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SURVEY OF PORTIONS OF THE CHROMIUM-COBALT-NICKEL-MOLYBDENUM
QUATERNARY SYSTEM AT 1,200° C 1

By SHELDONPAULRIDEOUTand PAULA. BECK .

SUMMARY

A wrvey wm ma& of portti of the chromium-cobaU-
niciiel-molybo?enumquaternarysystem at 1$00° C @ meana of
mL.?ro8copioand X-ray di$raction studitx. Since the face-
Ct??l&Wd cubic ((dpb) 801i0?801’11.thl#jorm them.atrh of 0h08t

all practically w-sefulhigh-temperature aUoy8, the 8olid 8olu-
lnkly limi% of tlu qum!mnuqialpha phase were dkierm@.edup
to 20 percent molybdenum. The compommi cobalt+ickel-
molybdenum, chromium-eobdt-molybdenum, and chromium-
nickel-molybdenum terna~ 8y8t#n8 were &o studied. %
8urvegof tie 8y8tem8wm con$ned to the deierminatiok of i%
bounhia of thejace-cent.eredcubic (alpha) 801io?8obu&m8and
oj the pJwe8 co~”8ting with alpha at 1#00° C.

INTRODUC”TION

In the development of technologically useful alloys it is
usually of considerable help if tho phase relationships and
solid volubility limits are known. At the Metallurgy De-
partment of the University of Notre Dame a project has
been in progress for some years to determine the phase
relationships in alloy systems involving chromium, cobalt,
nickel,. iron, and. molybdenum, the transition elements of
greatest importance in high-temperature alloys.

The determination of phase diagrams for systems of four
or more components is an extremely laborious task. The
problem must be approached in a systematic manner in
order to avoid becoming hopelessly lost. The best method
of rtttackis to begin by establishing the phase relationships
in systems of two or three components and then continue by
adding one new element at a time. The problem of pre-
senting quantitative phase relationships diagrammatically
for systems of three or more components necessitatesholding
one or more thermodynamic variables emstant. For exam-
ple, a ternary phase diagram may be presented as a seriesof
isothermal sections or as a series of sections in each of which
tho amount of one component is held constant. For a qua-
tmnary system it is necessary to hold both temperature and
the amount of one component constant in order to obtain
two-dimensional diagmms. The temperature 1,2000 C
was chosen as that at which an tiltial isothermal survey could
be most profitably made. This temperature is of immediate
interest because it lies within the range of golution treat-
ment for most high-temperature alloys now in use and also
because here diflusion rates are fast enough to allow equilib-
rium conditions to be approached in reasonably short
annealing periods. , At lower temperatures, such as 800° -C,
tho determination of these phase diagrams within extensive

composition ranges would be too time-consuming and there-
fore expen.+ve. Work of this lccd is planned only for limited
important composition rangw.

Thus far two reports have been issued covering work done
on this project. k- the first report (reference 1) the 1,200°
C isothermal section-of the chromium-cobaltaickel ternary
system was presented. The second report (reference 2) gave
a survey of the chromiurn<obalt-nickel-iron quatenmry
system at 1,200° C in the composition ranges near the fnce-
centered cubic solid-solution phase. This report also pre-
sented a study of some features of the chromium-cobalt-
nickel and the chromium-cobalt-iron ternary systems at
lower temperatures.

The present report presents a survey of portions of the
chrominm-cobah%.ickel-molybdenum quaternary system at
1,200° C. The face-oentered cubic (alpha) solid solutions
have, by far, the greatest practioal importance in high-
temperature alloys. For this reason the solid solubili~
limits of the quaterpary alpha phase were determined up to
20 percent molybdenum.

It was also necessary to investigate the c;mponent cobalt-
nickel-molybdenum, chromium-cobalt-molybdenum, and
chromium-nickel-molybdenum ternary systems, since these
systems had not been adequately explored by, previous
investigators. (See “Literature Survey” for discussion of
pretions studies of the binary and ternary systems com-
prising the chromium+obalt-nickel-molybdenum quatemary
system.)

At the beginning of this work it beeame app&nt that a
deiinite and consistent nomenclature for phase designation
would have to be adopted in order to avoid eenfusion and
contradiction. For example, the iron-chromium sigma phase
is isomorphons with the chromium-cobalt gamma phase and
the iron-molybdenum zeta phase. In order to avoid contra-
diction in ternary and quaternary systems of these elements, ,
where the isomorphons phases form uninterrupted solid
solutions, it was decided to give all these phases the same
designation. The designation sigma phase was selected as
one most generally associated with this particular structure.
Since this work began with a nonferrous system, the face-
centered cubic solid solutions in the systems invoking
chromium, cobalt, nickel, and molybdenum have all been
designated as alpha phase. For the sake of consistency this
nomenclature was extended even to the chromium-cebalt-
nickel-iron quaternary system, although th.kphase in ferrous
systems has been customarily referred to as gamma. On the
other hand, the body-centered cubic solid solutions, which
are usually named alpha in ferrous systems, are here referred
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to as epsilon phase in conformity with the nomenclature
used for the chromium-rich alloys in the chromium-cobalt
binary system. Jn the cobalt-molybdenum binary system
the intermediate phase wh.icli coexists with aIpha at 1,2000
C! has been earlier designated as epsilon. In the present
investigation this phase was renamed mu since, as stated
above, epsilon had already been used i% designate the
chromium-rich body-centered cubic phase. The hitherto
unknown ternary phases discovered in the 1,2000 C iso-
thermal sections of the chromium-cobalt-molybdenum and
the chromium-nickel-molybdmum ternary systems have
been named R and l?, respectively.

This work was conducted at the University of Notre
Dame under the sponsorship and with the financial assistmce
of the Natiomd Advisory Committee for Aeronautics The
authors wish to thank Mr. Francis Pall for doing some of the
work relating to the chromium-cobalhmolybdenum and
chromium-nickel-molybdenum systems. The assisttice of
hksrs. C. Patrick Stivan md Robert Hochman is &O
appreciated.

LITERATURESURti

The chromium-cobaltaickel-molybdenum quaternary sys-
tem comprises the following six binary and four ternary
systems: Chromium-cobalt, ChrOmiUm-lliCkel,cobalt-nickel,
chremi”m-molybdenum, cobalbmolybdenum, nickel-molyb-
denum, chromium-cobalt-nickel, chrominm-cobalt-molyb-
denum, chrominm-nickel-molybdenum, smd cobalt-nickel-
molybdenum. All of the above binary systems were inves-
tigated previously. The chromium+xbalt system was in-
vestigated by Else+ Westerman, and Manning (refeqmce 3),
and the most recent chromium-nickel phase diagram was
reported by Je-, Buclmall, Austin, and Mellor (refermw
4). The. “Metals Handbook” (reference 5) gives the ac-
cepted cabaIt&ckel diagram, which was thoroughly investi:
gated by several workers.

The chromium-molybdenum binary system is also given
in the ‘tMetals Handbook” (reference 5). In recent work
on molybdenum-rich alloys Kesslar and Hansen (reference
6) coniirm the results of other investigators that chromium
and molybdenum are completely soluble in the solid state.
The cobalt-molybdenum binary system was investigated by
Sykes and Chad (reference 7). The transformation horn
face-centered cubic to hexagonal in pure cobalt above
1,000° C indicated in their diagram was not found by several
later investigators (refer~ces 8 to 10). Henglein and
Kohsok (reference 11) recently pointed out that the cebal$-
molybdenum intermediate phase CGMOS is isomorphous
witih the iron-molybdenum, cobaltitungstau, and iron-
tungsten intermediate phasw l?@Io8, @W@,’ and F~WG.
The crystal structure of the C07M0, phase can be demribed
as hmagonal or rhombohedral (reference 11). The nickel-
molybdenum binary system, as determined by Ellingerj is
given in referance 5.

Of the four ternary systems involved in the chromium-
cobalt-nickel-molybdm.un qunternmy system, two were
previously investigated. The 1,200° C isothermal section
of the chromium-cobalt-nickel ternary system was investi-

gated by Manly and Beck (reference 1). This diagram waa
slightly mowed in the chromium-cobalt sigma-phnse-field
region by Kamen and Beck (reference 2). SiedschlW
(reference 12) inv~tigated the chromium-nickel-molybdenum
ternary system, but the results of that investigation proved
to be of no help in the present work. The nickel-rich
alloys were examined from a technological point of %V
only, and phase relationships were not studied in detail.
It w=, therefore, necessary to investigate the three tommy
systems chromium-cobalt-molybdenum, chromium-nickel-
molybde”num, and cobalt-nickel-molybdenum. The survey
of these systems was coniined to the detennimtion of the
boundmiw of the face-centered cubic (alpha) solid solutions
and of the phases coexisting with the alpha phase at 1,200° C.

The brittle intermetallic sigma phase, which occurs in
many systems involving the transition elements,has recently
become the subject of much interest and investigation.
Sully and Heal (reference 13) have pointed out that the iron-
chromium sigma phase and the chromium-cobalt gamma
phase ,are isemorphous, and Goldscbmidt (reference 14)
found that the “iron-molybdenum zeta phase is also isomor-
phous with the iron-chromium sigtna phase. Beck and
Manly (reference 15) investigated the chromium-cobalt-iron
and the chromium+obalt%ickel te.ynary systems. They
proved that the iron-chromium sigma phase and the chro-
mium-cobalt gamma phase form an Uninterrupted series of
solid solutions across the chmmium-cobalt+on ternary
isothermal section at 800° C. They also found that the
cbromium+obaIt g&ma phrtaeextends deep into the cllro-
mium-cobalt-nickel ternary system at 1,200° (Yin a manner
suggeatir@ that nickel atoms and cobalt atoms substitute for
each other’ in forming the sigma phase, w~e the chromium
content of the phase remains essentiallyunchanged. On the
basis of these results and of the existence of the sig&a phase
in the iron-,vanadiumsystem, Beck and Manly (reference 16) .
suggested $hat the sigma phase shqmld also occur in the
cobah-vanadium and the nickel-vanadium systems. Indeed,
this waa confirmed by Dmvez and Baen (reference 16) who
also formally postulated the criterion that a face-centered
and a body-centered cubic metal axe required in an aIIoy
~ystem before the sigma phase will form. In the, present
mvedigation special attention was given to the occurrence
of the s@ia phase, and further confirmation was obtained
for the earlier observation that atoms of elements of like
structure can substitute for eaoh other in the formation of
the sigma phase. A criterion for the formation of the sigma
latti~ in terms of electron vacancy concentration in the
3d sub-band was derived in order to rationalize the above
observations.

