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ABSTRACT

The phase boundaries of the irocu-chrowium-molybdenum ternary
syater heve been investigated ut 1200° F. One-hundred and eighty
elloys were prepared by the method of powder metallurgy for this
gtudy. The alloys were zged in vacuum (10™% mm Hg or better) for
teu daye at 1200° F, Following the aging treatment the alloys were
repidly cooled to room tempersture, The primary research tools
Were tﬁe methods of X-ray diffraction and microscopy as applied %o
the determination of phase boundaries in alloy systems. Miocro-
hardness tests were uzed in conjunction with microscopy for the
identification of phases for some olloys. The results of the
present investigation in the three binsry systems are compared
with the results of previous inveatigatorg. It was found that the
sigma phese of the Fe-Cr binary system is ;tabilized by the addi-
tion of molybdenum and that ¢this brittle phase is present over a

large rangs of compositioms.
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L. INTRODUCTION

The determination of the phase bounderies of basic alloy
systams 1s a fundamental prelude to many advancements in theoreti-
cal metallurgy. Ceritain developments such as Hume-Rothery's theory
of the formation of electron compounds were to a large extent
stimulated by accurate work on equilibrium diagrams.

Fhase dagrams of alloy systems ars also valusble as 2 guide o
the systematic development of commercial alloys. Without phase
disgrens vhe development of useful alloys is, for ths most pari,
empirical and is ususlly quite costly.

The purpose of this research is to debtermine accurately the
phase boundaries of the ternary system ironechromiuwm-molybdenum at
1200° P, It was not feasible to investigate the coastitution of thi
systen as & function of temperature because of the Lime element. The
1200° F tenmperature level was selected be&ause of the bslief that
equilibrium at this temperature could be atitained in a reasonsble
length of time and, also, because the loss of chromium by evaporation
ie quite smell at this temperature.

Tne phase boundaries of this bternary system were determined by
Xeray diffraction and microscopy technigues. Microhardress tests
were used in conjunction with wmicroscopy &s an aid in the identifi-
cation of the various phases in some alloys. These methods are dis-
cussed bolowe

The method o X-ray diffraction for the determination of phase

boundaries in ternary systems is well described in textbooks (for



&

(z2), {3), and

N

example, Barrett (1)#) and has boen successfully spplied to the

solubtion of numerous ternary systens (for exawmple,

{4) )o Briefly, %he method is as follows:
The variation of the lattice spacings as a function of compo-

gition in the one-phase regions of the ternary system is determined
This is the

Aada

from diffraction patberns of =l loys in these reglona.
gtop in the amplicetion of the I-ray method.

first e
Alloys in a thres-phose region consist of three phases whose

conpog 1tiong correspond tw ithe alloys at thse apices of the three-

The lattice spacings of the thrse phases are Hhen

prase triangle.
detormined from diffraction patterns of alleys in the three~phase

region,
of the three-phase trianzle

nhags regions which touch the corne
lighes the positions of the corners, hence the wols trianjular

rs

s sdees }
BBTC0

By loocating the threse-phase triansles in this manner, one

region.
boundary is determined for each of the adjacent two-phase regions.

remining boundaries of sach two=-phasze region are determined

The
The composition of each phase in an

by the following principle.
i@ same as the composition st the

alloy consisting of two phases iz U
corresponding end of the tie line which passes throush the alloy on
Comparison of the latiice spacings 0

the ternary diagram.
a ceries of alloys will then establish points on the boundsry o

in

For eu cxcollent reiorouce on the basic principies of phase

tiotes 1
dizgrams, see either (5) or {(G).
# Hunmbers in parentheses refer to references abt the end of this thesis.



the region. The bternary disgsram is completely determined when all
L4 - P Y

of vhe phase boundaries of the tiree~phase and two-phase regionsg
have been lesabted.

The approxiante locabtions of the phase boundaries cuan be ssti-

v
wated from a few carefully choser alloys. Additional alloys are then
o v v

prepared with the objJect of defining the phuse boundariss more
exactly.

Microscopy is used Lo dotermine phase boundaries by visual in-

vestisavions of the microstructure of al loys. The various phaszss are

&

2 Py

identified by the use of etchents which act selectively. A single-
phase alloy will show a uniform structure which is charachberistic of
tiie particuler phases When a phass boundary has been crossed and an
slloy in a two-phese region is observed microscoplically, the pressenc
of ﬁhe second phase can usually be detected. The structure of a
tures=-phase al loy will reveal the presence of the three phasss, sach
distributed in soume characleristic menner.
Each of the above methods is subject %o certain limitations and
ach has relative nerits which supplement the other's shortocomings,
Aeray diffraction methods, for sxanpls, are linited to cases where

b v

a transformation of a phase does not occur during the quenchins opera-
tion., Microscopy, on the other hand, iz capable of determining phose
boundaries abt the temperature from which the specimens are gquenched

even il decomposition of one phase cccurs during quenching.

Microscopy is depeadert upon the existence of suitable etchants

P

which will identify the various phases. ZThere are instances where
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de

this wethod fails for the lack of a

& % st B )
teable etehing reo

obsorvations are difficult %o

;‘I.""""")" viriE
iR WLl

& szample is Loo small or vhen a precipitabe iz Wwo finely divided,

o

;,..:
s
o

Keray diffrastion, howevor, will he majority ogses, determine

the phases ol the alloey regarcless of the distribution of

or stchiln: clmraoteristica.
Provided suitable elechants can be found, the presence of &

second phese in emnll amourts can wsunlly e detschod microscopicslly.

The detection of & second phnase in swell cmounts by Xeray

depends Yo & greab exlent upor the alloy phases and the radiotior em-
ployed. With microscopy, one can roadily debtast a seeond phass
woald not he detected by Xeray The of & second

phase in smell amounts is not, however, e requirenment for the fixing

of phase houndaries by the Feray msthod.

+3

he accuracy of a phase bhoundsry deternined by Xersy diffraction

methods depends on the angle et which the thie lires intersect the

lattice paramebter conbours ir the singlo-phase reglons. ¥here the
lines are mearly parallsl, the accuracy is poer and the nhase
boundaries should be debteramined by microscop
Pecently, the subject of Xeray dilfrzcition versus micrescopy has
received considerable ntbention., Hume~Hothery and Rayner (7)
sritically discuss the Xeraoy diffraction technlique and conme te the
sonclusion that this melhod sheuld be used in conjunction with

microscopy. iowever, cther sathors (Owen and horris (8) ) bslievy

that the phase boundaries determined by Z-ray methods alons are nore



(¢}

likely to represent the systen than those determined by microscopy.
The atitraction for the s~ray method is mainly its expediency. Rela-
Bively few alloys are necessary W establish
of the phase beundaries. This mebthod is especially attractive in the
study of ternary systems, whers, il composition inbterwels of 2,5 per
cent were used, 8061 alloys would be required to cover the system.

in view of the preceding discussion, X-ray diffraction ond mi-
croscopy should be used in conjunction for an investigation of this
aature, The necessity for their complementsary use is well demonsbrated
in tnis investigation of the phase boundaries of the Pe-Cr-io system.

Ihe ironechromium-nolybdenum ternary system was chosexn for this
research project for several reasong. First, the constitubion of thisg
oystau has not been thoroughly investigated. Second, there is current

erest in alloys of this system for heat.resistant gas furbine

[635]

alloys. 4hird, an equilibrium phase of this system is the

~

hass" which 1s now the subject of intensive study because of its

brittle nabure and its adverss eifect on many alloys. The bensficia

effect of the "Sigee Phage” as a precipitation hardening agesnt in

ther elloys is alsc the subject ol recent researches.
A, Provious Work on the Ternary Fe-Cr-io System

A survey of the literature reveale that there is no publisghed
work on Yhe phase boundaries of this ternary systen at any tempers-

tare lovels Tho previous work that has becen done is limited to the

inveatigation of chromium-base Fo-Cr-Ho alloys for use in gas turblnes.



During the war and for a short period thereaiter, the motiva-
tion of the metallurgist working on the dsvelopment of alloys for
use in zas bturbines was to produce the best possible alloy in the
shorbtest poscible %ime. High temperature slloys ussd during the war
and currently for pas turbine blading heve an operating limit of
approximabely 1600° F. Trese alloys are kaown as “super alloys” and
consiast of the niclkel-base Hastelloys, the cobalt-bass alloy
"Vitelliun®, the Co=-Creli zlloy H-155, and others. The development
of heat resistant alloys with superior strength at or above 1600° F
for use as gas turbice blades rotating in an oxidizing atmosphere re-
aains a goal for the metallurgist.

Research on prospective gas turbine alloys by Parke and Bens (&)
haz shown thal the mosﬁ pracising alloys possessing superior properties
at 1600° F are chromium-base alloys of the system iron-chromiunm-
melybdenums Stress-rupture tests by these iavestigabtors have shown
alloys of the composibtion range 60 Cr, 16-25 Fe, 256-15 Mo (per cent
by weirht) are capable of supporting B0,000‘Ibs/éq in., for as long as
1042 hours and ere capable of supporiting 37,500 lbs/éq in, for as long
a8 65 hours at 1600° F. fha above strengths represent the best values
ovtaimed. A wide varieation in strength wss observed, and was attributed
to the lack of tontrol of grain sige.

1t is also interesting to note that Parke auc Bens, in the dis~
cussion following their paper, state that the "Sizme Phase” was found

as & counsbituent of these alloys.

2

5

ore recent research on chromium-base alloys by Havekotte (10)



has shown that an alloy of the compositicn 88 Cr, 1b e, 25 iio,

2 Ti {(per cent by weight) was capable of supporting e stress of
40,000 1bs/8q in. at 1600° F for more than 500 hours. Hoate
treated alloys of the same composition wore reportad to withstand
the game stress lovel and temperature for 1764 hours.

Theso investigacions, althou:h soncerned primarily with cvore
coming fabrication difficultiea, have demo:strat:d the superior high
tomperature propertiss of chromium~base alloyse. During the war, the
development of thesc alloys was so important that the basic research
on the ternary system was not undertaken, The phase boundaries of
the Ffe~Cr-io system as a function of composition and temperature must
be known before theso pas turbine alloys can be doveloped systematical-
lys. OSuch knowledgs would indicste which alloys would bo susceptible
to the benofit of tho procipitation hardenisg effsct of the "Sigma

Phase",
Be The d5igms rhase

The sigma phase, according to Bain and Griffiths (11), is "A
clear-etoning, corundum«hard, britile, non-marnetic constituent,
usually filled with faint cracks", It waﬁ Lirst dis;overad by the
ebove investigators in a study of the Fe-Cr-Ni system in 1927, and
wag also found to oxist in the Fe~Cr binary system. Jince its dige
covery in ths Fe-Cr system, its snalogue has becn found in five other
binary systems., For example, tho sipma structure was discoversd in

the Fe-V system by «over and Jellinghouse (12) in 1930; the gamma



phase in the Cr-Co system waszs shown %o Le isomorphous with sipgma

oo
L L3
LG 3 B

o}

?
X
A

by clsea and bOilB& wes (15) in 1 wore recently Goldschmidt
(14) in 184% showed that the structure of the high temperature zete
phase in the Fe-liv system ic That of sigma. It hes besn suggesbed
by Beck and Menly (15) that the sigme sbructure might exist in the

systems V-Co and VeNi, [Duwez and the aathor (18) have shown thet the

gigme phase does exdst in Uhese two aystems.

