMA PHASE 

An investigation was made to determine if the structure of 

the sigma phase is hexagonal or tetragonal. Hull-Davey charts• 

were used in the attempt to establish the crystal structure. The 

best ma. toh of observed interplane.r spaoings with allowable spao­

ings for a given structure was found on the tetragonal chart near 

an axial ratio_ o/a = 1.46. The diffraction lines or the sigma 

phase were then assigned Miller indices as determined by t.his match 

and the best o/a ratio was determined by applying the least square 

method to the tetragonal formula. 

The tetragonal formula is 

( l) 

or 

where 

X: (h2+ k2)d2 

y. 12d2 

A: 1/a.2 

B • 1/02 

The above equation is that of a straight line. The intercepts of 

this line determine the value of a and o. 

The sum of the squares of the orthogonal deviations are minimized. 

•For examples of Hull-Davey oharts. see Reference 37. 
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The procedure is as follows• Take y1 = mx1+b where m and bare 

constants to be determined in such a way that the sum of the squares 

of the orthogonal deviations of the data from the straight line is 

minimized. The orthogonal deviations are 

vi• (y - y') =l=~ 
(\ i i J l+ m2' 

or 

Denoting the sum of the squares of the orthogonal deviatiolll by 

F(m,b) we have 

F{m,b) • 1 
l + m2 

Then minimizing 

and 

The following two equations are obtained £ran equation (4)s 
tv 

(2) 

{5) 

(4) 

L [Y1 - (mx1 + b)] = O ( 5) 
,·::, 

2 II \I IV 2 
(l+ m) 'Z"- xi [Y1 - (mx1 + b~ -t m L [!1 -( 1,,rxi + b)J = 0 (6) 

~=-I C •~ I 

Substituting t he value of b from equation (5) in equation (6), the 

following equation for the determination of the slope, m, reeultac 

N' Ill /V ~ 

N ( z_ 2 
?, y i 2 )- ( i I xi )2 + ( ?., y i) 

2 
m.2 -

x1 -
< ·= , 

(7) ,¥ N' N 

( z. x1)( z_ Yi) - N r.- xiyi 
~;;/ <•/ < • I 

One root of this equation is the slope of the desired line. The 
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other root is the slope of the line for whioh the sum of the squares 

of the orthogonal deviations is a maximum. 

Having the desired slope, m, the value of the constant bis 

found from equation (3) whioh reduces to 

"' tV L Yi• m .L x1 b • , .. , , • , ( 8) 
N 

The above formulas were applied to the best available diffraction 

pattern. A diffraction pattern of alloy No. 121 in the Fe-Cr binary 

was used. For interplanar spacings lower than approximately l.6 i. 
Miller indices could not be assigned to the observed diffraction 

lines. The proximity of the allowable spacings prevented a reliable 

indexing. Therefore, these interplanar spacings could not be 

utilized. Interplanar spaoings oorrespondi~ to seventeen diffraction 

lines were utilized for the determination· ,,or the o/a ratio. 

Fig. 26 is a plot of x • d2(h2 + k2), y • d2 12 for these seven­

teen diffraction lines. The line for which the sum of the squares 

of the orthogonal deviations is minimum results in a o/a ratio or 

l.461. Tee para.mete~ a, for this cell was found to be 6.206 i. 

The quadratic form in Sin2e was established using the parameters 

of 1:his cell. ?he oomputed values of Sin2a are oompared with the ob­

served values in Table III. The variation of s1n2e which might be 

expected from the reading error is of the order of ±0.0006. 

Although no great differenoe exists between calculated and ob­

served values of Sin2a, the agreement is only fair. This result 

indicates that the assumed structure is not the true struoture of 
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this phase. It is interesting to note that the axial ratio 1.46 

is nearly the ..f2 • which means that a. sli@:ltly distorted oubio 

cell might also describe the structure. 

If it is assumed that the tetragonal cell desoribed above is 

oorreot. the number of atoms per unit oell ma.y be computed. It was 

found that the density of the Fe-Or sigma phase is 7 .600 ± 0.005 

~cc. From this figure and the oell parameters, the number of 

atoms per unit cell was found to be 29.7, i.e. nearly 30 atoms. 

The lattice parameters. a, of this tentative tetragonal cell 

tor alloys in the sigma region were computed using the forxwla 

a • d(h2+ lc2+ 12/(1.461) 2 )½ 

Values or (h2
+ k2

+ 12/(1.461)
2

)½ were tawlated and the lattice 

parameter, a. was computed for alloys in the sigma region. An aver­

age lattice parameter was computed from ten interplanar spacings. 

The variation of the lattioe parameter,(i\with molybdenum oon­

tent for the seotion where iron am chromium are in equal propor­

tions is shown in Fig. 27. A similar variation for a section of 

oonstant iron (SO per oent) is also shown in Fig. 27. The variation 

of the interplanar spaoings (Figs. 15 and 16) with molybdenum con­

tent is similar to the variation of the lattice parameter with 

molybdenum content. 

The parameter contours sho,m in the sigmn region of Fig. 6 indi­

cate the variation with composition of the pa.ramete~ a, for the tenta­

tive tetragonal cell developed above. The parameter, o, corresponding 

to these contours may be computed from the axial ratio. o/a, of 1.461. 



TABLE III 

COMPARISON OF Sin2e COMPUTED ON THE BASIS OF TETRAGONAL STRUCTURE 

FOR SIOMA WITH THOSE OBSERVED 

hkl d Sin2e Sin28 Sin2e 
(Computed) (Observed) (Ob. - Como) 

113 2.50vw 0.2114 0.2088 -0.0026 

122 2o36vw 0.2339 0.2344 + o.ooos 

004 2.27m 0.2647 0.2553 -0.0014 

220 2.22vw 0.2722 o.2650 -0.0072 

203 2.16vw 0.2794 0.2796 +0.0001 

221 2.126s 0.2881 0.2090 + 0.0009 

300 2.066m o.3oas 0.3063 0.0000 

123 2.034vw 0.3135 O.Sl55 + 0.0020 

301 2.019m 0.3222 0.3202 -0.0020 

222 1.967m 0.3359 0.3376 +0.0017 

131 l o925s 0.3562 0.-0521 -0.0041 

302 1.879m 0.3700 0.3696 -0.0005 

204 1.833w 0.3908 0.3885 -0.0023 

124 1.757w 0.4249 0.4228 .. 0.0021 

115 1. 663'tnr, 0.4661 0.4721 t.0.0060 

133 l.637vw 0.4832 0.4887 +0.0055 

232 1.608vw 0.6061 0.5050 -0.0011 

s = strong, m • medium, w • weak, w, • very weak. 
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