=ERIMENTfi PROCEDURE

In this work the phase boundaries were established by
microscopic examination of carefully homogenized alloys,
The phases were identified by means of X-ray diffraction.
Details relating to the equipment used and to the melting
md homogenizing procedures followed throughout the work
were reported by Manly and ‘Beck (reference 1). Molyb-
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denum in the form of.a %-inchdiarneter rod was used to make
up the alloys. The lot analyses of the electrolytic chromium,
of the cobalt rondelles, and of the niokel used are given in
table I.

Most of the alloys were melted in Alundum crucibles,
except for 34 alloys melted in zirconia and stabilized zirconia
crucibles at the beginning of the work. The type of crucible
used to melt each alloy is listed in table II. Early in the
work it was found that molybdenum-bearing alloys were
susceptible to zirconium pickup. This “was confirnied by
semiqurmtitative spectrographic analyti”. The use of zir-
conia and stabilized zirconia crucl%les was, therefore,. dis-
continued, and all subsequent alloys were melted in Alundum
crucibles. The zirconium pichmpis treated in greater-detail
under “Discussion.”

Tlm ingots were generally found to be free of recessive
segregation, except in rLfew isolated cases discussed later.
Specimens for homogenization and subsequent microscopic
and X-ray analysis were taken fiem the bottom section of
each ingot. Immediately adjacent examples were used for
chemicnl analysis. All specimens which consisted maiily of
the face-centered oubic (alpha) solid solution were double-
forged prior to homogmization. This double-forging trea-
tment consisted of heating the specimen at 1,200° C for X
hour, forging, reheating at 1,200 C for, !4 hour, and forging
again. With this prehinary treatment alpha alloys w-erd
easily homogenized by annealing at 1,200° C for 48 hours.
Alpha alloys containing more than about 20 percent of any
second phase were too brittle to be forged. Specimens horn
such alloys were homogenized for 95 to 150 hours at 1,200° C.
All specimens were quenched direcfly into cold tap water.
It is very important that the oxygen be removed fiam the
furnace atmosphere in which alloys containing molybdenum
are being annealed, because of the extremely rapid rite of
oxidation of these alloys at high temperatures. It is believed
that the homogenizing treatments used gave very nearly
equilibrium conditions, except in a few cases to be discussed
later, because continued annealing, which in some caaeswaa
extended up to 200 hours, resulted in no detectable further
ohanges in the microsticturea.

After homogenization a powder for X-ray analysis wae
taken from each specimen, by either filing or crushing, de-
pending on the brittleness of the slloy, and the remaining
piece was prepared for microscopic examination to detect the
presence or absence of a second phase. The phase bound-
pxies were thus determined by the disappearing phase
method.

It was found necessary I% vary the etching procedure
considerably, according to the composition of the alloy.

(1) The following etchants were used successfully to
diilerentiate between the various phases:
Hydroohlorioacid,tiWte~------------------------------- &O
Nitriuacid, titer -------------------------------------- O.5
Glyceriu,ti~tem --------------------------------------- 20
Cuprioohloride,ti&----------------------------- 50to 160

The freshly polished specimen was either immersed in the
etchant for several minutes, or, for more rapid attack,

swabbed -with cotton saturated with the etchant. This
etchant was ueed only to reveal the structure of the alpha
phase; grain boundaries, annealing twins, and transfomnation
striations became apparent, and any second-phase particles
present -were clearly delirieated. It was not possible, how-
ever, to identify which seccnd phase was present by using
this et&ant alone.

(2) The following electrolytic etohing and staining pro-
cedure was used with alloys in the chroruium-nickel-molyb-
denum ternary system:
O@o aci~ ~am---------------------------------------- 8
Distilledwater,m“~tem --------------------------------- 92
Cathode----------------------------------------- Staiulemsteel
Voltage,volts (d-c.)------------------------------------- 6
Eleotrodespaoing,tioh----------------------------------- 1
Temperature, Oc--------------------------------------- 2oto 30
Time, ~oon&------------------------------------------ 8ta 10

The specimen was removed from the etching bath and im-
mediately immersed for 10 to 20 seconds into a “staining
solution’ comiding of 5 grams of pota9sium permanganate
and 5 grams of sodium hydrpside dissolved in 90 milliliters of
distilled water. This etching apd stainingmethod worked well
with the epsilon phaee. Grain boundaries became evident
and the characteristic Widmanst5tten precipitate of si~a
in the epsilon phase, when present, became clearly recog-
nizable. The epsilon phase was stained a very light tan
color, or a darker brown when the Widmmsttitten precipitate
was present. The alpha phase always remained unattached
and unstained. The chromium-nickel-molybdenum ternary
bigma phase always stained, and a faint structure was some-
times brought out in this pliase. The color of the stain on
the sigma phase varied from bright green or red to purple.’
The grain boundaries of the ternary P phase were attacked
and this phase, too, was always stained, the color varying
‘from green to red and orange. The delta phase was gen-
erally very unevenly attacked and either did not stain or
stained an uneven brownish color.. Grain boundaries were
revealed in the delta phase. . With chromium-nickel-molyb-
denum alloys great success was experienced in differentiating
between epsilon, sigma, and alpha when these phases co-
existed. As a result of this, it was possible to locate the
corner of the three-phase alpha-plus-epsilon-plus-signyi field
on the alpha boundary by metallographic means. Even
when present as small particles in an alpha matrix, sigma
consistently stained a brilliant color, vvhereas the epsilon
phase never stained more than a light tan color. It was
cli.flicultto distinguish between minor amounts of the sigma
and the P phasw iu an alpha matrix because of their similar
staining characteristics. However, when sigma and 1? were
adjacent in the same alloy, it was possible to distinguish one
phase from the other. Final identification, of course, was
made by means of X-ray analysis.

(3) The electrolytic oxalic-acid etchant described above
proved unsatisfactory for chromium-cobalt-molybdenum
alloys. The follow@ eleotioIytic eichant, used in con-
junction with the previously described staining solution, was
tied with satisfactory reauhk:
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Concentratedphosphoric acid, miWtim..--__-_-----_..---- 5
DkWedwatir, flEtem --------------------------------- . 95
Cathode----------------------------------------- Stainlesssteel
Voltage, volta (d-o.)----------- --------------------------- 6
Electrode spaaing,inch------- ------------- --------------- 1
Tempemtm, °C------------------ .-l ------------------ 20t030
Time, secon&---------------------------- ---- -------- 10to15

The alpha phase was lightly attacked but remained un-
stained. The sigma phase wmslightlyattacked andstahed
colors varying from orange I% blue or purple. A fine
WWmmstiittenprecipitate was sometimes observed in the
sigma phase. The chromiuni-cobalt-molybdenum ternary
R phase was unattached, but this phase stained yellow to
rusty brown. The mu phase was attacked and usually
stained pale blue or did not stain at all. GraiII boundaries
and tiny annealing twine were observed in the mu phase.
Sigma, R, and alpha were easily distinguished from each
other when these phases occurred together in the same
alloy, but small particles of sigma were ind.istingukhable
from small particles of either the R or ‘the mu phase in an
alpha matrix. The mu phase was readily diilerentiatkd
from R.

(4) It was necessary to decr~e the acidity of the phos-
phoric-acid electrolyte and increase the alkalinity of the
alkdi.ne permanganate staining solution in order to diileren-
tiate successfully between the delta and the mu phasea in
cobalt-nickel-molybdenum alloys. Tb e following solution
was used:
Concentratedphosphoricaoi~ maim -------------------- 2.S
Distilledwater,_tiH --------------------------------- 97.6

Etching conditions were the same as those for procedure 3.
, The specimen was then impmrsed into a “staining solution
containing 20 grams of sodium hydroxide and 5 grams of
pokissium permwyymate dissolved in 75 milliliters of dis-
tiicd water. The alpha phase was lightly attaoked but,
remained unstained. The delta phase was unevenly at-
tacked, grain boundaries being revealed, arid was stained
dark green or blue. The mu- phase was more evenly at-
tacked; grain boundaries and occasional twins were evident.
The mu phase stained a number of different colors, appar-
ently depending upon the orientation, each grain or twin
showing only one color. With this etohing procedure it was
possible to detect small amounts-of the mu phase in a matrix
of delta but, because of the wide variation of color from
grain to grain in the mu phase, it vim not possible to identify
small amounts of delta in a ma”ti of the mu phase. This
difficulty of microscopically identifying ‘small amounts of
the delt~ phase in a matrix of mu was circumvented by the
use of an X-ray method to determine the volubility limit of
nickel in the mu phase. In a plot of the d values for one
high-angle diffraction line in a series of mu alloyi m a
function of the nickel content, the volubility limit is indi-
cated where the slope of the curve becomes zero.

The powders for X-ray analysis were sealed nuder vacuum
in fused-quartz capsules and annealed at 1,200° C for %hour.
The capsules were then quenched directly into cold tap
water. The powders were mounted on 1- by l-inch cards
with a colloidal glue, and a dithaction pattern was taken m an
nqrrnrnetrical focusing camera of 20-centimeter diametar,

using unfiltered chromium radiation
30 kilovolts. Thus, the identity of

at 8 mil.liamperea and
the phases present in

each homogenized alloy W= co&ed by ‘X-ray dillraction.
However, the X-ray method of identification was found
relatively insensitive to small amounts of a second phase,
especially in alloys having an alpha matrix. This d.iiliculty
-was surmounted partially by careful preparation of the
powder. A large guantity of illings was collected from the
specimen to insure obtaining a representative sample. The
minor phase was ~merally much more brittle than the alpha
matrix ~d had a much smaller particle size. It was con-
centrated by sieving the powder to 200 mesh. Only the
finest powder from the sample was used to prepare the X-ray
specimen. In handling this fine powder precautions wore
necessary in order to avoid losing any of the minor phaae.
For example, the origgal filings had to be collected on n
smooth tracing paper or Celluloid, to which the powder will
not adhere and from which the fine powder may be m.sily
recovered.