;‘,u

latively 1little is known concerning the sigme phase and much
of that w:ich is known has been debermined only on an empirical basis,
The orystal structure of this phese has not been determined and the
mechenism of its formetion has not been investigated thoroughlyv. The
reaction leading to the foramabtion of sigma from the solid solution
state is considered by weny investigators to be sluggish. Tihers is,
however, no quastitative data on transformetion rates. Hany investi~
gators state that smell amounts of strain seem to sccelerate the
formabion of sigma,

The influence of the sigma phase on the physical properties of
heat resistant stainless stesls has been shtudied by a largs nunber of
investigators. It is known that the presence of sigma in meny of
these élloys seriously affects impact and corrosion resistance.
Failures of healt resisting stainless steels in service have besn fow

but increasing lnowledge of poteutial troubles has stimulated re-

o

search on the effect end equilibriun range of the sigma phase in

alloy systems. A comprehensive survey of tihe practical lmportance of

the sigme phase mey be found in a publication by Foley (17).



5 e " - = 2, 2 : y
C. ZPrevious Work on the Fe~lr, Fe-ilo, and Cr-i

p— Y, U LR
ars ¢ e

closely rela

systans Fewlr, Fe-Bo, and Cr-io, it is ors e
vl wmppents w Ay 2 e s
cent work on these systems.
The Iror~Chrona Eysteon
LT . wovra B ~ecelved considerabl
fhe iron~chromium systen has recelved coasiderabl

L@y
e

the ree

an urinterrupted series of sollic solutions sxcept [or
Iin 1327, EBain snd Griffiths announced the presence of t
in this systen {sse above). For a lew years following

ment of this brittle constibuent, the si;ma phase in

el

& conbroversial Adcoch (1%} 4n 1231 denied 1

)
eyt

PAvuwo“ {20) ip 1u32 published an X-ray diffraction st
binsry wiich showed no sigma phase. Preston's

I~
-

faie ey ey 4
the ganma 1oope
he sigma phese

the cnnounce=

vhis systen was

s gxisteoncey

udy ol the

data on the variation

of lattice parameter as a function of composition, however, clearly
indicabed on anbnormal behavior of these alloys. As late as 1237,
literature (Jenkins (21) ) was sppearing in which the sigma phase

was not shown to be a part of tho iron-chromium systen.
Of the wore recent work on the sigas phase in the Fe-Cr binary
& o
system, Ly Tar the most complete and accurabe worl was done by Cook

and Jones (22) in 1943. These investigators used micr

Jungtion with X-ray diffraction Lo establish the phase

v

ecacopy in con-
boundaries
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involving the sipma phase shown in Fig. l. These boundaries con-
form essentially with the earlier work of Wever and Jellinghouse
(23), but show wider limits for the alpha plus sigme reglons.

The Fe-Cr binary sysztem shown in Fig. 1 lncorporates the re=-
sulis of Cook snd Jones with the disgram presented in the Hetals

Handbook (24),
The Iron-Molybdenum System

The iron-molybdenum binary sysbtem, as shown in Fig. & (24), is
a compromise bebtween the work of Sykes (25) and Takei and Murakemi
{26)s Sykes employed microscopy slone, whercas Takei and Murakemi
used microscopy, dilatomebtry, magnetic measurements, and thermal
amalysis. These imvestigators asgreed as to the phase boundaries ab
1200° F but disagreed in the more complicated regions of ligquid plus
speilon (€) and liguid plus zeta {0).

The epsilon phase is given by a very narrow range and is
designated by the above suthors as the compound Fegicse. Arnfelt and
Testgren (E7) have designated the structure of the epsilon phase as
rhombohedral of the space group ng with paramelere a & 8.97 X and
K = 30°38,6°., This structure reguires thirteen atoms and the cou=
pound is designabed Feylog by these authors. However, the composi-
tion corresponding to Fegilog is nob included in the one-phass epsilon
Fige 2. This apparent conflict will be discussed later,
As stated proviously, the structure of the zots phase was found

by Goldschmidt (14) to be isomorphous with tho sigma phase of the



iron~chromiua systei.
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II. EXPERIMENTAL PROCEDURE

A. Preparation of Alloys

The alloys studied in tlis investigstion were prepared by pow=
der metallurgy. Alloys of high purity mey be prepared from pure metal
powders by this method. The desired proportions of the metal powders

are thoroughly mixed, compacted, and alloyed by diffusion in the solid

state (sintering) in furnaces with controlled atmospheres. The com-
plexities of the solidification process which produce inhomogeneities
in alloys prepared by melting and the sttending difficulties of cone
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 investigate the accuracy of the composition of the alloys.
The analysis in weight per cent and the source of the component

metal powders used for the preparation of alloys ars tabulated below:

TABLE I

Analysis of Component Metal Powders

Hetal Source Analysis
Iron Carbonyl iron, type L 0.008% C Traces of Wi,
Charles Hardy, Inc. 0.06 % 81 Cu, Mo, Ti,
0.05 % Mn and Cr.
0.05 % Ca
Chromium Blectrolytic Grade 0.1 % KNa Traces of Cu,
Charles Hardy, Inac. 0.056% Ca Al, Mg, S8i, Co,
and Mn,
Molybdenum Reduced from Molybdic 0.25 % Fe Traces of Ti,
Acid 0.1 % N4 Ba, Co, and Sr.
0.05 % Ca
0.06 % Cr
0.05 % Un

15



Molybdenum powder of sullileclendt purity was not evailable cos

mercielly s was prepared ot the Jet Fropulsion Laborstory especislly

for this investigatiom. Cremically pure melybdic zsid (ﬁn&gﬁgO} WAS
Becomposod by heating st ebout 1200° F Ly obiain H003. This oxide was
then reduced in dry, pure hydrogen for four houre st 2300° F.o The
molybdenunm powder was thea scrssncd pud the lraction which passed
through a 200-mosh screen was utiliszed for Yhe preparstion of slloys.

The chromium powder wes ainus B00-nesh eud the iron powder was
ajnus 328-mesh. The particle sizes ol the molybdenum, chromiwa, and
iron powders, corresponding Lo the sbove screen siges, were less than
74, 48, snd 43 nicrons in dizsebter, respechtively.

&lloy compositicon was bassed oa abovmie perconteges. iais cghioioce
was mads for the fclldwing reason, Lailics paranstors of subsiitu-
tional solid solutions sre funciions ol the ebonmic dlamslters of the
components. ILherefors, atowic percentaygus are more signifiéant than
welsht percentages.

Alloys were prepared {rom the three metal powders by weiphing ocub

the desired amournt of the individusl cmnpeneﬁts on an anazlytical
balance. The alloys were ususily mada up in 10 graw lots. In casoes
where a small psroentage of one metal was desired, the samsles were
made up in 20 gram lots. This was done to incresasu the accuracy of
the composition of the wmixture., The individusl components were weighed
to within an accuracy of +0.0008 greus.

Subsequent to weighing, the powders were ssaled in a glass jar.

The glass jers wers placed in a small mixing mill and the powders were
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termined. Since the alleys were
Cesirous thet they e as denss iy pcasibléi, If the slley had ex-
panded, 1t was crushed in & bool ateel wmortar, pussed through zn £0=-
mesh screen, re-pressed and resintered as deseribed above. The
thermsl history of the varicus alloys s included in Table 1II

After sintering, the compacts were out on o dlameber anlony the

axic of the cylinder and placed in svasusbted (ot losst 1074 o

i1}
ot
St
4o
0

& tubes. Theo alloys were then mged for ten days at 1200° F.
Folloving the aging treatment the silica tubes containing the alloys
were rapidly ocoocled to room temperaturs by guenching in watsr
heat trausfer waz sufficient %o ¢sol the alloys Lo approdnately room
temperature in leosa than two minutes.

The temperature of the furaace in which the alloys wers ajed was



controlled by use of o "Wheelss” controller. The temperature was
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nhained ab 180 s Fary

Oup-hurdred and eighty wlloys wore made for the study of the

L]

phase boundaries of this systexm. Tie composition of Tthews alloys is
tabulated in Table (7 ané is snown graphically in Pig. 7. Ths
alloys sre pumbered 1 throush 103; bowever, alloys nusmber 180, 161

and 158 were not made.

B¢ Feray viffractioan Teonasigue

A Picker Xeray Difflraction Usi® utilizing powder cameres of two
disnebers was used to gbitain the Xeray diffraction data for thig io=-
vestization. The large camers was &l4.36 mm in dlameber end the
siall conero wes 71.82 mm in dlasmeter. These ceseras will henceforth
be & emmfha ted “large” -and “smell" camers, ?espea%%“NIJ.

Three charscteristic radiations were used. The following Xo
weve lengthes in fngstrom unile were used for computational purposes:

Copper = Cu Key = 1.540850 &
Cobalt = Co Xu - 1.78290 &
Clrombun  Or Kay = 2.28962 K

A nickel filter and a wvanadium oxlde {1llter werse used for filter-
ing of the Cu ;5 and the Cr gs'wave lsngtha, respectively. Tng iron
in the specimens served far filtering of the Co Kz radintion, Co Key
radiabion was used for the wejorlbty of the slloye in apite of the
fact that for alloys with large amounis of chremiun the somsrel baok-

pround darkening of the filme was objecbionable. This radistion was
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The surfoce metvel was filed away to a depth on ths erder of 1/18
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incgh before sample filings were colleehed. In this manasy any sure
Jace depleotion of a congtibuont or surface contaninaticn oifocts wers

avoided., Fowdor samples were also produged by filing from alleys thab

wore porous ond britile. A clean patiern maker's file wez used for

filing. In all sases, the sanple wos takern from below the surfloce.
2. in cases where the alloy was hard and 2ifficult to {ile, the
sowders were obialned by crushing a pc:*m-o::; of %he alloy in & btool

gteel mortar, The alloy was erushsad until 81l of the particles would

My
e

pags through an 80-ussh screcn. hils was dome Lo oblarin o repren

tae
“ive sample. The majority of the alloys of this syshem possessed 50

tile ductility that they werc onpable of being crushed and scresned
through an &0-mesh screeon with pe dilfioulty.

Powder sanmples obtained sz degeribed above were coated oo
2

wnorpbous silioca [idres (0.10 Lo 0.10 zm dismeber). Mlnersl oil was
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The specimens were centered in the large camera by observin, the
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anadow of the
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specinen on & flourslcennc scredn naking adivabuenis
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untll the shadow renmained stabtiouary as e specimen was rotated,



spocimens were centered in the small camera prior to loading the
film. The specimen was first centered ou its specimen stage by use
of an external chuck. The centering was chocked prior to the in-
sertion of the lla by rotating the spocimen in the camera chucske.
Adjustments wore made if roquired. Centering was {inally ohecked by
obgerving the shadow of Uhe speoimen in the Xeray beam with the
camsra losded and the spsocimen rotating.

The large camera was calibrelted by comparing computed interplaner
spacings of calcite with those observed froam & diffraction pattern of
¢his material., Two conveniently located knife edges in the camera,
which cast sharp shadows on the film, were found to be located 30 os
te inelude 340 degrees of arc of exposed film., These references on
the film were used as standard; their use aubtometically corrected
for film shrinkage. 'y

The arrangement of the film used in the large camera is illustrated
iv Fige. 4. The distances measured for computation of the Bragg angles

for the various reflecting avomic plunes ars also illustruatsd in Fig. 4.

ey @

X~-ray beam

Sut
System

Filge 4 « Arrengemsat of film used In large camera.
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¢, by use of a Usble of irderplammr apgacirgs in Angotrowm units
vorsus 8.

The fila in the small cansra was acunted following the
raunadis techinique {Iliustrated ix Fig. 5.) for whish it is

possible Yo eliminele fila shrinkage srrors directly.