-An X-ray method of locating three-phase-field comma on
the alpha phase boundary, as described previously by
Manly and Beck (reference 1), was used in this work to
supplement the microscopic results. The method consists
of plotting the lattice parameters of the saturated alpha
alloys aa a function, of composition. The three-phase-fiokl

●corner is usually indicated by a rather sharp change in tho
slope of the curve. The lattice parameters for them plots
were determined by taking back-reflection difhaction
patterns from the surface of microspecimens known to bo
saturated alpha. Flat ti and a collimating system of
l-millimeter diameter were used. By using udlttmxl
chromium radiation and a specimen-to-ti distance of 29.64
millimeters, the chromium Ka reflections from the (22o)
plan= md the 6hromium KP reflections from the (311)
planes of- the alpha phase were recorded. ‘ Smooth ciroles
were obtained. by rotating the specimen about an axis
parallel to that of the collimating system but offset from it.
The lattice parameter determined from each of them lines
WINplotted against COS%(2COS20—1) and extrapolated to
e= 90° in order to eliminate systematic errors.

EXPERIMENTALRESULTS

The experimental data for all alloys investigated we given
in tables Ill to VI. The 1,2000 C isothermal sections for
the cobalknickel-molybdenum, chromium-cobalt-molybclo-
num, and chromium-nickel-molybdenum ternary systmnsand
the volubility limits of the alpha phaw in the 2.6-, 5-,10-, and
20-percent-molybdenum quaternary sections, as shown in
figures 1 to 8, were drawn in accordance with these data.
The amount of each phase, as estimatedmicroscopically in the
homogcmized structure, is tabulated together with corres-
ponding X-ray dMraction data for each alloy. Tho amounts
of the phases, corresponding to the phase diagrams, me also
given for comparison. For alloys Which were chemically
analyzed the content in acid insoluble material was deter-
mined and found to vary from nil to a few tenths of 1 percent.
The compositions of chemically analyzed alloys reported in
the tables wera corrected to 100-percent-metal contmt.
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The various phases identfied in this investigation and the
motrdlogmphic characteristics of each phase are described
in the+following paragraphs.

Alpha,-The alpha phase, which forms the matrix of most
of tho practically important high-temperature alloys, is based
on solid solutions of the face-centered cubic elements cobalt
and nickel. This fihase, being relatively soft and ductile,
was easily hot-forged, and alpha alloys rich in nickel could
bo colcl-workod to some extent. Reagent 1 was used to
mvcal the microstructure of the alpha phase. The structure
is typicrd of most face-centered cubic solid solutions, showing
equirmed grains and numerous annealihg twins. In alpha
alloys containing small amounts of a second phase a great
grain-size contrast wm sometimes seen. Such “duplex”
structures undoubtedly occur as a result of the inhibition
effect of small second-phase particles on grain growth
(refrwenco ii’). Upon cooling, pure cobalt is known to
trctnsform from the fnce-centered cubic to the hexagonal
close-pnckcd structure by a martensitic transformation
(reference 8). In cobalt-rich alpha solid solutions the
beginning of this transfornmtion is mmifested in the micro-
structure by the presence of striations, as illustrated in figure
9. These transformation striations -yere also observed in
satumted cobalt-molybdenum and cobalt-chromium alpha
alloys and in quaternmy alpha alloys rich in cobalt. Addi-
tions beyond about 15 percent nickel to cobalt-molybdenum
rm.130 prnweptnickel to cobalt-chromium saturated alpha
alloys seem to suppress the transformation, as evidenced by
tho obsonco of striations in the microstructure.

lMicrospecimertsof alloys containing alpha iD addition to
my othar phases @bited a pronounced relief effect in the
as-polished and unetched condition. The relief is due to the
large diflkrenoo in hardness between alpha and the phases
which cocsist with it at 1,200° C, In unetched micro-
specimens the alpha phase had a slightly amber or yelIowish

FmuaEf!.-~y !200mnMnIn36.02~t &’olrdnm44.S6~t @Jhlt,14.@3~t
%drdokcl, and 26 permnt moly mum. Etied acwrdn topmcc@m1;small@cfm

of mrond pbaso In an nlpba matrfv transformation stAtfm19 rowaled fn alpha phase;
X.wo. .-

tint, while the other phas~ appeared white. Figure 10
shows a banded structure wfich was observed in alloys con-”
sisting of appro@nately equal amounts of the rdpha and
mu pbises. Figure 11 illustrates the genaral shape and
distribution of minor amounts of alpha in a matrix of the
sigma phase. This is typical of the distribution of n+nor
rmoumta of alpha in all phases. Alloys which consisted of
larger amounts of alpha coexisting with any of the other
phases exhibited microstructure similm to the one shown in
iigure 12. Data from a typical X-ray diffraction patttnn of
the alpha phase are given in table VII. Evidence that pre-
ferred orientation rray occur in forged and annealed rtlpha
alloys was found in some of the back-reflection pictures
taken from the surface of rnicrosppcimens.

FIGURE10.-Alfoy 443mntalnfng 25@mmt mbaf~ 2Sfh?rmmttiow and 60fwccnt mo]yb.
damns. Etchedaccordfngto -ure 4 but stain omlttti; alpha phase arranmd fn
Irandd demiritio@tern In ma!rfx of mn Pbaw X233.

FmuaE11.—AlfoY009mntalnlng 23.6mxcent abramfum 39percentnhkol, and 37.S~t
molybdenum. Etabedand sMned amxmdhgta Promxba Z IUfIJJramounti of nnstainad
alpka fn mntrfs of stainedsfgnmphase X233. .
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Fmumi~—~Oy 467 con
rnolyb&mun. Etched e.Ns%;\TA%z2&%:$%m’-2
of minor runormb of P plmsafn matrix of olpw U.

l@~on,-The body+entered cubic epsilon phase at 1,200°
C is based on solid solutions of chromium and molybdenum.
~Min the composition rangea investigated in this work,
the epsilon phase was encountered only in the chromium-
nicliel-molybdenum ternary isothermal section where it
coexists with the alpha and sigma phaww and in quaternary
alloys containing less than about 3 percent molybdenum
near the chromium-nickel side of the diagram, where it
coexists with. alpha. When etched and stained according to
procedure 2, the microstmcture of the tipsilon phase was
clearly revealed. This phase stained a light tan color and,
in tti’ work, a characteristic TTldmanstiitten type of pre-
cipitate was always observed in the large equiaxed grains of
the epsilon phase, with the exception of epsilon coexisting
with alpha in alloys near the chromium-nickel binary side
bf the diagram. This Widroansttitten precipitate was, pre-
vi~~ly found in chromium-rich alloys in the epsilon phase
fields of both the chromium-cobalt--tickd and the chromimn-
cobalt-iron ternary isothermal sections-at 1,200° C (refer-
ences 1 and 2) and was identified in both cases as being the”
sigma phase. In the present work, too, it has been con-
cluded that the Wilumnstiitten. precipitate constits of the
sigga phase. /In epsilon alloys very near to the corner of
the three-phase alpha-epsilon-sigma field in the chrotnium-
nickel:molybdaum ternary isothermal section, the Wid-
manstktten precipitate in the epsilon phase is extremely
heavy. (See fig. 13.) The epsilon phase was easily dis-
tinguished &m alpha or sigma, either by the precipitate in
epsilon or by its tan color, when stained (procedure 2), since
the alpha: phase remains unstained and the sigma phase
stains to a~brilliantcolor. Figure 14 is an example of this,
where the three phases are seen to co&ist. This alloy was
slightly deformed prior to microscopic examination. Note
the severe cracks in the heavily stained sigma and we few
cracks in the lightly stained epsilon. Table VIII gives the

Fmwm 13.—Alf0yM@cnntafnfng 06
molybdemun. Etdwl and stnfnJ%%i!i%~y&%%”itlw$$M%:%:!;
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data from a typical X-ray d.iflractionpatterri of the epsilon
ph~e.

Sigma.-The sigma ph~se is an extremely brittlo inter-,
metallic phase which, in this investigation, ocourred in the
1,200° C isothermal sections of the chromium-cobalt-
molybdenum and chromium-nickel-molybdenum ternmy
systems, as well as in chromium-cobalt-nickel-molybckqmm
quaternary alloys containing up to 20 percent molybdenum.
The sigma phases in th=e, as in other systems, me iso-
morphous. Recent investigations on single crystals of the
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chromium-colmlt and -iron-chromium sigma phasea have
yielded information showir+gthat the crystal class of sigma
is tetragonrd.~ Microspecimens from sigma alloys invariably
showed cracks as a result of the brittleness of the phase.
Qualitatively, ingots of chromium-niokel-molybdenum ter-
nary sigma alloys did not seem to be quite so brittle as
chromium+obalt-molybdenum sigma alloys in that they did
not shatter quite so easily., ..Ingots of cbromium-cobalt-
molybdenum sigma alloys were so brittle that they shattered
when dropped to the floor. Etching and staining the
chromium-nickel-molybdenum tern~ sigma phase was
accomplished by following procedure 2.- ~Prolongetietching
brought out faintly the grain bound~ea in sigma, as shown
in figure 15, It is interesting t;’,kote that, in specimens
which consisted almost entirely of the sigma phase, the color
of the stain on sigma was very light, whereas massive parti-
cles of sigma in a matrix of some other phase always stained
a brilliant color. The reason for this is not clearly under-
stood, In the two-phase sigma-plus-P field.of the cbron-tium-
nickel-molybdenum system at 1,200° C, the gy-sinsof these
two phases were very intimatdy arranged so that grain
boundaries. seemed to correspond to ‘phase boundties.
This is ‘illustrated in figure 16. The microstructure of
ohromium-cobalt-molybdenum alloys in which the sigma
phase coexisted with minor amounts of the alpha or R phases
was best revealed by etching and staining, as outlined in
proccdum 3. The grain boundaries of the sigma phase
were not attacked, but a smttered W3dmtmstlitten pre-
cipitate was sometimes brought out. (See fig. 17.) The
identity of this precipitate is not known.