X-ray beam _
>

Fige § - Arrangement of film used in small caaera.

Film used in this maaner nas diflfraction lines for Braygy angles
less than 45 degrees symmebrically spaced about & = 0 deygroes and
lines for & greater than 45 degrees syamstricwslly spaced sbout 8 = G0
deprees. inerefors, the location of 8 3 O degrees and & = $0 degress
is defined and the distance on the film corresponding tc the ars sub-

vended by Sreyy angles 0 to 90 degrees mey beo determmined. ZThis dis-

tance, Xé s varies from film to £ilm due o shrinkege in processing
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ssgunez the film ahg vo ve aniforn along the length of the

Mine Iinberplasar spacings, ¢, wre then compuied from the Bragg law
nA =2 d 5in @,
e vomputation of interplansr spseings froa filas obtained

with the small cemera was ezaembially a3 described abovs., A table

of interplanar specings, d, z2e a function ol distance, X, msasured

on & fMilm of standard lenghh was available. To racilitalte tho compa-

~

v

tation of iuntorplanar spacings, the observed values for x wers
corraoted for Jilm shrinkege by applying a proportionsl correction
to the nmeasured x. This method was checked using pure amnsaled iron,
chromiun, and molybdenun powders, the parameters ol whieh had been
previously determined by the use of the 15?@@ canersa.

o

The Xeray diffraction films worec road using & visual film reader,

The poeition of a diffraction line was weasured to within £ 0,1 am.
Tae smell coamora was used cxteunsively ip this inveatigation be-
cause the accuracy ol ths lattice spacings so dsterained was con-
sidered sufficient. Where greater zceuracy was desired in critical
alloys, the large camera was used. Alloys that were analysed by use
of the large cemera were annealed (£ %o 6 hrs.; in the powder form in
vacuun at 1200° F %o remove any c¢cld work that might be presont, Ine
ternal stresses in powder samples produce broad diffraction lines,

particularly in paitterns obtained with caomeras of lerze disueier.

The errors involved in the use of powder cameras for the
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determination of interplanar spacings and lattice parameters are
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 which
occurred in the alloys after 10 days at 1200° F are tabulated in
Appendix I (Teble II). The parameters ocomputed from data obtained
using the small camera are accurate to within +0.002 % and the
parameters computed using data obtained with the large camera are

acourate to within +0.0007 £.

C. Metallographic and Microhardness Technique

The majority of the alloys were piepared for metallographic
observation by mechanical poliehing and electrolytioc etching.

The éleotrolytaa ugsed for the electrolytic etching were
primarily (1) 10 per cent oxalic acid and (z) perchloric acid solu-
tion. The perchloric acid solution is the stardard electrolyte
recommended by the Adolph Buehler Co. for ferrous alloys. The
etchants used for producing the structures shown in the photomicro-
5raphs.in this thesis are indicated beneath the photomiorographs.

The etching of a porous alloy is sensitive to the time of etch=-
ing since the etchant enlarges the voids, lsaving a very undesirable
surface for metallographic observation. Many of the alloys were
porous. A number of tie alloys were too porous to bs of use for

metallographic examination.
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An attempt was made to find an etgnant which would positively
identify the sigma phase. 4lloy No. 120 (52Fe - 48 Cr) in the
Fe-Cr binary system was used for the imvestigation of a number of
sbchants suggested in ths literabturse by various authors. This
alloy when guenched {rom 2300° F consists of one phase (solid solu~-
tion). Aping for 10 duys at 1200° F completely trunsforms the alloy
%o Bigma. Two samples of this zlloy, one in the solid sclution
stato and one in the translormed sizma stete, were used in this study.
Ine etchants investigated weres
1, Hodified Murakami Reagent - used at boiling temperature
Zs HMarble's Keagent
3. Vilella's Heagent - used slectrolytically
4. Aqua Bsgla
6. bHO per cent aqueous solution: of ydroohleric Acid
8. 10 per cent aqueous solution of godium cyanide used
slectrolytically
7. 10 per ocent oxalic ecid - used sle ctrolytically
8. Perchloric acid solution - ussed clectrolytically
The struoctures observed in stched aurfaoes‘of this alloy were
elike regarcless of the phase present or of the etchent used. (Ses
Fige 17: {(g20lid sclution) amd Pig. i< ({sigma).) Hence, it was not
poseibles to rely on etchants elone to distinguish the sigma phags.
| Microhardiness tests were used for the identification of phases
in etched surfaces of some alloys. For this work a "Tukon Superficial

Hardness Tester” with a “Knoop" type diamond pyramid indentor wae used,



The "Kncop” pyramid has =z longitudinsl szngle of 172 degrses 30
minutes and a trensverse sngle of 130 degress. The impgression is
rismbia in sheape with n ratlo of long diagonal Lo short diasgonal
0f 7.11 to 1. This ‘tester is manufactured by Wilson Hechanical Ine
strunent Co. Phases were idcﬁtified primarily by o "seratch test"
uging the dlamond pyranid with e 25 gram load to produce u conbrolled
sorasteh across the various phases in the alloy. Ly obeserving the
width of the scratch, the relebtive herduess of these phases wes
determined.

The hardness of the alloys was detsrmined using e 300 gram load.
®ith this load, the lmpression of the pyremid was not as sensitive %o
minubo differences within the grains ss with lower loads. The lsngth
of the long diagonal of the impression was determined with a micro-
soope equipped with a filar micrometsr eyé@iecm. 4 wagaiiication of
100X wae used. This length was then converted to Knoop Lardness
numbers by use of a culibration chart supplied by the manufacturer.
fhe hardaness, in Xnoop hardness numbers, of the ailoys iz recorded

in Table II. These hardness valusz are the average of at leasd

three measured valuss,



II1I1. THE Fe-(r-iio TERMARY SYSTEH

The experimental results and specimen compositions are pre-
sented in this section because‘cf the belisf that the resdsr should
have thig informaticn aveilable during the development of the phase
boundaries.

Tﬁe ternary phase diagram at 1200° P, as determined by this in-
vestigation, is presented in Pig. 8. The countours of equal lattiecs
parameter in the alpha () solid soluticn regicn end ia the iron-
rich slpha prime {«') sclid scluticn region of this [igure are labeled
in dngstrom units. The variation with composition of the cell
parametors of the sigma phase in the sigma region is indicated in
terns of the perameter "a". The parameter "a" is the length of the
cell base of a tentative tetragonal structure which is developed in
Appendix III, |

The elloy compositions used in this study are shown in Fig. 7.
Fig. 7 slso showas the number of phasss present in these alloys at
1200° F.

Examples of typical X-ray diffrsction patterns are shown in
Fig. 8. Thess patterns were obtained with cobelt radiation and the
71.88 nm camera. The films were enlarged slightly (I;OSX) when repro-
duced. |

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

developed in the following sections.

28
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IV,  Tiil PHASH BOURDARIEZ OF THE ALPRA PLUS

SIGHMA ( o(+0 ) REGICH

2,

Tre phage boundaries of the slvhe plus sigme region were de-

D

i

s

terained primarily by the H-rey method.

fefore proseeding with the development of the shase boundaries
of this region, the prirciples ivvolwed in such a deberminabion will
he demonstrated. Cobsider the portion of sn isothermnl saection of

the ternary syvstem shown below,

B

The lines in the bebs region are contour lines which indicste
coupositions having egual lettics parsaeters. The lines in the
gamma region are also comtour lianes snd indiceie vompositions thei
have egual paramoters of this phese. Conbowrs in thess regions are
not necessarily straignt lines., nowever, in some cases, thay may
be approximated by straight lix_ms.

In the B+ ¥ region, the lines ars straight and are called

30
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"tie limes”. Alloys which lis on the seme Lie line ars composed of
two phasos whose éog@cziticns ere determined by the end points of
the tie line. For example, an alioy of couposition b is located on
the tie lins 2bs. This alloy consists of two phases whose ¢omposi-
tions are given by the compositions a and c¢. Tie relative propor-
tions of the beta phase and the gemma phase in this alloy are given
by bq/ac and &b/hc, respeoctivaely.

A1l alloys whose compositions lie on the tie line abe, contuia
phases whose parameters ars given by the paramcters ol the contours
labeled (1) in the bete reglon and (2 in the guwmma region. Lhere-
fore, the parameter contours in o two-phase rogion are squivalent teo
tic lines amd are straight lines. %he intersection of parsmster con-
tours in the two-pliase region with parameter contours in the one=-
phase rezions determinss points on the phéhe bounderies.

If the parameter contours of the beta phiase alone are plotied on
the compoaition triangle, points on the boundery between this region
and the two-phase reglon are located at the disconbinuities in the
peragster contours. Points on the boundary betwsen the ;34—X’region
and the ¥ region are located by considering the parameter coutours of
the ¥ phase,

The acouragy of the location of a phase boundary determined by
this method depends on the angle of intersection of the parameter
contourg. If the straight line contours in the two-phase region inter-
sact contours in the one-phase region at an obtuse angle, the scourzoey

{ the location of the boundary is poor.



Yo sstablish parameher contours, curves of labtice paramsier
versus oompesition are first satsblished for the binary sysioms

thien for sestlons catting across the varicus phase reglouns.

[AN

an
Compos itions corresponding to previcusly delermired lattice

paraceter wvalues wure theo taken from theze curves anl are cross-
plotted on the composition triangle. Contours are then drawn through
points of eguel lattice paramclor.

Tie phaso boundaries oi the K+ 9 reglon in the Fe-Crelic
aystew were detorumined by the nethod discuassd shove.

It is most convenient to dotsrmine the phace boundary between
the L ard the <+ reggi‘om firste.

Tho variation of the lattice paraneter of the bedy-cuntsred-
cublc alplie phase as 2 function of compozition was first ¢ztablished
for the edjoining binary systemns., The veriation of ths lattice
paramgter with composition was then esbavlished for sgection lines
catting acrose ths ternary solid solution regiocn and the two-phass

« + o reglons These sections were chosen such that the psrcentage
of one of the component metals remainsd constant or the ratio of the
percentages of two of the component metale remsined constant.

The variation of lettice paramester as a function of compesition
in the Cre¥o binary system ag determined in this invesbtigabtlon is
compared for convenience with the results of Trzebietowsky zud
cellengues {2¢) in Fige 5. In Fige. 10 the results of Preston (20}
regarding the variation of latbice parameter in the Po~Cr bioery

systen ars compared with the results of this study.



The variation of lattice parameter as a funotion of
rmolybdenum content along 8 secticn of constant 10 per cent iron
is shown in Fige 11. Figs. 12 and 13 show the variation of
lattice parameter with molybdenum content for sections of consbant
chromium content (60 and 7O per cert respectively). Values of com~
position corresponding to lattice parameler increments of 0.01 )
were interpolated from these curvss. Thess values are plotted in
Fige 14. The data for the sections which were investigated are
shown in Fig. l4. An a%tempttwas made to utilige sections which
would intersect contours as close to right angles as practical. In
this mepner, the error in the composition corresponding to a parti-
cular lattice parameter was minimiged.

Parameter contours were drawn through points of equal lattice
parameter as shown in Fig. 14. The intor&éction of the straignt
line contours in the o + ¢ region with their ocorresponding countours
in the alpha solid solutiom region determined points on the boundary
between these two regions. In the determination of the points on
this boundsry, contours for increments of 0.01 3 were used. In
Fige 14 coutours are shown only for wvalues of lattice parameter in
incremerts of 0,02 K; however, points for values of lattice
paranster in increments of 0.0l X ars included. For cvoncentrations
of melybdenum lessg than approximately ed per vent, the parameisr
contours in the «+ g region intersect contours in the L region at
an obtuse angle. Trerefore, the location of the phase boundary in

this region is uncertain and the boundary is shown as a dashed line



in Fige. 6.

To obtain the boundary belween the o and the o« + o reglons,
the variabion of imberplenar spacings with compesition of the
sigma phase was filrst establishod in the ons-phase sigma region.
Points on ihe boundary between thesse two regions were then located
by constructing the tie line thfough eaci: of the alloys iu the two-
phase region. The slopes of thess tie lines were delermined on the
basis of the lattice perameter contours of the alpha phase in this
region. The end point of the tie line which paésad throuzgh a
particular alloy was located by comparing thé interpglanar spacings
of the sigma phase in the alloy with the cosntours in the one-phase
sigma region.

The imterplanar spacings used Lo determine cortours in the
sigma region were the spacings, d, of & pérsistenﬁ, easily identi-
fied set of lines in the back reflection range (i.e. Bragg angle
8 > 80° for cobalt radiation) of the diffractlon patterz of this
phase. These spacings correspond Yo the linss labeled 1 and 2 in
Figs. 15 and 16 In particulsr, the interplanar spacing of the
line designated 1 in these figures was used to determine inter-
planar spacing contours for the sigma region. The apacing of this
reflection varied Irom approximately 0.800 2 to approxzimately
1.030 2, and the maximum orror in its determination was approxi-
mately 0,002 & (Appendix II),

Three section lines through the one-phase sigma region were

used to determine interplanar spacing contours in this region.
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geo 15 shows the variation of interplanar spacings for seight

[

¥
reflesctions as & function of amolybdenuwn content along the line

from the center of the Fe-lr binaery system to the molybdemum

corner (i.s. variabion of wolybdenum in egual proportious of iron
and chromium;. The varletion in the cpacings of the same eight
refloctions as a function of molybdenum coutent aloug the section

of coustant 80 per cent irown is shown ia Fig. 18. As can be seen
from these [igurcos, the interplanar spacings along these lines wre

a linser function of molybdenum content within the limite of ex§@r1~
aental accuracys. Io addition to the above sections, the varistion
oi iaterpleausr spacings as a {unction of per ceunt wolybdenum aleong
the line through alloys Ko. 102, 78, $%, and 74 (Ses Fig. T was
dotermined. The varistion in the spacing of ithe reflsesction desig-
vebed 1 in Fige. 18 and 16 was used to dstérmine interplanar spacing
coutours in the one-phase sigma region lor the sectious mnich wore
discussed above.

The phase boundary bebwesn the o and the ™+ o regionswas
then established using these coubours and the tie lines which were
drawn vhrough experimental points. 7The above interplansr spaeing
of the sigma phase for each alloy in the =%+ o region was extrapo-
lated along its tie line to locazte a point at the boundary on ths
corresponding limterplanar spaciiyy cogbour. Using cobalt radiabion,
the @ffractlion line corrsaponding to the interplanar spacipg
{labeled 1 above) was perceptible, for alloys of the %+o region,

where Ghe sigwme phase comprised less than 10 per cent of the total

alley.



The contours shown in the sizma region in Figs. § sand 14 are
incicabed In terms of the lengtl of the basal edge of the tenbe-
tive tetragonal cell developed in Appendix III. This parameter
was used only =as a convenience to indicate thé variation of the
paransters of this phasoe.

A3 can be seen {rom sither Fig. &6 or Fig. l4, the acourssy of
the locabion of the boundary between the sigma region and the x+dJ
region inecremses continnously with wolybdenum content to a maximum
aocuracy near the sigma-apex of the three-phase o« + £ + d {riangle.
For molybdenum contents less than approximastely 26 per cert, the
aocuracy of the boundary determined by the X-ray method is poor.
in this region miocroscopy was utiliged.

The diffraction pattera of alloy Ho; 106 did rot raveal the
presence of the alpha phage 1o this alloy}*however, the structure
cbserved microscopically clearly indicsted that the alloy wes come=
posed of two pheses. A photomicrograph of this slloy is shown in
Fige 17a. A "scrateh” test indicated that the darker constituent
wes softer then the clear atching sigma. Fig. 1T is a photomicro-
graph of alley Ho. 20, which also would be interpreted to bs oue-
phase sigme from diffractiocn data. Ferritic type grein boundaries
may be observed in this structure. It was found that upon eltehing,
the material at these boundafies was not attaclked by the etohant.
‘This pateriel was left in relief snd was inbterpreted to be alpha
8olid solution., Therefore, the phase boundary was so drawn to la-

clude these alloys in the o + 0 region. The lamellaer structure
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which may be seen in the photomicrograph of elloy ilo. 20 is of
interest. This type structure w:s also observed in several slloys
in the one-~phase sigma region. A growth patteru of the sigma phasse,
which could produce such a structure, may be seen in the photomi~
crograph of alloy No. 105,

The attainment of equilibrium in alloys Ko, 21, 31, and 37,
which are in the <+ g region, is questionable. According to the
phase boundaries shown in Fig. 8, the relative proportions of the
sigma phase in these alloys should be of the order of 50, 25, and
76 per cent, respectively, ZX-ray diffraotion patterns of these
alloys showed very weak sigma lines and the structures obscrved
microscopically woul@ not indicate sigma to be in these proportions,

The equilibrium of the alloys in the X+ region in the Fe-Cr
binary system is also questionable. The structure of alloy No. 62
indicated that this alloy consisted of one phase (alpha); however,
very wesk sigma lines were obssrved in the diffraction pattern of
this alloy. The structures observed mioroscopically in the rest of
the alloys in this region of the ternary system were compatible

with the derived phase boundaries.
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Specimen No.: 105 Specimen No.: 20
Composition:  30Fe - 45CrR - 25Mo Composition: 40FE = SO0CR - 10Mo
Etch: ELECTROLYTIC, PERCHLORIC ACID Etch: ELECTROLYTIC, PERCHLORIC ACID

c 250X

Specimen No. 120 (SoL!D Souzunow)) Specimen No.. 120 (Sicua)
ALPHA
Composition: 52FE = 48CR Composition: 52F - 48CR
Etcht ELECTROLYTIC, 10 % OXALIC ACHID Etch: ELECTROLYTIC, 10 % OxaAL1C ACID

Figure 17



V. THE PHASE REGIONSs LPSILON, ALPHA PLUS CPSILON |

AHD ALVHA PLUS LPSILON PLUS SIGMA

The Fe-Mo binery system (Pig. 2) showe that the composition
range of the epsilon phase is very marrow and that a true compound
exists corresponding to the formule FegMoz. Since Arnfelt and
Westgren (27) bave determmined the strucbture of the epsilon phase
and associated the formila Feqllog with this structure, it was con-
sidered important to check the composition range of the epsilon
phase in the Fe-Mo system.

Only diffraction lines characteristic of the epsilon structure
weore observed in the A-ray diffraction psttern of alloy Ho. 12
{60 Fe-40 Mo corresponding to FasuOQ). Data obtained from al loys
Hoo 13 (69.9 Fe-48.1 Mo corresponding to FeylMog) and No. 14 {60 Fe-
80 ¥o) showed oharacteristic diffraction lines of the alpha phase,.
Ths spacings corresponding %to high-angle Qéflectiona of the epsilon
phase in these elloys were the same as those for alloy Ko. 12,
Therefore, the composition corresponding to Feglog is shown in Fig.
as one® boundary of this phase.

Alloys Ho. 80 through 838 were investigated in an effort %o
determine the width of theersgion in the Fe-lo binary system. The
structure of alloy Ho. 80 when observed ﬁieroscopically showed that
this alloy consisted of two phases. In addition, interplanar
spacings of the epsilon phase in theae/alloys wore invariamt. It
was concluded that the range of composition over whioh epsilon
exists in the Fe-Mo binery system is less then two atomic per cent,

47



This conclusion is in agreement with the cosposition limits shown
in Fiz. 2 for this phase.

Tha golubility of 4ironm in molybdenum in the Fe-ilo binary sysbten
was determined by plot%ing the lattice parameters of alloys Ho. 48,
44, 45, 46, 48, and 50 versus composition ze shovm in Fige. 18, The
phase bou@dany bebween the alphe reglon and the «x+ &  region in
the binary was fixed as shown in thie figure,.

The @l loys in the threeephese « + € + & vreglon are alloys Ko.
75, 7&, 135-138, 1B3-155, 164, 166, and 167. Ths sigma phaze was obe
served in the diffraction patberns of 2lloys ¥o., 75, 76, 135-138, 165-
159, 164, 166, snd 167, Epsilon was observed in diffrection patteéns
of alloys Bo., 158, 153-155, 164, 166, 187, and was questionable in ths
diffraction patterns of alloys Ho. 76 and 137. Alpha was clearly
presert in diffraction patberns of alloys ¥o. 76, 137, 138, and 166-
158,

The complicated patteorn of epsilon superimposed upon the like=
wiss complicated pattern of sigme (Fig. 8) presented a practical diffie
culty in the it erpretation of the diffraction patterns of several of
these alloys. Where only a smsll proportion of opsilon existed %ith
o large proportion of sigms, or vice veorsa, it was diffimls to
ascertain the presence of the minor constituent. This diffioulty
wes not too serious in view of the following congiderations.

The elloys in which the sigma phase was observed sstablished the
inveriance of the interplanar spacings of the sigma phase. The in-

variance of the interplanar spacings of the epsilon phase in alloys



where large proportiouns of this phase were present was also easily
established. As can be sevn from fable 1II, the lattice parameter
of the alpha phase for alloys of this region i1s constart. There=-
fore, the criterion for a three-phase reglon is satisfied,

The boundary beiween the £ + « region and the X +& + o region
wos determined on the basis of alloys Ko 156'and 14. These alloys
are within one atomic per cent of the Fe-No binary system and cone
tain three phases. Consequently, the boundary betwsen the two=phasge

€ +«¢ region and the three-phase X +€+ 9 pegion is approximately
parallel to the Fe-lo binary system.

The losation of the alpha-apex of the «+ £ +J triengls wag
determined from the intersection of the boundary between the £+
end the « + € + o regions with the 8,125 e alphe region lattice
parameter contour. This value of the la’r.t‘ihce paremeter is repre-
senbative of parameters cf the alpha phase in alloye of the x+€ +o
region.

The location of the epsilon-apex of the « + =+ o triangle was
determined on the basis of alloys Ho. 88, and 151 through 185, and
on the basis of the boundary between the &£ + x region and the

x +€+0 region. Alloys No. 163, 164, and 156 were located in thé
three-phase region (see above). Alloys Ho. 88 and 162 were loocatsd
epproximately on the same tie line in the £ + o region. The epsilon
apex was found to be located at & compesition of epproximately

5¢ Fo = 1 Cr - 45 Mo. The boundary between the € + X region and

the <+ &+ o region determined the chromium content of this apex.
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The tie lime through alloys Ho. 838 and 162 determined the
molybdenum conternt.