Sigma coexists with the alpha, epsilon, and R pha.sw in
randomly distributed particles and with the epsilon phaae in
some cases as rLWidmanst5tt en precipitate. Small particles
of the sigma phase which precipitated along the grain bound-
aries from a supelaaturated ohromium-cobalt-molybdenum
alpha alloy are shown in figure 18. Etching procedure 3
was used; consequently, the structure of tha alpha was not
revealed. Data from typical X-my diffraction patterns of
the chromium-nickel-molybdenum and chromium-cobalt-
molybdenum sigma phases are listed in table IX. It is seen
from a comparison of the two patterns that tlwm sigma
phases are isomorphous,

Delta,-Solid solutions btied on the nickel-molybdenum
delta phase are formed in the 1,200° C isothemml sections
of the chromium-nickel-molybdenum and cobalt-nickal-
molybdenum ternary systems. The crystal structure of
the delta phase is not known. This phase is hard and
brittle, although not nearly w brittle as the tigma phase.
Ingots of alloys consisting mainly oof the delta phase
could not be broken by a sharp blow with a hammer.
I?ine cracks were sometimes seen in the microstructure,
which was revealed by etching procedure 4. Them
cracks probably originated during the preliminary grind-
ing of the microspecimeri. Figure 19. is a photomicro-
gmph of an alloy of delta with minor amounts of alpha and
mu, This specimen was etched and stained according to

2RcrcmncoWelmPrivote@rnmticatJonfi’ornJhs-J..9.q, B.F. De&m,and
J.R.IMmger,OeneinlElcchioR~ LatoretorY.
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procedure 4. ATotethe large grains of del~ and the much
smaller grains of mu which are stained to various colors and
exhibit occasional tiny annealing twins. The alpha par-
ticles are slightly roughened but remained unstained and
appear white. As the amount of the mu phase coexisting
with delta increases, it becomes increasingly d.iflicult to
distinguish between the two phases. In chromium-nickel-
molybdenum alloys consisting largely of delta, no diilicnlty
was experienced in differentiating between the delta and P
phases. Small particles of the P phase in a matrix of delta
are shown in figure 20. Data horn a typical X-ray diilrac-
tion pattern of the delta phaae are listed in table X.
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. Mu.—In the present work solid solutions based on the
intermediate cobalhmolybdenum epsilon phase were renamed
mu to avoid contradictions in the nomenclature. This
phase occurs in the 1,200° C isothermal sections of the
chromium-cobalt-molybdenum and cobalt-nickel-molybde-
num ternary systems. The mu phase also coexists with
alpha in chromium+obalhickel-rnolybdenum quat~my
alloys ilom at least 17 to 20 percent ‘molybdenum
near the cobalt-nickel side of the diagram. The crystal
structure of the mu phase can be described as hexagonal or
rhombohedrrd (reference 11). This phase is immorphotis
with the corresponding intermediate phase in the iron-
molybdenuxn; iron-tungqten, and cobalt-tungsten binary
systems (reference 11). Ingots of mu alloys displayed
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Fm3wrm21.-AIIoY 626cuntahdng4 percmt chromium,
molybdmmm. Etckd and stdned .caxding to~i%i%$%i%%%’%i$%%%?i
Ofddto; gmbl tmmld81iwhl delt+ pk VIXYhill Y Vkfb]O;*1,W6.

physical characteristics similar to those of ingots of delta
alloys. A microstructure was generally visible, without
etching, on the surface of the ingot. The macrostructum
,was either granul,m or dendriti’c in nature. No relief effect
was observed in as-polished and unetched microspecimens
containing minor amounts of the delta or R phases in a
matiix of mu, indicating that the.w phases have nearly tlm
same hardness. In attempting to reveal clearly the micro-
structure of the mu phase it was found that large rmms
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throughout the specimen were preferentially attacked,
giving ono the impression that the alloy contained two
phases when rtctually there waa only one. (This was
proved repeatedly by careful X-r~y diffraction studies.)
After experimenting with various etching techniques, rdl
with the same result, it was concluded that the preferential
attack is an orientation effect. Figure 21 shows the struc-
ture of rL typical mu alloy. This specimen was etched
according to procedure 4 but the stain waa omitted.

The mu phase coexists with the deli% and R phases in
randomly distributed particles. A banded structure in
alloys of mu plus alpha has been discussed and illustrated
previously in figure 10. Table XI gives the data horn a
typical X-ray difliaction pattern of the mu phase.

P phase,—The P phsse was discovered in the 1,200° C
isothermal section of the chromium-nickel-molybdenum
ternary system. This phase is not known to occur in any
of the three binary systems at any temperature. The
clystrd structure of the P phaae was not determined. Alloys
of P were hard and brittle, having much the same physical
characteristics as alloys of the chromium-nickel-molybdenum
ternmy sigma phase. Numerous cracks were observed
under the microscope, as in the case of the ternary sigma
phase. Chin boundaries in the P phase were attacked when
etched by procedure 2, and this etchsiut also produced stain
colors varying tim green. to red and orange. Because of
the similarity in microstructure and staining character-
istics of the P and sigma phases, it vm.sdifiicult to distinguirih
between them microscopically. In figure 22, minor amounts
of sigma and P are seen in an alpha matrix. Sigma is stained
darker than P, but the contrast is slight. Small particles
of the delta or alpha phases could easily be identified in a
matrix of the P phase. Data horn a typical X-ray tiac-
tion pattern of the P phrtaeaxe given in table XII.
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R phase,—Thq R phase was discovered in the 1,200° C
ibthermsl section of the chromium-cobalt-molybdenum
ternary system. The crystal structure of the R phase was
not determined. Ingots of alloys which consisted of the
R phase had abou~ the same physical characteristics as delta
rmd mu alloy ingots. When etched and stained according
to procedure 3, the R phase was umttacked but stained
yellow to rusty brown. SmaU quantities of the sigma,
mu, or alpha phases in a matrix of R were easily identified
microscopically. Figure 23 shows alpha and a few particles
of the signm phase in a mahix of the R phase. The sigma
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particles were stained but not so clearly delineated as un-
stained alpha particles. The contrast achieved by procedure
3 is further illustrated in figure 24, where larger amounts of
alpha and sigma coexist in a mahix of the R phase. Data
from a typical X-ray ~ction pattern of the R phase are
presented in table XlIt.

Impmity phases.-Three main impurity phases were ob-
served in the microstructur’ea of alloys investigated in this
work. Metallic oxide inclusions (mostly chromium oxide)
were present in the alloys in varying amounts. The chromi-
um-rich epsilon alloys showed the highest number of oxide
inclusions, while alloys rich in nickel and molybdenum
showed the least. Metallic oxide inclusions are easily
recognized in as-polished and- unetched microslmctures.
They are generally .unattacked by etchants. Chromium-
oxide particles are visible in figure 13 -which is an epsilon
alloy etched to bring out the Widmamtiitten precipitate
of sigma.

~other impurity phase appeared in some alloys which
were melted in zirwmia or stabilized zirconia crucibles. The
amount of this impurity phase was observed to be especially
high in an alloy which had been slightly overheated during
melting in a stabilized zirconia crucible. The specimen had
been forged and homogenized at 1,200° C for 48 hours.
The microstructure showed small amounts of sigma second
phase associated with a dark etching phase in a network
outlining the grains of alpha, suggesting a eutectic origin.
This structure is illustrated in iigure 25. This alloy was
analyzed by quantitative spectrographic malysis and was
found to contain more than 1.00 percent zirconium. It
v concluded that the impurity phase resulted from the
reaction between the molybdeumm-containing liquid metal
and the crucible.

Minute amounts of a bright yellow impnrity phase were
found in all alloys which were melted in zircoiia or stabilized

Fmcl &zcIy 376mnkaining38-76~t ohnmdnm, 31.2pmmnt @kd& 27.64pormnt
t mol bdannm. Etolhxl E@l aomrdbg to promduru1;dork otoh-

& z&onfnm w & mmoiated with 61m&mcond-plmw ~hdfs Of @ILO In
mati+ofdPhaP%WWL

zirccmia crucibles. It is believed that this impurity, too,
rgmlted from zirconium pickup by the alloy. Spectro-
graphic malysis of an alloy melted in an Alundum cruciblo
revealed no aluminum pickup. Microscopic observation
did not show any impurity connected with aluminum in
any alloy melted in an Alundum crucible. All alloys in tlm
latter part of this work wv+-emelted in Ah.mdum crucibles.

PHASE DIAGRAMS

The various phase diagrams determined in the present
work are described in the following paragraphs.

Cobalt-niokel-molybdenum terimry system at 1,200° 0,—
The 1,200° C isotheruial section of the cobalt-niokol-
molybdenum ternary system, aa drawn tim alloy data
listed in table ID, is promoted in figure 1. For convmiencoj
the same diagram with the alloy compositions indicated is
shown in figure 2. Within the composition ranges investi-
gated, only solid solutions of the phases lmown from the
binary systxxnswere found; no ternary phases occur. About
two-thirds of the diagram is covered by the alpha phaso
field and the two-phase alpha-plus-mu field, The mu
phase fidd ptmetrates deep into the ternary isothermal
section, roughly parallel to the cobalt-nickel side. Limitml
solid solutions of delta coexist with the mu and alpha phases
in two narrow two-phase fialds. Alpha, delta, and mu
cc-t in a three-phase field pointing toward the nickel
corner of the diagram.