The boundery between the <+ &€+ o region and the «+ o region
was establighed on the basis of the alphea-apex of the three-phose
region end the tie lines in the «+ o region. This boypdary in ths
ternary diagrem vsﬁs drawn from the aslpha-apex. The elope of the
boundary was adjusted so that the boundery was nearly parallel to the
rearest tle line in the o« + & region. The sigme end of this boundary
was determined on the besis of the interplanar spacing centours in
the one-phese sigme region. A straight line between this point and
the composition linmit of the one-phose epsilon region determined the

boundary between the &£ + o region snd the <+ €+ o region.
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VI. PHASE BOUNDARIBS 1IN THE IRON-RICH PORTION

OF THE TERNARY SYSTEM

The phese bounderies shown in the irorp-rich portion of the
ternary system were determined primarily by microscopy. 4Ae can be
seen from the lattice parsmeter contours shown in the alpha prime
(«?) region (Fig. 6), the lattioce perameters vary a small amount.
Therefore, in order to establish sccurate boundsries by the X-ray
method, the accuracy of the lattice parameters should bs greater
than that attuiﬁed in this iuvestigetion. In addition, a large
nunber of alloys would bs required to establish paramster contours
in the ome-phese «' region and tie lines in the adjacent two-phase
regiong. 7ZThe lattice parameter couatours shown in this region in
Fig. € are ouly approximate and were determined by counstructing
lines through points of egual lattice parameter in the Fe-Cr and
the Fe-¥o binary systems. The diffraction data for these binary
gystems were obtained with the large cauera.

The solubility limit of molybdenum in iron (1200° F) in ths
Fe-¥o binary system was determined by X-ray diffrection in con-
Junetion with mioroscopy. A plot of lattice parsmeter versus compo=-
sition {Fig. 19) indicates that the solubility of molybdenum in
iron in the binary system is four per cent. The photomicrograph of
2lloy No. 26 (Fig. 20b) shows this alloy to be compesed of two
phases with the second phase, £, finaiy distributed within the
grains, Fig. 20a shows that an alloy of two per cemt molytdenum

in the binary eystem ig composed of one phage; therefore, the
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boundery is at some composition between two and four per oent
molybdenum. In view of the X-ray diffrection data, the boundary
was located between three and four per cent molybdemum.

The phase boundaries in the viocinity pf the o '-apex of the
x'+ £ + o reglon were determined solely by microscopy. Fhe com-
positions of the alloys used for this investigation were determined
after the boundaries had been epproximately located on the basie of
X-ray diffraction. In partiocular, the '-apex of the three-phase

| triangle was located in the composition range enclosed by alloys
Hoo. 168 through 188. These alloys were then prepared for metallo-
graphic observation.

The boundary between the «' and '+ & regions was located
from the structures observed in alloys No. 168 and 163, The
boundary was found to lie between one and two per cent molybdenum
on ths ten per cent chromium section. The structures observed are
illustrated by photomiocrographs of these alloys in Fig. 20c amd
Fig. 20d respectively.

The intersection of the boundary betwsen the «'+ & region
and the «'+ & +o region with the ten per cem", chromium gection
was established near nine per cent molybdenum. This intersection
was established by mioroscopy in conjunction with X-ray diffraction.
Photomicrographs of the alloys which were used in this determination
are shown in Figs. Zla, 21b, and 2lc. Alloy Ho. 16 (Fig. 2lc) wasé
found to contain three phases. This fact was determined {rom the

X-ray diffraction pattern of this alloy. From Figs. 21b and 2lec,
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it appsars that the sigma phaso is pressnt at the grain boundaries
with the epsilon phase distributed within the grains in a matrix

of the o’ phase., The structure of alloy No. 174 appears similar
to the structure of alloy No., 175; hqwever, 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. Howsver, 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 region and the « v 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.p_The structure of alloy
No., 178 is assumsd to consist of three phasés 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 &' phase. An X-rqy diffraction pattern
of alloy No. 147 showed very weak lines of the sigma phase. From
these considerations, it was concluded that the phase boundary be=-
tween the o« + €+ o region and the o '+ 0 region was near six
atomic per cent molybdenum on the 80 per cent iron section.

The boundary between the <+ o region and the =’ region was
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determined from the structures observed in alloys Ko. 182 and 183,
Photomicrographs of these alloys are shown in Figs. 220 and 22d
respectively. These photomicrographs show that the boundary lies
in the intervel between one and two atomic per cent molybdenunm
elong the 80 per cert iron section.

The boundary between the «' and «'+ ¢ regions in the Fe-Cr
binary system is not considered accurate because the lattice
parameter in the o'+ 0o reglon of this tergary system is not a
‘constant. The varlation of the lattice parameber with composition
in the Pe-Cr biuary system is shown in Fig. 13. The boundary was
approximately located by using information obteined from the dif-
fraction patiern of alloy Wo. 6%, Weak linea observed in this diff
fraction pattern wore attributed to the presence of the sigma phase.
Howevor, the intensities of these lines were so wesk that their
interpretation was difficult. Therefors, the boundery between o
and o'+ O in the binary system is gquestionable and the boundary
between thess two regions is shown as a dashed line in the vicinity
of the Fe-Cr binary system in Fig. &.

The alloys in the three-phase ' + £ + 0 region are alloys Ho.
18, 71, 72, 86, 86, 8%, 91, 132, 133, 149, 176, 177, and 178.
Alloys No, 178, 177, and 178 were analysed by mioroscopy only. The
remainder of these alloys were found to be located in the three-
phase region by comparing parameters of the three individual phases.
Here again, the superposition of complicated diffraction patterns

was annoying., However, the parsueters of the three separate phases
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were determined by ianvestigating regions of the three-phase
triangle where only two phases were predominant. The «' phase
was clearly observed in alloys Ho. 18, 71, 85, 69-81, 132, 188,
and 149, As can be seen from Teble II, the lattice parameter of
the body-centered-cubic phase of’these alloys is oconstent within
the limits of the experimental accuracy. Diffraction lines of the
epsilon phase were observed in all of the alloys except alloy Ho.
91, Further, the interplanar spacings of epsilon in the three-
phase alloys were found to be nearly the same as those of alloy Ho.
12 (i.e. FegMop). For this resson, the epsilon-apex of the three-
phase triangle was fixed as shown in Fig., 6. The line from this
point intersecting the ten per cent chromium section at a composie
tion of nine per cent molybdemum is then the boundary between the
«!'+ & region ard the «'+ € + o region;* ; |

The boundary between the «'+ £ + o region and the o'+
region was drawn so that it intersected the 80 per cent irom section
at the composition of six per cent molybdenum. This boundary was
drawn so that it included alloy No. 89 in the three-phase region and
excluded alloy Ho. 568, Alloy No. 68 is in the 9?'+-o’ region. This
was established by the interplanar spacings of the sigme phase of
this elloy. The end-point of this beoundary at the sigma-apex of the
three-plase triangle was determined on the basig of the interplanar
spacings of the sigma phase in three-phase alloys and on the basis
of the interplanar spacing contours in the ons-phase sigma region.

A straight line drawn between thiz point and the point corresponding
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to the epsilon-apex is then the boundery between the «'+ € +
regicn and the € +d region.

The phese boundary between the £ + d region and the o region
wes drawn as a emooth ecurve between the pigma-apex of the o'+ e+ o
reglion and the sigma-epex of the <+ € + o region, &8 can be seen
frow Fige 6, the tie lines in the £+ o region are very nearly
parallel to the parameter contours in the one-phase signa region.
Therefore, the determination of this boundary by the intersection of
tie lines with parameter contours wasg unot poszible. In additian,‘ghe
alloys near the boundary between these regions were very porous.
ia the € + d reglon, none of the alloys were dense enough Yo zive
& satiafactofy surface for etching. ﬁbwever, this boundary as drawn
was substantlated by the two-phase alloys Ho. 92 and 93 and the one-
phase alloys Ho. T9 and 74,

The boundary betwsen the d region and the two-phase « '+ o
region is shown in Fig. 6. This boundary was established from the
boundary between the «'+ d region and the o region in the Fe-Cr
binary system, from the sigma-apex of the '+ £ + ¢ triangle
deternmined above, and from the alloys in the «'+d region,

The boupdary hetween the 0 region and the '+ g region in
the Fo-Cr binary system was determined on the basis of IZ-ray dif-
fraction. The boundary between the o¢ '+ o region and the ¢ region
was found to be located betweon 42 and 44 per cent chromium.

This result agrees with the results of Cook end Jones shown in Fig. 1.
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The structures obser?ed mioroscopioally in alloye No. .8, 86,
97, 98, and 100 showed that thess alloys consisted of two phases.
This result agrees with the X-ray diffrection data except for alloy
Ho. 98. Ho body-centered-cubic phase could be detected from the
diffraction pattern of this alloy. However, according to the
boundaries shown in Fig. 6 for the «('4+ o region the amount of the
body~-cent ered-cubic phase in this alloy should be less than two per
ocont. This was substantiated by the small smount of alpha prime

observed in ths structure of alloy No. 98.



59

Specimen No.: 24 Specimen No.: 25
Composition: 98Fe - 2Mo Composition: 96Fc - 4Mo
Etch: ELecTROLYTIC, 10 % OXALIC ACID Etch: ELecTrOLYTIC, 10 % OxaLIC ACID
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Specimen No.: 168 Specimen No.: 169
Composition: 89FE - 10CR = 1MO Composition: 838Fe = 10CR = 2io
Etcht ELECTROLYTIC, 10 % OXALIC ACID Etchs ErectroLYTIC, 10 % OXALIC ACID

Figure 20
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Specimen No.: 174 Specimen No.: 175
Composition: 82FE = 10CR = 8Mo Composition: 81Fe - 10CR = 9MO
Etch: ELECTROLYTIC, 10 % OXALIC ACID Etch: EiLecTroLYTIC, 10 % OXALIC ACID

Specimen No.s 16 Specimen No.: 178
Composition: 80FE = 10CR = 1CMo Composition: 80FE - 13CR - 7Mo
Etchs ELECTROLYTIC, 10 % OXALIC ACID Etch: ELECTROLYTIC, 10 % OXAL!C ACID

Figure 21
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Specimen No.: 179 Specimen No.: 147
Composition: 80FE = 14Cr = 6l0 Composition: 80Fe - 15¢r - SMo
Etch: ELECTROLYTIC, 10 % OXALIC ACID Etch: ELectroLyvic, 10 % OxaLiC ACID

Specimen No. 132 Specimen No.. 183
Composition: 80FE = 18CR = 2Mo Composition: 80FE = 19CR = 1HO
Etch: ELECTROLYTIC, 10 % OXALIC ACID Eteht EiectroLyric, 10 % OxaLic AciD

Figure 22



VII. ACCURACYT OF RESULIS

The location of the phase boundaries shown in Fig., 8 are sub-
Jjeoct to the following sources of error:

(1) Ineccuracies in the determination of lattice parameters
and interplamar spacings.

(2) Lack of eguilibrium in alloys.

(8) Actuel composition of alloys compared with sxperimental
composition shown in Fige. 7.

(1) The acouracy of the lattice parameters determined for the
bcdy-cenﬁered-cubic phases is discussed in Appendix II. The lab-
tice parameters deteramined {rom data obtained with the small caﬁera
are accurats to within 10,002 X. The aceuracy of the interplenay
spacings which were used to determine the boundaries of the sigma
phase and the epsilon phese was of tho same order of magnitude
(Appendix I1). A4s can be seen from Figs. 9, 11, 12, and 13, en
error of 0.002 2 in the lattice parameter causes & composition error
of approximetely one per cent in the loocation of the lattice
parameter points in Fig., 1l4. From Fig. 16 and Fig; 18, it can be
seen that an error of G.002 2 in the interplanar spacing (1ine Ho. 1)
of the sigma phase also causes a composition error of one per gent.
Therefore, the contours shown in Fig. 8 are considered acourate to
within %1 atomic per cent.