The face-centered cubic solid solutio~ based on the cobalt-
nickel alpha phase extend to 36 percent molybdenum on the
nickel-molyb&umm side and to 22.5 percant molybdenum
on the cobalt-molybdenum side of the diagram. This is
in good agreement with the published nickel-molybdenum
and cobalt-molybdenum binary systems, The volubility
limit of the alpha phase in the ternary isothermal seotion is
slightly concave, running from the cobalt-molybdenum side
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to the corner of the three-phase alphadelta-mu field @otit
10, fig, 1), and aknost a straight line from the corner of the
three-phase field to the nickel-molybdenum binary diagram.
The corner of the three-phase field on the alpha boundaly
(point 10, fig. 1) is placed at 10 percent cobalt, 35 percent
molybdenum, and 55 percent nickel. This point was locat@
by combined microscopic and X-ray data. AUoy .627 con-
tained very small amounts of both the delta and mu phases.
In order to check the microscopic tidings, the lattice param-
etms of saturated alpha alloys along the boundary were
plotted as a function of cobalt content. The ocn%erof the
three-phase field is usually indicated by a sudden change in
tbo slope of the parameter curve. ThiE plot is presented in
figure 26 from data listed in table ~. It is evident from
figure 26 that the general effect of cobalt going into solid
solution in the saturated nickel-molybdenum alpha phase is
to contract the lattice. Unfortunately, however, there were
not enough points on the parameter curve to locate the cusp
accurately. The point at which the parameter curve sud-
dmly changes slope was deiinitdy located by determining
the parruneterof the alpha participating in the three-phase
field. Since the composition of the alpha “is constsmt any-
where in the three-phase field, the lattice parameter is also
constant. The composition corresponding to this point.
on the parameter curve (point 10, fig. 26) gives the location
of the three-phase-field corner. Within the limits of experi-
mental accuracy, this point lies between 9.5o and 10.50
pmcent cobalt. ThiE result is in excellent agreement with
the microscopic findings. Tests were made on- the repro-
ducibility of parameter measuremmts on the same alloy.
The lattice parametar of an alpha alloy which gave diffrac-
tion rings that were particularly di.fiicultto read (intensity-
maximums due to preferred orientation) W= determined
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from five difbrent iihne, each one taken after replacing the
specimen on the oamera. The mtimum variation in these
five m+urements was 0.001 ldI unit. A similar check on
an alloy which produced sharp, smooth diffraction rings gave
a mtimum variation in five measurements of only 0.0003
kx unit.

In alloy 407 a large discrepancy was found between the
intended meltect’wmlysiaand the reported chemical analysis.
Both analysea are reported in table III. The reported
ehemica.1analysis, however, moves the loixdion of the alloy
almost paralkl to the alpha boundary ao that the coume of
the boundary is not changedl The intended malysis iE
plotted in figure 2. .

Solid solutions based on the mu phase extend to at least
24 percent nickel (point 11, fig. 1) m the cobalt-nickel-molyb-
denurh 1,200° C isothermal ternary section. This was con-
firmed by X-ray investigation. As nickel goes into solid
solution, the lattice of the mu phase expands gradually, be-
coming constant in the two-phase delta-plus-mu field and in.
the three-phase field. The d values for a high-angle X-ray
line in a series .of mu alloys were plotted as a function of
nickel content, aa shown in figure 27. The volubility limit
is indicated at 24 percent nickel (point 11, iig. 27). The d
values for the same line in patterns of mu for alloys located
in the three-phase field were determined as a further check.
As seen from the data given in table XV, the agreement was
good.

The alpha and mu phases coetit in a large two-phase
field extending from the cobalbmolybdenum side of the dia-
gram to the earners of the three-phase field on the alpha and
mu phaae boundaries. we corner of the three-phase field
on the mu phase boundary (point 11, fig. 1) is placed at 17
percent cobalt, 24 percent nickel, and 59 percent molyb-
denum.

The dalta phase extends to only 6.5 percent cobalt in the
isothermal section and coexists with -alpha in a two-phase
field which extends horn the nickel-molybdenum side of the
diagram to the corners of the three-phase field on the alpha
and delta phase boundaries. The ccmnerof the three-phase
field on the delta phase boundary (point 12, fig. 1) was found
to be at 6.5 percent cobalt, 33.5 percent nickel, apd 60 percent
molybdenum.
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The composition range of the three-phase alpha-delta-mu
field is outlined by the three corners (points 10, 11,’ and 12,
fig. 1) given above. The obtuse angle of this triangular field
is at the delta corner.

Chromium-cobalt-molybdenum ternary system at 1,200°
C.—Figure 3 is the 1,200° C tithermal section of the
chromiunwcobalt-molybdenum ternary system, drawn in
accordance with the alloy data listed in table’~. The same
diagram is presented in figure 4 with alloy compositions indi-
cated. In addition to solid solutions of the phases lmown
from ,thebinrn-ys@mns, a new ternary phase, not known in
any of the binary systems, was discovered. Thjs new
ternary phase was designated as the R phase. Solid solu-
tions of the face-centered cubic alpha phase surround the
cobalt corner of the diagram. The chromium+mbalt sigma
phase &Ytendsapproximately halfway across the isothermal
section in a field roughly parallel to the chromium-molyb-
denum side of the diagram, and solid solutions based on the
cobalt-molybdenum mu phase occur in’ a small fiel~ also ap-
proximately parallel to the chromium-molybdenum side.
The R phasb field is located between the ends of the six
and mu phase fields. The extension of the mu and R phase
fields in the direction parallel to the cobalt-molybdenum aide
of the diagram was not investigated in detail. Alpha co-
exists with the sigma and mu phases in two wide two-phase
fields and with the R phase in a long, narrow two-pham field.
The R phase coexists with the sigma and mu phases in two
narrow two-phase fields. The alpha, sigma, and R phases
coexist in a three-phase fieId between the aIpha-sigga and
alpha-R two-phase fields. Alpha, R, and mu, coexist in a
three-phase field between the @o-phase fields of alpha and
R and of alpha and mu.

The volubility of chromium in cobalt at 1,200° C was de-
termined by Manly and Beck (reference 1) at 34 percent.
In the present work the volubility of molybdenum in
cobalt was found to be 22.5 percent. This value is approxi-
mately 1.00 percent lower than that indicatad by the cnbalb
molybdenum diagram reported by Sykes and Graff (reference
7). The difference is of the order of magnitude of experi-
mental error. The alpha phase boundary in the 1,200° C
isothermal ternary section is a convex curve from the chro-
mium-cobalt binary to the corner of the three-phase alpha-
sigma-R field (point 13, @. 3) and almost a straight line
from the cobah-molybdenum binary to the corner of the
alpha-sigma-R tbre+phase field There is a slight cusp on
the alpha boundary at the corner of the three-phase alpha-R-
mu field (point 16, @. 3). The alpha-sigma-R three-phase-
field corner (point 13, fig. 3) is placed at 21.0 percent chro-
mium, 66 pmcmt cob~t, and 13 percent molybdenum, while
the corner of the alpha-R-mu three-phase field (point 16,
fig. 3) is at 16 percent cbrorc.hq 69 percent cobalt, and 15
percent molybdenum In figure 28, the lattice parameters
of saturatwl alpha alloys along the alpha phase boundary
are plotted as a function of chromium content. Data for
this plot are given in table XVI. The three-phase-field
corners on the alpha phase boundary are clearly indicated by
sharp breaks in the parametar curve. The breaks occur at
approximatdy 14.5 and 21.0 percent chromium (points 13

COMMI’ITEE FOR AERONAUTICS

3.59.50

(I .

16
3.5900

S 3.5e50 \

&

2 13

:3.5600
ct

:iitkH35 t
o 5 10 15 20 25 30 35

Weight percent ciuomium

FmuEE2a.-vAi0nof 18ttIrn-etorat 1
03b9ft-molYbdOnm temmry system PLotti%fnmtkm ofohmmlmn .n,nt.

00 of alpha iwundary alloys In obromlum.

and 16, fig. 28), agreeing well with the microscopic work.
(The reason for the sudden d&crease and increaae in param-
eters at the corners is, explained. under “Discussion.”)

The sigma phase field is a narrow band, from 40 to 46
parcent cobalt, which penetrates to a maximum of 31 percent
molybdenum in the 1,200° C isothermal ternary secLion.
The corner of the three-phase rdpha-sigma-R field on the
S@M-Lphme bo~d~ (point 14, fig. 3) is at 26 percent
chromium, 46.5 percent cobalt, and 28.5 percent molyb-
denum. Evidence was found in the microstructure of alloy
531 that another three-phase-field corner occurs on the sigma
phase boundary at approximately 27 percent chromium, 42
percent cQbalt, and 31 percent molybdenum. This muy be a
corner of a three-phase sigmtipsilon-R field. It was ob-
served from X-ray diffraction patterns of the signm phase
that the lattice expands as the amount of molybdenum
in solid solution increaaes. No quantitative plot of d values
against composition was made to check the volubility limit,
however, because the end of the sigma phase field was easily
located by microscopic means. .

The two-phase alpha-plus-sigma field extends from the
chromium<obalt side of the diagram to the corners of the
three-phase alpha-sigma-R field on the alpha and sign-m
phase boundaries.

The third corner of the alpha-sigma-R three-phase field
(point 15, fig. 3) is on the boundary of the R phase at 18
percent chromium, 44 percent cobalt, and 38 percent molyb-
denum The obtuse angle in this triangular field is at tlm
sigma comer.. ‘

-The volubility limits of the Rphase in the direction prmdhd
to the cbromiurn-molybdenum side of the diagram wero
located at approximately 14.6 and 19.5 percent chromium,
The alpha-R-mu three-phase-field corner on the R boundmy
(point 17, fig. 3) is ylaced at 13.5 percent chromium, 44
percent cobalt, and 42.5 percent molybdenum. The oLhcM
corner of this very narrow three-phase field (point 18, fig.
3) is on the boundary of the mu phase at 9.5 percent chro-
mium, 42.5 percent cobalt, and 48 percent molybdenum.
The obtuse angle in this trimgular field is at the cormr on
the R phase boundary.
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The alpha-plus-R two-phase field is located between the
three-phase fields of alpha, sigma, and R and of alpha, R,
and mu.