(2) The sharpness of diffraction lines for high Bragg angles
was used to determine the homogeneity existing in alloys after being

aged for ter days at 1200° F. The sherpness of these diffraction
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lines is a valid criterion for determianiiy tle existence of equili-
brium because thé widths of these diffraction liunes are a measure
of the consistency of the specing between atomic planes. The lines
obtained from the nigh angle reflections are sensitive to inhomo-
geneities in the lattice and to variation in phase composition.

It must be realiged that the rsaction rates which determine the
approach to squilibrium et a particular temperature are a function
of compositicn., A standard agilug time may be sufficlent to obtain
equilibrium in some regions but may be insufficient in others. Sharp
diffraction lines were obtained for the mzjority of the alloys. The
apparent lack of equilibrium in alloys No. 21, 31, and 37 was dise
cussed in Section IV, 1In addition to the above alloys, the equili-
brium of alloys in the = ‘+ o and % +O° regions of the Fe=Cr binary
system was also questicned., The phase boﬁﬁdaries in the vicinity
of the Fe~Cr binary system are shown as dashed lines,.

(3) The vapor pressure of pure ohromium is approximately
1x 1074 atmospheres at 2500°F and 1 x 10-13 atmospheres at 1200° F.
It has been reported that im the alloyed state, the vapor pressure of
chrouium is lowered (30)., Since chromium is quite volatile at Z500°F,
it was necessary to determine whether or not the loss of chromium in
the sintering process was exocessive,

The loss of weight of an alloy of 52 Fe-48 Cr was found to be
0.11 per cent of the original weight after four hours sintering at
2500° F. If this loss of weight is assumed to be due only to the

vaporization of chromium, the change in ccmposition would be
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approximately 0.08 atomic per cent.

In sddition, two alloys which had besnk sintered for eight hours
at 2500° F and had been aged for ten days at 1200° F were chemically
analyzed by the Smithe-Bmery Co. of Los Angeles, California. These
alloys were No. 91 and ¥Ho. 10l The quantitative snalysis is com-

pared with the as mixed composition in weight per ocent below:

Alloy No. 91 Welght per cent Welight per cent
{(Analysis) (As mixed)
Carbon (C) 0.08 e
Iron (Fe) 58,25 51.32
Chromium (Cr) 11.72 11.95
Holybdenum {Mo) 34.98 38,78

Alloy No. 101

Carbon (C) 0.08 -

Iron (Pe) 56.25 54 .54
Chromium (Cr) 86.41 38.94
Holybdenum (Mo) 8.40 8,52

Traces of Hi, Cu, and Si.
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On an atonic basis, the comparison of the analysis with the

as mixed compesition is as followss

Alloy He. 91 Avomic per cent Atomic per cent
(Aualyais) {As mixzed)
Carbon (C) 0.32 o
Iron {Fe) 61.80 80
Chromium (Cr) 14.58 18
Molybdenum (Mo) 28,52 28

Alloy No. 101

Carbon {C) 0.14 -
Iron (Fe) 58.84 ) 58
Chromium (Cr) 58.2¢ B 40
Holybdeaum {Me) 4,92 3

It was stated by thess chemists that their usual accuracy in
a2 chawical znelysis of this nalure &s of %he order of +2 per cent
for a component which couprises 50 per csnt of an alloy and +1 per
gent for & ocomponent which comprises 25 per cent. It was further
stabed that analysis for molybdsaum in amounts greatsr than oné per
cent is diffioult. A presision greater than the linmits stated above
was roquested for the amalysis of alloys Ne. 91 and 101, A% extre
cost, the resulte of two separate determinations on eash of the

alloys differed by a maximum of 0,53 per cent for an individual
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component. An average of the two determinations is presented above.

The loss of molybdenum in slloys fc. 81 and 101 is not conm-
patible with the wvapor pressure of ¥this metal compered with the wvapor
pressure of iron. The vapor pressure of molybdenum at 4160° F is
0,001 mn Hz and of iron at $420° 7 is 1 mm Hg (31)., Trerefore, it
appoarse that the a.na‘lyais is in error dus to the difficulty attend=-
ing the determination of molybdenum, Further, the comparisgon of the
rasults of the investigations of the binary systems {or the three
somponent metals with the rosults of previous investigators indi-
cates that the compoeition accuracy is gresbter than that indicated
from the axalysis of alloys Nos. 91 and 101, The location of the
epsilon phase in the Fe-lMo binary system and the solubility limits
of iron in molybdenum and of molybdenum in iron in this system as
determined by this study are compatible (.a‘t 1200° F) with the diagram
shown in Fig. 2. The variation of lattice parameter with composition
in the Cr-Mo system is compared with data presented by Traebietowsky
(27} in Fig., 9. As shown, theé esgreement iz good., Preston's data on
the variation of lattice parameters with composition in the Fe-Cr
system alsc agreeﬁ closely with the results shown in Fig. 10,

In view of the above dispcussion on the acouracy of the chemical
analysis of alleoys No. 91 and 101 and the agreement of the present
results with data of previous invesiigators, it appears that the as
mixed composition of alloys is reliable. It is estimated that the
actual composition of the alloye iz within one atomiec per cent of

the composition shown in Fige 7. This error will have a minor effecd



67

on the locatlion of the phase boundaries,

It nmay be seen from the analysis of alloys ziov. 91 and 101
that some carbon is present in these alloys. Since thess alloys
received the maxinum haﬁdling (i.e, crushing and resintering), it
is assumed that the maximum amount of carbon present in eny of the
alloys prepared is of the order of 0,08 welght per cent. The
elloys were not analysed for oxygen content and 4% should be nocted
that oxygen may also be present in the form of CrpOg. Adcock (32)
atates that electrolytic chromium mey ocontain from one %o two per
‘cent of this stable chromic oxide.

The carbon and oxygen present in alloys used in this luvestiga-
tion are not expected te have a serlous effect on the phase boundaries.
The presence oi"oarbidoa or Crp0z was not detested mioroscopically or
by d-ray diffraction. ES

In general, thbe shape of the ph;se boundaries shown in Fig. §
is probably more correct than their sbsolute locations. A numerical
calculation of the acouracy of the phase boundaries is impossible,
but it is estimated that on the average they are acocurate to within

two abtomic per cent.



ViIIl. DISCUSSION OF RESULTS

The ternary phase diagram of the Fe-Cr-Mo system as determined
by the present investigation is shown in Fig. 6.

In the foregoing sections, the present results in the three
binary systems have been compared with the results of previous in-
vestigators. The agreement is summarigzed as followss

1. The phase boundaries of the sigma phase in the Fe-Cr
binary system at 1200° F agree within one per cent with the
boundaries determined by Cook and Jones (Pige 1). After ten
days at 1200° F, some of the alloys in the two-phass rsgions
of thie binary system were not considered to be in equilibriumo>
The boundary between the ' and the o'+ o regiams and the
boundary between the < and the & +o reg‘l_ons are not considered
to be accurate. The deta regarding the variation of lattice
peremeters with composition in this éﬁatem (Fig. 10) agree with-
in 0,001 e with the date of Preston.

2, The phase boundaries in the Fe-Mo binary syaten at
1200° F agres within one per cert with the boundaries of this
systen at this temperaturs showm in Fig. 2.

5. The data on the variation of lattice parsmeters with
composition in the Cr-Mo system (Fig. 9) agree cleosely with
the data of Trzebiatowsky and colleagues. The maximum deviation
in the two curves is 0.0l X.

The only results available in the literature which may be

compared with the phase boundaries determined for this termary

&8
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system are given by Parke and Bens (9). These iuvestigators state
that the sigme phase was found in alloys in the ocomposition range

60 Cr, 15-25 Fe, and 25-15 Ho (per cent by weight ). The composi-
tion limit 80 Cr - 26 Fe - 18 Mo corresponds to 86.64 Cr - 25.47 Fe -
8.89 Mo atomic per cent and lies well within the &+ o region of
Fig. 6« The ocomposition limit 60 Cr - 16 Fe - 25 Mo (weight per cent)
corresponding to 68.56 Cr - 15.98 Fe - 15.48 Ko atomic per cent, lies
outside the %Ywo-phase region. This composition, however, is within
ous atomic per cent of the boundary between the a-rér region and
the X region of Fig, 6. In this composition range, the boundary ig
shown as & deshed line and the true boundary may well inelude this
composition,

The apparent lack of equilibrium in several alloys after aging
for ten days at 1200° F has been discussed previously. A compromise
between inordinately long aging times and very short aging times is
clearly necessary. In thias investigation, ell alloys were aged for
ten days at 1200° . Therefore, the diagram presented in Fig. 6
should be considered as the phase disgram for Fe-Cr-io alloys which

heve been aged for ten days at 1200° F.



IX. SUMMARY AXD COHNCLUSICHB

The phase boundaries of the iron-chromiua-molybdenum bternary
system at 1200° P have been investigated. The locabtion of these
bounderies (Fige. 6) was determined from an experimental investige=-
tion of 180 alloys. These zlloys were aged for ten days at 1200° F,
The aexperimentel messurements were made by using the following
techniquess X-ray diffreobion, microscopy, and miorohardnsss. It
is estimated that the location of Che phase boundaries is accurate
to withiu two atomic per cent.

The necessity for the complem;ntary uge ol X-ray diffraction
and mioroscopy in an investigetion of this nature hes been clsarly
dewons trated.

I% was found that the sigma phese of the Fe-Cr bilnary system
is stabilized by tThe addition of molybdenum and that this britils
phase is present in a large portion of the tersary phase disgrens.

A tentative tetragonesl structure for the sigms phase is
developed in Appendix III. This structure is probably not the true
structure of this phase. However, the predicted diffraction pasttern
of the tentative struobure is so similar bto the diffraction pabiern
of the sigma phase that this model ig very convenient for correle-
tion purposes.

Further basic research should be done on the segment of the
boundary between the X and o+ 0 regions which lies in the
chromiun.rich portion of the ternary system. This boundary should

be deternined as a function of temperabure in order to establish
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the useful compositiou range for gas turbine alloys. 4 knowledge
of the extent of the sizma phase in this composition range could

aid tremendously in the production of these high temperature zlloys.



APPENDIX I

TABLE II

ALLOY COMPOSITIONS, THERMAL HISTORY, HARDNESS,

LATTICE PARAMETER~BCC PHASE, ARD PHASE REGION OF ALLOYS

Alloy Composition Thermal Hardness Lattice  Phase
loe Atomic Percent History Knoop No. Parasmeter Region
BCC Phese 1200° P
Fe Cr Mo £ units
1 0 89 911 & - 8.126 o
2 0 17.0 83.0 3= - 3,107
3 0 24.6 75.4 3as - 3.097 S
4 0 31.6 68.4 Sex - 3.080 <x
5 0 44.3 B5.7 % - 3.052 o
€ O bBb6.2 44,8 Sus - 3.019 1
7 0 64,9 35.1 e - 2,993 o
8 O 73.8 6.3 dxw - 2.964 e
9 0 8l.2 18.8 3w - 2,936 e
10 0 88.1 11.9 3= - 2.918 i
11 0 94.5 5.5 3% - 2.903 S
12 60 0 40 Sene - - £

*These alloys were siatered 12 hours at 2500° F,

sxThese alloys were crushed after sintering for four hours at 2500° F,
re-pressed, and resintered for eight additional hours at 2500° F.