The mu phase takea a maximum of approximately 11
percent chromium into solid solution and coexists with
alpha in a large two-phase field extending from the cobalt-
molybdamun binary to the corners of the three-phase alpha-
R-mu field on the alpha and mu phase boundaries.

Chromium-niokel-molybdenum ternary system at 1,200°
C,—The 1,200° C isothermal section of the chromium-nickel-
molybdenum ternary system was drawn from data given in
table V and is presented in figure 5. The same diagram
with the alloy compositions indicated is shown in figure 6.
Besides the phases known from the binary systems two new
ternary phases were found to occur in the composition ranges
investigated. One of these ternary phases has the familiar
sigma structure and was, therefore, designated sigma.
The crystal structure of the other new ternary phase, desig-
nated as the P phase, is unknown. About three-quarters
of the area of the diagram, within the range of compositions
investigated, is covered by solid solutions of the alpha phase
around the nickel corner and by two-phase fields and three-
plmso fields in which aIpha coexists wfth the epsilon, sigma,,
P, and delta phases. The large two-phase fields of alpha
and sigma and of alpha and P are separated by a very narrow
thrm-phase alpha-sigma-P field. A narrow three-phase
rdpha-Pdelta field lies betwean the alpha-P and alpha+ta
two-phaae fields. The alpha and epsilon phases co@st m a
two-phase field along the chromium-nickel side of the dia-
gram. The three-phase alpha-sigma-epsilon field, which
separates the alpha-epsilon and alpha-sigma two-phase
fields, is relatively large in comparison with the other three-
phase fields. The ternary sigma phase coexists with epsilon
and P in 2 two-phase fields. Delta and P coexist in a small
two-phase field.

At 1,200° C solid solutions of face-centered cubic nickel
in the chromium-nickel binary system extend to 57.5 percent
chromium and in the nickel-molybdenum binary system, to
36 percent molybdenum. The alpha phase boundary in
the ternary isothermal section has a,sharp peak at the alpha
corner of the three-phase alpha-epsilon-sigma field @oint
19, fig. 5). This point was located by microscopic means
at 43 percent chromium, 53.5 percent nickel, and 3.5 per-
cent molybdenum. Except for a slight cusp at the alpha
corner of the other three-phase fields @oints 22 and’ 25,
fig. 6), the alpha boundary is fairly straight from the nickel-
molybdenum binary to the alpha corner of the three-phase
alpha-epsilon-sigma field. From data listed in table XKH,
the lattice parameters of saturated alpha alloys along the
alpha boundary were plotted in figure 29 as a function of
chromium content. The alpha-epsilon-sigma three-phase
field corner on the alpha boundary (point 19, @. 5) is very
clearly indicated at about 43 percent chromium by the
drastic break in the curve (point 19, @. 29). The curve is
almost vertical beyond this point because the chromium
content of saturated alpha coexisting with the epsilon phase
varies between only 43 and 42-.5percent. The break in the
parameter curve at 23 percent chromium (point 22, fig. 29),
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though not so drastic, is also in good ‘agreement with the
location of the three-phaae alphaNigma-P ‘field corner @oint
22, fig. 5) from microscopic fidings. The alpha corner of
the three-ph=e alpha-P-delta field (point 25, @. 5) is not
manifested by a pronounced cusp and is almost impercep-
tible. This point was located at 6 percent chromium,
61.5 percent nickel, and 32.5 percent molybdenum by care-
fully determining the boundaries of the three-phase alpha-
Pdelta field. Extrapolated segments of the parameter
curve indicate a break at approximately 7.5 percent chro-
mium @oint 25, fig. 29), in fair agreement with the above
observations.

The epsilon boundary was determined only along the
two-phase alpha-epsilon field. This boundary extends from
the chromium-nickel side of the diagram to the epsilon corner
of the three-phase alphwepsilon-sigma field (point 20, fig. 5).
b shown in figure 5, alpha, epsilon, and sigma coexist in a
three-phaae field whose boundaries are as follows: The alpha
corner (point 19, fig. 5) at 43 percent chromium, 53.5 percant
nickel, and 3.5 percent molybdenum; the sigma corner
(point 21, fig. 5) at 49 percent chromium, 2S percent nickel,
and 23 percent molybdenum; and the epsilon corner (point
20, @. 5) at 60 percent chromium, 29.5 percent nickel, and
10.5 percent molybdenum.

The sigma. phaae field is approximately parallel to the
chromium-molybdenum side of the diagram, comprising a
range of about 23 to 49 percant chromium. As molybdenum
replaces chromium in the sigma structure, the lattice @ands.
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This is clearly illustrated in @me 30, which was plotted from
the data given in table XVIII. The variation of one high-
angle d value for a series of saturated sigma alloys alorig
both sides of the sigma fiild is shown as a function of ohro-
mium content. The two curves meet at approximately 48
percent chromium (yoint 21, ~. 30), corresponding closely
to the sigma corner of the three-phase alpha-epsilon-sigma
field (point 21, fig. 5).

Solid solutions of the new ternary P phase exist between
8 and 19 percent ChCOmiUnl.The two-phase fields of P and
sigma and of P imd delta are very narrow, each one extending
over a range of only about 4 perccmt chromium.

The corners of the three-phase alpha-sigma-P field are
located at the following points: The alpha corner (point 22,
~. 5) at 23 percent chromium, 57.5 percmt nickel, and 19.3
percent molybdenum; the sigma corner (point 23, fig. 5) at
22 percent chromium, 31 percent nickel, and 47 percent
molybdenum; and the P corner (point 24, fig. 5) at 19percent
chromium, 32.5 percent nickel, and 48.5 percent molybdenum.

At 1,200° C the nickel-molybdenum delta phase dissolves
only about 4 percent chromium. This phaae coexists with
alpha in a long, narrow, ahnost rectangular two-phase field
along the nickel-molybdenum binary system.

The boundaries of the extremely narrow three-phase
alpha-Pdelta field are located by the following points: The
alpha corner (point 25, fig. 5), as described above; the P
corner (point 26, @. 5) at 8 percent chromium, 34.5 percent
nickel, and 57.5 percent molybdenum; and the delta corner
(p,o-mt27, fig. 5) at 4 percent chromium, 37.5 percent nickel,
and 58.5 percent molybdenum.
s Some discrepancieswere noted in a,few alloys of chromium,
nickel, and molybdenum near the three-phase alpha+psilon-
sigm~ field. The microstructure of alloys 475, 569, and 597
showed only two phases, alpha and sigma, altfiough, accord-
iri)jto the intended compositions of these alloys, they should
contain three phasm. Chemical analysis of these alloys

moved 569 and 597 into the two-phase alpha-sigma field,
thus removing the discrepancy for these two alloys. Alloy
475, however, still remained in the three-phase alpha-epsilon-
sigma field. In drawing the phase bound~ between tho
two-phase alpha+yna and the three-phaae tdpha-opsilon-
sigma fields, alloy 475 was neglected. The microstructure of
cloy 640 showed small amounts of the epsilon phase. The
chemical analysis of this alloy, however, would place it in the
sigma phase field. Both the melted and chemical rmalysw
are given in table V, but the intended melted tumlysi$is
plotted in figure 6. Alloys 598 and 600 contained mom
sigma than ivould be expected from the phase diagram, This
is probably a result of the difiicultg in obtaining equilibrium
in chromium-rich ~OyS.

Small amounta of a phase not explainable from the pham
diagram were observed in alloys 622 and 447. The. identity
of this phase is not lmown. It ma,y have reaultef.1from
nonequilibrium or segregation. Small particles of this
unlmow-n”phaseare shown in figure 31, where second-pham
particlea of alpha in a sigma matrix are also seen.

Alpha boundties in oonstant-molybdenum motions of
chromium-cobalt-nickel-molybdenum quaternary system at
1,200° C,—l&y.re 7 is a 1,200° C isothermal diagram in
which the aIpha phase boundaries for the 2.5-, 5-, 10-, and
20-percent-molybdenum sections through the chromium-
Cobalt-nickel-molybdenum quaternary system are plotted.’
Figure 8 is the same diagram with the alloy compositions
tim table VI indicated.

At constant temperature a quaternary phase diagram is
represented by a tetrahedron, each corner point of which
corresponds to 100 percent of one cmnponent, The four
faces of the tetrahedron, then, are isothermal sections of four
ternary systems, and the six edges are isothermal binary
sections. b the chromium+obalt-nickel-molybdenum qua-
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tmnmy system at 1,200° C sections of constant molybde-
num mntent are triangular sections through the tetrahedron
pflldkd to the chromium-nickel-cobalt face. As the amount
of molybdenum increases, the size of the equilateral triangle
becomes smaller. Because of this change in size, these
sections cannot be superimposed upon each other for the
purpose of showing, in a two-dimensional diagram, the limits
of a phase in the quaternary system. In order to facilitate
the diagrammatic presentation of results and to allow direct
comparison of the effect of increasing molybdenum content,
on the alpha boundmy, the following method was used;
Bach section of constant molybdenum content was projected
onto the chromium-cobalt-nickel ternary isothermal section
by using the molybdenum corner of the tetrahedron as the
center of projection. This projection may be accomplished
aritbmeticdly by incensing proportionately the percentages
of chromium, cobalt, and nickel in the quaternary composi-
tion to add up to 100 percent and then plotting quaternary
compositions as if they were ternary cbromium<obalt-
nickel compositions. The correction factor for each section
is the inverted fraction of the total amount of chromium,
cobalt, and nickel in the quaternary composition. For
example, in a quaternary alloy containing 20 percent molyb-
denum, 10 percent chromium, 10 percent cobalt, and 60
percent nickel, the chromium, cobalt, and nickel represent
eight-tenths of the total composition. Multiplying the
quaternary percentages of chromium, cobalt, and nickel by
the inverted fraction, that is, 10/8, gives the projection of
this quaternary point on the chromium-cobalt-nickel ternary
diagram. While the molybdenum content of alloys used to
& the alpha boundaries was actually never exacfiy 2.5, 5,
10,or 20 percent, the corresponding boundaries were corrected
by factors of 10/9.75, 10/9.5, 10/9, and 10/8, respectively.
The resuhs are shown in iigure 7, using this method of plot-
ting. An alternative method was used in figure 32 where the
nctual volubility of chromium in the aIpha phase at the
various constant molybdenum levels is plotted as a function
of acturd ‘cobalt content. The data for these curves were
interpolated from figure 7 and are tabulated in table XIX.
Tlm alpha phase boundary in the 1,200° C isothermal section
of the chromium-cobalt-nickel ternary system was de-
termined by hknly and Beck (reference 1) and is included
for comparison.

As seen from iigures 7 and 32, increasing the molybdenum
content decreases the volubility of chromium in the alpha
pham, thereby decreasing the extent of the alpha field at
1,200° C. At the chromium-nickel side of the diagram the
volubility of chromium in alpha first incnwses slightly and
then rapidly decreasesbeyond about 5 perceut molybdemm.

No attempt was made to identify the phases which coexist
with the alpha phase in the quaternary system, but some
genorrd statements can be made horn observations of the
chromium-cobalt-molybdenum and chromium-nickel-molyb-
demnn ternary systems at 1,200° C. On the chromium-
cobalt side of the diagram the sigma phase coexists with
alpha horn O to approximately 12.5 perceut molybdenum.
Between 12.5 and approx$nately 16 percent molybdenum the
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ternary R phase coexists with the alpha phase at “he chro-
mium-cobalt side of the diagram. Above 16 percent
molybdtvnun the mu phase coexists with alpha. Oh the
chromium-nickel side of the diagmm the alpha phase coesists
with epsilon from Oto approximately 3 percent molybdenum
and with the ternary sigma phaae betweau 3 and about 19
percent molybdenum. The ternary P phase coexists with
alpha on the chromium-nickel side between 19 and 33 percent
molybdenum. The delta and quatermwy alpha phases co-
exist over very limited composition ranges, above 33 percent
molybdauum. It is not known whethar the chromium-
cobalt-molybdenum and chromium-nickel-molyb denum
sigma “phasesform an uninterrupted series of solid solutions
thro,pgh the quaternary system at 1,200° C, although there
is some basis.for ekpecting it, as stated under “Discussion.”

b the 2.5-,5-, and 10-percent-rnolybdenum alpha bounda-
ries no sharp breaks were found from the metallograpliic
data, and X-ray parameter plots are not availab~eto check
this. Eowevm, in figure 32, there is some indication of 8
cusp on the 2.5- and 5-percent alpha boundaries at approxi
mately 20 percent actual cobalt content. Evidence of two
corners on the 20-percent-molybdenum alpha phase boundary
waa foqnd, one being at approximately 61 percent actual
cobalt content (point 28, @. 32) and the other, at approxi-
mately 24 percent actual cobalt content (point 29, fig. 32).
The lattice parwnetem of saturated alpha alloys along this
boundary were plotted as a function of actual cobalt content
in figure 33. The data for this plot are givau in table ~.
Two distinct breaks occur in the curve of parameter against
composition at approximately 24 and 62 perceut actual
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cobalt content tioints 28 and 29, fig. 33). This is in good
agreement with the microscopic results.

DISCIJSS1ON

In vieti of the fact that the fat-centered cubic (alpha)
solid solutions form the matrix of almost all practically
useful high-temperature alloys, the extent of the alpha phase
field in the chrcmium+obalt-nickchnolybdenum quaternmy-
system and in the four adjoining ternary systems at 1,200Q
c is of great intarest. The alpha phase field in the 1,200° C
isothermal section of the chromium+obalt-nickel ternary
system was showo previously to-be very broad (reference I).
In the cobalt-nickel-molybdenum ternary system, also, the
alpha phase field is quite large. As the cobalt content in-
creaaea, the solubili~ of molybdenum in the alpha phase
decreases from 36 percent in the nickel-molybdenum binary
system at 1,200° C to 22.5 percent molybdwmm in the cobalt-
molybdemun system. Both the delta and mu phases, which
coexist with alpha in the ccbalt-nickel-molybdenum ternary
system at 1,200° C, are vexy hard, although their premnce
@ alpha alloys does not appear to have nearly so drastic an
effeot on t!ygbness as that of the sigma phase.

Solid solutions of the alpha ph=e surround the cobalt
corner of the chromium-cobaltimol ybdenum ternary iso-
thermal section and the nickel corner of the chromium-nickel-
molybdemun ternary isothemml section. In both of these
systems the extent of the alpha phase field is small in com-
parison with the chromium-cobalt-nickeI and the. cobalt-
nickel-molybdenum alpha fields. It is interesting to note
that in the chromium-nickel-molybdenum isothermal section
the sigma phase coexists with alpha above 3.5 percent
molybdemm. The fact that the brittle sigma phase may
precipitate out of supersaturated alpha containing more than
3.5 percent molybdenum is of great practical importance,
since considerable amounts of the sigma phase may seriousIy
impair the forging characteristics of alpha alloys.

In the chromium-cobalt-nickel-molybdenum quatermwy
system the extent of the alpha phase field at 1,200° C becomes
smaller as the molybdemm content increnses, In quater-
nary plloys above 36 percent molybdenum alpho probably
does not occur in a single phase field, although it coexists
with other phases up to approximately 61 percimt molyb-
denum.

Some interesting featurea were observed in the variation
of lattice parameter of aIpha with composition. Taylor
(refereme 19) has shown that the generrd effect of incrmsing
cobalt ccnteDt’ in nickel-cobalt binary alloys is to incrmse
the lattice parameter of the alpha phase. Figure 26 shows
that the lattice parameter of saturated nickel-molybdenum
alpha decreasm with increasing cobalt content. Also, from
figure 33, along the alpha bound~ in tha 20-percent con-
stant-molybdemun quaternqy section, the lattice paranmtw
again decrewes with increasing cobalt content. Molyb-
denum going into binary solid solution increases the lattice
parameter of both nickel and cobalt. Although nickel itself
has a smallera. than cobalt, the lattice parameter of saturated
nickel-molybdenum alpha is larger than that of saturated
cobalt-molybdenum alpha. Apparently, chromium has the
same general effect as molybdenum. The peculi~ variation
of the lattice parameter along the alpha boundary in the
1,200° C isothermal section of the chromium-ctobalt-molyb-
denum ternary system (@. 28) moy be interpreted as shown
in figure 34, which is a schematic sketch of the ternary motion
with isoparmneter lines drawn in the alpha phase field.
The deer-e of lattice parameter beyond the corner of the
three-phase alpha-sigma-R field results from the intemootion
of lower and lower isopmameter lines with the alpha phase
boundary. At the alpha-R-mu tlmee-phase-field corner,
the lattice parameter reaches a minimum value, and beyond
this point the alpha boundary again intersects succeasivdy
higher isopmmneter curves until the cobal~molybdenum
side of the diagram is reached.

The accuracy of the location of the alpha phaso boundmics
is estimated to about + 1 percent of any component, Ohom-
ical analysis of all definitive boundmy alloys gave generally
good correlation with intended compositions. Any large
discrepancies were usually found to be errors in chemical
analysis, although, in some instances referred to in tho de-
scription of reaidts, the alloy compositions appeared to bo
in fact d.iflerenthorn the intended compositions.

The occurrence of the brittle intermetallic sigma pham
in alloy syst,ems involving the transition elements is intor-
estirtghorn both the fundamental and practical viewpoint,
The presence of sigma, even in small amounta, in high-
temperature alloys is undesirable because of the brittleness
which. it imparts to alloys. The composition ranges over
which sigma exists are, therefore, important. In the cobalt-
nickel-molybdenum ternary system at 1,200~ O the sigma
phase does not occur. However, solid solutions of the cln+o-
mium-cobalt sigma phase penetrate deep into the 1,200° (Y
isothermal section of the chromium~obalt-molybdmmm
ternary system, and in this system sigma coexists with alpho
below 13 permnt molybdenum (fig. 3). In the present
investigation a ternary sigma plmae was found in tho 1,200°
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C isothermal section of the chromium-nickel-molybdenum
tommy system. The sigma phase in this system was also
found independtmtly by Putman, Grant, and Bloom (refer-
ence 20). In n discussion of their paper, Beck (reference 20)
premnted a tentative diagram for the chromium-nickel-
molybdenum ternary system at 1,200° C. This diagram was
retied in the present investigation, and is presented in figure
5. At 1,200° (I the sigma phase coexists with alpha in chro-
mium-nickel-molybdenum alloys containing from 3.5 to 19
poroent molybdenum.

Tho sigma phases in the chromium-cobalt-molybdenum
and chromium-nickel-molybdenum ternary systems may
form a continuous series of solid solutions in the chromium-
cobalt-nickel-molybdenum quatarnary system at 1,200° C.
If such quatemmy sigma solid solutions do occur, the sigma
phnae might very likely coexist with alpha,in the 1,200° C
isothemml quaternary section over tide ranges of the alpha

phase boundary in alloys containing 3.5 to 13 percent
molybdenum. Some indication that the sigma phases do
form an unintemupted series of quatern~ solid solutions is
found in the 10-percent constant-molybdenum section. The
alpha boundary in this section has no pronounced break
suggestive of a thred-phase-field oorner, and sigma does
coexist with alpha at both ends of the phase boundary.

The shape and location of the sigma phase field in the
chromium-cobalt-molybdenum and ohromium-nickel-molyb-
denum isothermal sections give further support to the pre-
vious observation (reference 15) that atoms of transition
elemata having the same orystal structure oan substitute
for each other in the formation of the sigrra phase. In the
chromium-cobalt-molybdenum isothmmal section (fig. 3)
the sigma phase field extends in a direction parallel to the
chromium-molybdenum side of the diagram, and approxi-
mately half of the ohromium is replaced by molybdenum.