#xxSubgequent to the above alloys, (1) will identify an alloy that was
sintered for four hours at 2500° F; (2) will identify alloys that
were sintered four hours st 2500° P, crushed, re=-pressed, and re-
sintered for an additional four hours at 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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Alloy
Hoe

13
14
156
16
17
18
19
20
2l
22
23

24

28
27
28
&9
30

31

#x#3(L) Identifies parameters

Composition
Atomic Percent
Fe Cr ko

63.9 0 46.1
50 0 50
50 60 0
80 10 10
70 20 10
860 30 10
50 40 16
40 &0 10
30 60 10
20 70 10
10 80 10
98 0 2
98 0 4
94 0 6
92 0 8
90 0 10
6§ 90 5
16 70 15
20 60 20

TABLE II (Continued)

Thermal Hardness
ilistory Knoop Ko,

2 =

2 -

1 o

1 386

1 606

1 810

1 1090

1 1130

1 540

1 480

5§ 550;'

1 95

1 175

1 2358

1 330

1 260

1 400

1 455

2 . 865

260

the 214.86 mm camera.

e Probably not in equilibrium.

73

Lattice
Parameter
BCC Phase

x units

Phase
RBegion
12000 F

8.1345(L)%**» o4

3.1355(L)
2.8754(L)

2.8742(L)

2.866,(L)

2,908

2.910

2.904,(L)
2.9074(L)
2.8685(L)
2.8714(L)
2.8714(L)
2.8714(L)
2.871g(L)
2.8964(L)
2,923 (L)
2.9417(L)

A + €
a
7/
X+E+T
o T

/
oL+

X+

X +d

' +E
<'+g

'+ E

X+

determined from data obtained using



411
Ho

32
33
84
38
&6
a7
38

39

44
45

46

50
51

52

5!

1. BLE II

oy Composition
» Atomic Percent
Fe Cr Yo
25 B0 eb
40 40 20
85 8B 30
45 45 10
47.5 47.5 &
& 56 15
5 80 6
7.5 70 2245
10 €0 30
12.5 80 37.5
16 40 45
2 C 98
4 0 88
6 o 94
8 0 92
10 o 90
12 c 88
14 0 86
16 0 84
49.5 49.6 1
49 49 2

Thermal

Higtory

{Continued)

Hardness

Knoop No.

540

1080

316
4035
465
£25
468
440
1020

1070

Lattice
Parameter
BCC Phase

X units

2.956

2.912
2.928

2.947

2.017
G.144
3.140
3.136

3.130

3.130

&.131

Probably not in equilibrium, O very very wealks
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Fhese
Region
12000 F

A+ T

q

C\

X + o

X+

X + 0

K +0

< + &
X + &

X +&

X + &

<+ &



Alloy
Koo

61

82

63

64

65

88

a7

68

€9

70

71

78

Composition
Atomic Percent
Fe Cr No

48.5 48,5 3
48 48 4
49.75 49.76 0.5
60 20 20
80 10 0
80 20 0
70 30 0
60 40 0
40 60 0
30 70 0
20 80 0
10 90 0
30 80 40
25 28 60
20 20 60
15 18 70
10 10 80
g B g0
70 10 20
60 10 30

TABLE II {(Continued)

Thermal
Higtory

Hardness
Anoop Ho.

945

880

1010

9%

120

183

220

380

330

400,

384

500
470
560
565
815

790

e Sigma gquestionable ~ very very weak.
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Lattice Phuse

Paranster Hegion
BCC Phase 12000 F

X units
- o
- o
- ol
2.870 Xt o

20870,(1L; =
2.8720(L) ¢
2.875,(L) « to®
2.8745 (L) &'+ O
2.876,(L) o +0
2.8775(L) o +0°
2.8794(L) X
2.8899 (L) &

- o
3.0824(L) X+O
2.098g(L) A +O
3.103 < to
8,107 « + o
3.1229(L) X+
2.871 X' +Et+a

- X'+ E+O



Allcy

3o
We

73

74

79
80
&l
82
83

84

86
87
a8

89

Composition
Atomic Percent

Fe

50

40

40"

SC

20

50

50

62

64

66

68

70

6b

60

56

50

75

Cr
10
20
10
10

1c

15
15
15
15
15

15

Ko
50
40
80
€0

70

30
35
40
46
10
15
25
36
45

65

o

3

3]

[ 5]

o3

76

tiardness
Ruoop o

386

730

9056

865 -

870

495

400

Lattice Thase
Parsncter Region
BCC Phase 1200°F

y 5 gkl
A uniss

- Et+o

- o

- X + E+o
3.122 X +E+O
2.121 x + O

= o

- o
2.871 X't €
Z.870 X t+E
2.868 x'+e  _
©2.872 <t €

2.872,(L) <X '+&

2.870 X't +o
- X'+ E +O
- E+ O
- E +0
2.872 x‘tE + O
2.871 <'+& +0
2,678 X *EFC
. E+0
- E + T
3.104 SR



100
101

102

106
107
108
108
110

111

113

Compesition
Atomic Percent

0

0

35

40

56

58

a0
10
20
30
40

50

¥o

50

IT1 {Continued)

Thermeal

b E B4
Histery

2

2

Herdress
Knoop koe

525

520

Latiice

o1
FAese

Perameter Re-ion
gCC Phase 12000 F
A unils
3.054 X+
5.096 * +o
2.872,(L) <X "+0
2.8724(L) P
- o
2.868% N Tex
- &
- (ol
2.890 X +Oo
2.510 X t+a
- X + 0
3.001 - X tO
5.031 X +0
3.050 X +O
3.072 X+
3.090 *+ O
3.128 <
3.108 %
3.080 &
3.089 X
3.084 X

d Parameter insccurate due to very weak BCC lines.



TABLE I (Continued)

Alloy Composition Thermal Hardness Lattice Fheeo
Hoo. Atomic Percent History Kaoop Hee Parsmeter Region
BCC Fhese 12000 F
Fe Cr Ho 2 units

116 0 80 40 2 525 3,007 x

117 ] 70 30 2 280 2,978 x

118 0 80 20 2 385 2,940 X

119 0 90 10 2 377 2.917 o

120 52 48 0 1 - - o

121 54 46 C 1 - = o

122 56 44 0 1 - - o

123 58 42 0 1 - 2.876 «<'vo

12¢ 62 38 0 1 - 2,876 X' +0

125 65 38 0 1 - 2.870 < +o

126 48 52 0 1 - 2.876 X +o®
127 46 54 0 1 - . 2.875 At T

128 44 56 o 1 - 2.874 KXt+to°

129 42 £8 o] 1 - 2.875 A to @

130 16 356 85 2 1110 3.034 X t+ 0

131 10 45 45 2 708 3.010 X+ 0

132 85 18 20 1 925 24870 X tg + O

183 85 10 25 915 g X' +E +O

13¢ 45 10 45 2 760 - e+o &

e Probably not in equilibrium - howsver, O chserved.

£ BCC phase observed very weak,
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pattern, poseibly nob in egquilibrium.
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Alloy Ho.

135
136
137
138
139
140
141
142
143
144
146
146
147
148
148
150
151
152
153
154
156

166
187

Composition
Atomic Percent History Knoop Ho.
Fe Cr Mo
35 10 68 2
45 b 50 2
35 ) 80 2
30 5 85 2
35 15 50 2
5 10 85 2
6 30 65 2
S 40 56 2
5 50 45 e
5 80 55 2
5 70 25 2
85 10 5 1
80 15 5 |
75 20 5 1
6256 2.5 35 1
60 2.5 37.86 2
67.5 2.5 40 2
B5 2.5 42.5 2
B2.5 2.5 45 2
60 2.5 47.6 2
47.5 2.5 50 2
30 1 €2 2
30 2 68 2

TABLE II (Continued)

79

Thermal Hardness

620

385

380

365
520
385
€10
275

510

310 -

360

316

490

Lattice

Paraneter

BCC Phase
units

3.125

3.124

3.088

- $.083

3.010
2.982
£.965
2.872
2874
2.871

2.874

3.128
3.124

Phase
Region®
1200° F

X+ E +0O

X +E& +0

X + E+O
X +& to
X +0°
o + T
X +0
X +0
« +0

=4

(%
<+ &
X'+o
% +o

X'+ E O

E+0

E+0

E v+
o + E+O
X + & +C
X + £ +0O

X + & +0

X + E +O



Alloy

Koo

168
156

18l
162

181
182

183

2

TABLE II

Composition
Atomic Percent

Fe Cr
30 3
30 &
2 20

2 30
45 1
45 3
45 4
89" 10
88 10
87 10
86 10
84 10
83 10
82 10
81 10
80 1l
80 12
80 13
80 1
80 15
80 17
80 18
80 19

Ko

67

66

78
68
54

oy
[

W W o ~3 D P W W

w0 N W

Thermel
nistory

oo

{ab]

P O o T ™ I S L o S S S -~ T - T - T -C RN

h  Anglyzed by microscopy only.
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{Continued)

Hardnesse
Enoop lic.

£00

516

Lattice
Parameter
gCC Phase

A unita

3.124
Sel24

$.080
3.064

-~

Phase
Regilon
1200°F
X t+E +0

X + & +0

X + O
K +0

X t+t & +O

X + & +0

X + & +0

X' +&

X'+ &

X +E

<"+ &

< ‘+&

< +E
< '+EtO
X'+ & +o
ol '+ 8 o
x+ £ +0

<+ o

=<'+ T

< + T

X+ 0



APPENDIX II

INVESTIGATION OF ERRORS INHERENT IN THE USE OF POADER CAMERAS

The determination of interplanar spacings and lattice parameters
by the use of a powder d;ffraotion cemera 1s subjeoct to inherent
systematio errors. These errors are due to film shriankage,
eccentricity of the specimen relative to the axias of the camere,
and absorption of X-rays in the specimen. In addition, the ameasure-
merxt of the position of the diffraction line or the reflection angle
is subjeoct to a random error.

A correction was made for the film shrinkage by assuming that
the shrinkage was uniform along the length of the film. Hence the
data were assumed to be free from errors arising from this source.
It wes also assumed that the axis of rotation of the specimen coin-
cided with the axis of the camera. The data éhawed that these two
asgumptiona were wvalid. %

The remaining errors are the systematic error due %to absorption
and the random error in reading the position of a diffraction line.
The fundamental interplanar spacing srror equation may be

developed directly from the Bragg law

nA = 2dsind . | (1)
The spacing, d, is computed from a measursment of © by using the
equation |

d=nA/2x os0 8 . (2)
By differentiating equation (2), the fundamental error equation is

Ad = -(nA2) x osc © x cot © x40 . (3)
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To avoid confusion, A is used to indicate the differential quantities.

Dividing equation (3) by equation (2), the fractional arror
equation is

Adfd = - oot ® xA8 (4)

The lattioce paremeter, a, of a ocubic structure is given by
the relation a = th3+k2 +12 , where h, k, end 1 are the Hiller
indices of the atomic plane which corresponds to d. Thersfore, the
fractional error in the lattice parameter may be writiten as

Dafa s - cot 8 x AS (8)

A. Error in Reading Diffraction Film.

The sources of the reading error may be seen from Fig. 6, where
the position, x, of the diffraction line is subject to an error A x.
The error in © is then

A8 = tAx/2R | (6)

where B is the radius of the camera. This error for the small camera
is shown in Fig. 28 where Ad 18 plotted versus d for the thres
radiations used in this investigation. The reading error curves for
the large camera mey be deduced from Fig, 23 by dividing the ordi-

nates by three.

B. Absorption Error.

The absorption error arises, as shown below, from absorption of

X-rays in the specimen,



U
infensify
distribution
X
20
X-ray beam \' X

\J

Specimen

Thia error is a function of the diameter of the specimen, the
composition of the spscimen, and the radiation employsd. The obe
served Bragg angle is always larger then the true valus. Therefore,
the camputed interplanar spacing, d, or the lattice parameter, a,

»
will be biased in the negative senss.

For complete absorption in the specimen, i.e., reflection
from atomic planes at the surface of the specimen only, Bradley
axd Jay (33) have shown this error to be related to an error in 8

by the formula

A8 = %(14-%)0032 6 | (7)

where r is the radius of the speocimen, B is the radius of the
camers, and Mx is the distance from the source df the X-ray beam to
the specimen. The fact that the usual X-rey beem is slightly di-
vergent is accounted for by the factor Mx. The coefficient of

cos®@ in this equation will vary from specimen to specimen because
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of an unaveoidable variation in the radii of the specimens. Howe
ever, this coefficient is constant fér any one particular film.
Therefore, the absorption error is written
A9 = Deos?® (8)

This equation substitaked ia (4) or (5) shows that errors of this
nature vanish for @ & 90 degrees. The function 00329 has been used
graphically by many investigators for extrapolating apparent values
of the lattice parameter, a, to © = 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, 6, greater than 80 degrees.

In an exocellent paper, M, U, Cohen (34) presented a very gen-
eral amalytical method for the determination of lattice parameters
which Las been used extensively in this ocountry.

For cubic orystals, the Bragg equation can be expressed by the
relation

( Aykao)(h2+ kg+-12)é = 8in Oy (e)
where ap is the true lattice parameter and Opx]l is the true Bragg
angle for a particular plane, (hkl). Squaring both sides and de-
noting Ne/4 a2 vy A, ,

Ao(h2+ kB +12) = 8in® @ - (10)
Expanding Sinze in a Taylor's series and substituting the series in
equation (10), the following relation is obtained.

2, k24 12) = gin?
Bo(h%+ k% +1%) = §in® © 1 - 8in20,, 08 (1))
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where 81 is the measured Bragg angle for a particular plane. Using
81 for the true Bragg angle in Sin 28y and substituting Bradley

and Jay's absorption error for A®, equation (11) may be written as

sin®ei = A,y + D &4 (12)
where

Ao = );4a°2

Xy = (h® + X2 +12) for the ith plane

Si ooszeisinazei
D = a constant depending upon absorption.
The usual equations which are used to solve this set of linear
equations for A, are:
i 2 Y o2 ¥
Z°<i sin® 0, = A, ‘%0(1 + D ,Z:,disi (18)

'z

~ N 24 2
fz&isinzeiaﬁoz_digi*' D;gi
2y €/

g

The above method was applied to small oamera diffraction
records for pure annealed iron, chromium, and molybdenum. The re-
sulting values for the lattice parameters, utiliszing only reflections
for waich 6> 60 degrees, are Fe, a = 2,8663 &, Cr, a = 2.8844 &, and
Mo, a = 3.146g g. These compare well with corresponding large camera
determinations: Fe, a = 2,866 2, Cr, a = 2.884g4 X. and Mo,
a = 5.146; &.

The coefficient of the absorption error in A © was also computed
for the small camera records of these pure metals. The percentage
error in measured spaoing, 4, or lattice parameter, a, for these

three records is plotted as a function of ® in Fig. 24. These
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records were taken with cobalt radiation. For Co K¢1 radiation,
the mass absorption ceeffioient, f%b ,» for iroen is approiimately
58, for chromium is approximately 385, end for molybdenum is
approximately 245. These values were determined by graphical inter~
polation of mass absorption coefficients given by Barrett (1). It
can be seen from Fig. 24 that the absorption errors for the thfee
specimens vary as expected with their relative mass asbsorption co-
efficients. Another error caused by the difference in radii of tﬁe
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 interplanar spacings which are caused by absorption. As the
composition of the alloys is varied, the absorption error also
varies. The curve for pure molybdenum may be used as 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 because of the long and involved calcu-
lations required. For this investigation, these tedious celculations
were not warrented, and a simpler graphical method was used for the
elimination of the absorption error.

The lattice parameters, a, for the body-centered-cubic solid
solution phase were corrected for absorption errors by the use of
a graphical extrapolation technique which was recently suggested by
Helson and Riley (35). These authors investigated various functions

of 8 for use as extrapolation functions and showed empirically that
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ebsorption errors are proportional to a function F(®) which equals
coaaﬁ/éing + 00529/b . A plot of AF(Q) versus apparent valuee

of "a" was shown to be linear for values of ©>30°. This extrapo-
lation function was subsequently given a semi-theoretical basis by
A. Teylor and H. 8imclair (36).

Using a table of 3¥(8), the apparent lattice parameters, a, of
the body~centered~cubic phase were extrapolated to Bragg angle
@ = 90 degrees. Bxamples of the use of this extrapolation function
for several Fe-Crio alloys are shown in Fig. 25. As can be seen
from this figure, the linear relationship between eapparent lattice
parameters and 5F(9) is very good.

It is interesting to note that if the lattice parameter, a,
(computed from a particular plane (hkl) and for several alloys ) is
plotted versus F(@), the resulting curves ‘are approximately straight
lines (Fig. 25). This is an approximation for the small range of
lattice parameters covered in this figure. The significance of this
result is not understood.

The lattice parameters of the body-centered-cubic phase was
corrected by the above method. This data was obtained with the
small comera and is estimated to be accurate to.within 0.002 R. The
lattice paremeters which were determined from data taken with the
large camera were not corrected for absorption. However, only high
Bragg angle reflections were used for these calculations. It is
estimated that thiese lattice parameters are accurate to within
0.0007 &.

The varistion with composition of the parameters of the sigms
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and epsilon phascs was determined from interplener spacings.
Diffraction lines in the back reflection range, i. o, 9}500, wore
used for thesse calculations, For the sigma phase, the interplanar
spacings which were utilized wero found to vary with composition
from approximately 0.800 R to 1.030 R. These spaoings were not
cerrected for absorption and the reading error is present, How-
ever, as ¢an be seen from Fige, 23 and 24, the reading error and
absorption error in this range (9)@00) are small., The maximum

error in these interplanar spacings is ostimated to be 0.002 X.
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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 metch of observed iﬁterplanar spacings with allowable spac-
ings for a given structure was found on the tetragonal chart near
an axial ratio, o/a = 1.46. The diffraction lines of the sigma
phase were then eassigned Miller indices as determined by this match
and the best c/h ratio was determined by applying the least square
method to the tetragonal formula.

The tetragonal formulae is

1 . uEeat 3R

b~ v e

aé a? o2 (1)

or

[
L]

-—1.5 (h®+ k%)d® + ;-lz-lzdz = AX + BY
a

where

)
1

(h3+-k2)d2
Y = 1262
1/&2

B = 1/'(:2

P
n

The above equation is that of a straight line. The intercepts of
this line determine the value of a and c.

The sum of the squares of the orthogonal deviations are mininized.

#*For examples of Hull-Davey charts, see Heference 37.
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The procedure is as follows: Tske y{ = mxi+b where m and b are

constants to be determined in such & way that the sum of the squares
of the orthogonal deviations of the data from the straight line is

minimiged., The orthogonal deviations are

Xi ® (yi = yf:,) H?—*? (2)

or
- 1
Xi s [yi = (mi+ b)} 1+ mz %

Denoting the sum of the squares of the orthogonal deviations by

F(m,b) we have
N

- 2 1
F(m,b) ‘é& - (mx, +b)] e (3)
Then minimiging
AF _
: s-s =0 |
and " (4)
F o
5—- 20

The following two equations are obtained from equation (4):
w

2 [s - (mxg+ ®)] =0 (5)
a2y o 2
W 2w [vi = (mxg+p)] 4 m‘é@'x ~(ms+0)]" 20  (6)

Substituting the value of b from equation (5) in equation (6), the

following equation for the determination of the slope, m, results:

A ~ Vi ~
s MO xP o Z oy > x)%+ (Zy)t

n

(7)

L4

( Z x5)( (Z_x/yi) - K Z X4 ¥y

<=/
& =

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 which the sum of the squares
of the orthogonal deviations is & maximum.
Having the desired slope, m, the value of the constant b is

found from equation (3) which reduces to

N A
L = ;:yi - 1 ;-Zr - (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 spaocings lower than approximately 1.6 R,
Hiller indices could not be essigned to the observed diffraction
lines., The proximity of the allowable spacings prevented a reliable
indexing. Therefore, these interplanar spacings could not be
utiliged. Interplanar spacings corresponding to seventgen diffraction
lines were utiligzed for the determination .of the o/a ratio.

Fig. 28 is a plot of x = a8(nl+ x2), ys= d% 1% for these seven-
teen diffraction lines. The line for which the sum of thé squares
of the orthogonal deviations is minimum results in a o/a ratio of
1,461, Tle paremeter, s for this oell was found to be 6,205 1.

The quadratic form in Sin®

9 was established using the parameters
of this cell, The computed values of Sin26 are compared with the ob-
served values in Table III. The variation of Sinze whioch might be
expected from the réading error is of the order of +0.00056.

Although no great difference exists between calculated and ob-

served values of Sinze, the agreement is only fair. This result

indicates that the assumed structure is not the true structure of
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this phase. It is interesting to note that the gxial ratio 1.48
is nearly the JE‘, which means that a slightly distorted cubiec
cell might also describe the structure.

If it is assumed that the tetrazonal cell described above is
correct, the mumber of atoms per unit cell may be computed. It was
found that the density of the Fe-Or sigma phase is 7.600+ 0,006
gn/ce. From this figure and the cell 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

for alloys in the sigme region were computed using the formula

a s d(n%+ k2+12/(1.461)2)é

Values of (hZ+ k2+ 12/T1-461)2)é'w0re tabulated and the lattice
paramster, ‘a, was computed for slloys in the sigma region. An aver-
age lattice parameter was computed from téﬁlinterplanar spacings.

The variation of the lattice parameter, a with molybdenum con-
tent for the ssection where iron and chromium are in equal propor-
tions is shown in Fig. 27.‘ A similar variation for a section of
congtant iron (50 per cent) is also shown in Fig. 27, The variation
of the inmterplanar spacings (Figs. 15 and 16) with molybdenum con-
tent ie similar to the variation of the lattice parameter with
molybdenum content.

The parameter contours shomm in the sigma region of Fig. 6 indi-
cate the variation with‘oomposition of the parameter, a, for the tenta-
tive tetragonal cell developed above. The parameter, ¢, corresponding

to these contours may be computed from the axial ratio, o/a, of 1.461.



TABLE 1I1

COMPARISON OF $in®6 COMPUTED ON THE BASIS OF TETRAGONAL STRUCTURE

FOR SIGMA WITH THOSE OBSERVED

nkl a Sine 8ine sine
(Coraputed) (Observed) {Obe - Com.)
112 2.50vw 0.2114 0.2088 -0.0026
122 2.36w 0.2339 0.2344 +0.0005
004  2.27m 0.2647 0.2533 -0.0014
220  2.22vw 0.2722 0.2650 -0,0072
203 2.l6vw 0.2794 0.2795 +0,0001
221  2,126s 0.2881 0.2800 +0,0009
300  2.065m 0.3063 0.3063 0.0000
123 2,.034ww 0.3135 0,.3156 +0,0020
301  2.019m 0.3222 0.3202 -0.0020
222 1.967m 0.3359 0.3376 +0.0017
131 1.928s 0.3562 0.3521 -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 1,663vw 0.4661 0.4721 +0.0060
133 1.637vw 0.4832 0.4887 +0,0066
232 1.608ww 0.6061 0.50850 -0,0011

8 = strong, m = medium, w s weak, vw 8 very weak.
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