326 REPORT 112%NATIONAL ADVISORY COMMTJZCEE FOR AERONAUTICS -

Again in the chromium-nickel-molybdemnn tirnary iso-
thermal section (fig. 5) the ternary sigma phase occum in a
long, narrow field paralhd to the chromium-molybdenum
side of the diagram. In these two systems body~tered
cubic transition elements are substituting for each other.
In the ohrcmium-cobalt-nickel ternary system at 1,200° C
the sigma phase field is parallel to the cobalt-nickel side of
the diagram,’ indicating that nickel is replacing cobalt (both
face-centered cubic) while the chromium content remains
essentially unchanged (referencw 1 and 15).

As the molybdenum content of the sigma phase increases,
the lattice expands in both the chromium-cobalt-molyb-
denum and the chromium-nickel-molybdenum systems. It
is interesting that an X-r~y d.i.flractionpattern of a chro-
mium-cobalt-molybdenum sigma alloy saturated with mo-
lybdenum is almost identical to a pattern of chromium-
nickel-molybdenum siegna of the lowest molybdenum
content.

The existenca of a ternary sigma phase in the chromium-
nickel-molybdenum ternary system is rather unexpected, as
none of the adjoining binaries are known to have a sigma
phase. From the results of the irnwtigation of the 1,200°
C isothermal section of the chromium-cobnhhickel ternary
systam, Bepk and Manly (reference 15] suggested that the
nickel-chromium system, which is not reported-to include
any intermediate phase, might contain a sigma phase at
some lower temperature, and Duwez and Baen (reference 16)
nota that, according to the criteria postulated by them, the
nickel-clmnnium system would be expected to have a sigma
phme. The ternary sigma phase found in the chromium-
nickel-molybdenum system may have some connection with
the suspected nicke14romium binary sigma phase. At-
tempts were made to confirm this by annealing for long
periods of time an alloy of 38 percent nickel and 62 percent
chromium at temperatures below 600° C. These experi-
ments were, however, not sniwessful. ThiQ does not rule
out the possibility of the existence of sigma in this system at
a temperature so low that the Musion rates are prohibitively
low.

From the experimental results of thk and other investiga-
tions of alloy systems in which the sigma phase occurs, a
criterion for the formation of the sigma phase was developed
in terms of electron vacancy concentration in the 3d sub-
band. Details of this development are given in reference 21.
Briefly, the procedure is to calculate the electron vacancy
conwmtration Ar, in any alloy h-em the 3d sub-band electron
vacancies in each mmponent of the alloy, and from the
atomit percent concentration of the ‘components. E1ectmn
vacancy numbers for chromium, cobalt, and nickel were given
by Pauling (reference 22; see also reference 23). Molyb-
denum -wasawuned to have the same number of vacancies
in the 4d sub-band as chromium has in the 3d sub-band, on
the basis that their electronic structure is simiIar in the
outermost shells. The formula for calculating iVUis given as

It

iV,=4.66(Cr+Mo) +3.66 (Mn)+2.~6(Fej+l.71 (Co) +
0.61(Ni)

was found possible to define fairly well the composition

ranges over which the sigma phases occur in terms of electron
vacancy concentration calculated from this formula. Almost
all of the binary and ternary sigma phase fields were found
h, fall within a rather narrow range of electron vacancy con-
centration. The favorable range of concentration seems to
be from 3.15 to 3.65N,. It appeara that the composition
range9of other intermetrdlicphases occurring in alloy systwns
of transition elements can also be defined in terms of electron
vacancy concentration, although some overlapping moy
occur.

There are some interesting features connected with the
solid solutions designated mu in the present investigation,
For example, the mu phase, commonly refwred to as epsilon
in the cobalt-molybdenum binary system, is isomorphous
with the corresponding intermediate phase in the iron-molyb-
denum, cobalt-tungsttm, and iron-tungsten binary systems
(referenm 11). lK6ster and Tonn (reference 24) reported
that the mu phases in the iron-molybdenum and cobalt.
molybdenum binary systems form a continuous series of
solid solutions across the 1,300° C isothermal section of the
iron-molybdenum-cobalt ternary system. In the iron-
molybdenum-cobalt system the mu phase field extends in a.
direction approximately parallel to the irmi-cobdt side of the
dkgmm, so that the face-centered cubic elements iron aid
cobalt substitute for each other whiIe the molybdon~
content remains unchanged. As shown in the present work,
solid solutions of the mu phase extend more thun hulfwuy
across the 1,200° C isothermal section of the cobalLnickel-
molybdenum ternary system (iig. 1). Here, again, the
face-centered cubic elements cobalt and nickel replace each
other, while the molybdenum content remains essentially
unchanged. The body-centered cubic elements chromium
and molybdenum seem to replace each other in forming the
mu phase in the 1,200° C isothermal section of the chromium-
cobnh-molybdenum ternary system (fig. 3), with the cobult
content remaining constant. In agreement with those
observations one would expect that solid solutions of tho mu
phase in ternary systems of iron, cobalt, molybdenum, arid
tungskm would also exte~d in such a manner that atoms of
elements having the same crystal structure could substitnta
for each other. The intermediate nickel-molybdenum delta
phase forms only limited solid solutions in the cobalhickel-
molybdenum and chomium-nickel-molybdenum isothermal
sections (figs. 1 and 5).

In addition to the ternary sigma phase, another new
ternary phase P was discovered in the 1,200° C isothermal
section of the chromium-nickel-molybdenum ternary system.
The P phase field is located between the ends of the sigma
and delta phase fields (fig. 5). In physical chnmcteristics
and microstructure the P and sigma phases are very much
alike, but the X-ray diffraction patterns of the two phases
are quite diilerent. The differentiation between P nnd sigma
provides a good example of the need to supplement micro-
scopic work with X-ray diffraction to identify the phases.
~ alloys consisting wholly of P,or sigma it was impossible to
identify the phase present by any of the microscopic tech-
niques used in this investigation, even though it was possible
to differentiate microscopically between sigmu and P when
they occurred tide by side in the same alloy.
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The 1,200° C isothermal section of the chromium-cobalt-
molybdenum ternary system was also found to contain a
ternary phase, located between the ends of the sigma and
mu phase fiehls (fig. 3). This phase R has a distinctive
X-ray diffraction pattern (table X0.) and it is easily differ-
entiated microscopically from the sigma or mu phasea when
these phases occur in the same alloy. However, as in the
case of obromium-nickel-molybdenum ternary sigma and P
phases, chromium-cobalbmolybdenum alloys consisting
wholly of the R or sigma phases could not be diilerentiated
microscopically (except possibly by microhardness). Final
identification was made in all cases by X-ray diffraction.

CONCLUSIONS

A survey at 1,200° C of portions of the chromium-cobalt-
nickel-molybdenum quaternary system and of the component
cobalt-nickel-molyb denum, chromium-cobalt-molyb denum,
rmdchromium-nickel-molybdenum ternary systems indicated
the following conclusions:

1, A portion of the 1,200° C isothermal section of the
cobalt-nickel-molybdenum ternary system was investigated,
using 47 vacuum-melted alloys with molybdenum contenti
up to a maximum of 62 percent. The system features an
extensive range of face-centered cubic (alpha) solid solutions
based on the cobalt-nickel binary system, solid solutions
basccl on the nickel-molybdenum binary delta phase, and
solid solutions based on the cobrdt-molybdenum binary mu
phase. The narrow delta and mu phase fields penetrate into
the ternary system to 6.5 percent cobalt md 24 percent
cobalt, respectively, and coexist in a narrow two-phase delta-
plus-mu field. The alpha phase coexists with the delta and
mu phases in two wide two-phase fields and an alpha-delta-
mu three-phase field.

2. A portion of the 1,200° C‘ isothermal section of the
chromium-cobalt-molybdenum terna~ system was deter-
mined, “wing S5 vacuum-melted alloys with molybdenum
contents up to a maximum of 53 percent and cobalt contents
of 36 percent and more. The phases present in this compo-
sition range were found to be the face-centered cubic (alpha)
solid solutions around the cobalt corner, solid solutions
based on the chromium<obalt binary sigma phase, solid
solutions based on the cobalt-molybdenum binary mu phase,
and a new ternary phase R, of fairly small composition
range, which dots not appear in any of the binary systems.
The sigma phase was found to extend in an elongated field
from the chromium-cobalt binary into the ternary system
along n line of approximately constant cobalt content of 45
percent, taking molybdenum into solution up to a maximum
of 31 percent, so that up to about half of the chromium is
replaced by molybdenum. The R phase, comprising a range
of chromium contents from about 14.5 to 19.5 percent, is
located between the ends of the sigma phase field ind of the
mu phase field, and it coexists with the sigma and mu phases
in 2 two-phase fields. The cobalkmolybdenum binary mu
phas6 extends into the ternary system up to approximately
11 percent chromium. The alpha fare-centered cubic solid
solutions coesist with the sigma, R, and mu phaacs in three
rather wide two-phase fields and two narrow three-phase
fields of alpha, sigma, and R and of alpha, R, and mu.

3. The 1,200°
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C isothermal section of the chromium-
nickel-molybdenum ternary system was investigated in the
composition range of O to 59 percent molybdenum and 18
to 100 percent nickel, using 119 vacuum-melted alloys. The
following phasw were located: The face-centered cubic
(alpha) solid solutions around the nickel corner, the body-
centered cubic (epsilon) solid solutions based on chromium,
solid solutions based on the nickel-molybdenum binary delta
phase, the ternary sigma solid solutions which, at 1,200° C,
arenot connected with any of the binary systems,and another
ternary phase P, which has not been encountered in any of
the binary systems. The ternary sigma phase is located in a
long, narrow field between about 21 and 49 percent chromium
and approximately 23 to 30 percent molybdenum, which
extends approximately parallel to the chromium-molybdenum
side of the ternary dia.-m, as found also in the chromium-
cobalt-molybdenum ternary system. Here, too, the shape
and location of the sigma field indicate that chromium and
molybdenum chn substitute for each other in forming the .
sigma phase. Successive pairs of the epsilon, sigma, P,
md delta phases coexist in 3 two-phase fields. The alpha
solid solution coexists.with the epsilon, sigma, P, and delta
phases in 4 two-phase fields and 3 three-phase fields of alpha,
epsilon,-and sigma; alpha, sigma, and P; rmd alpha, P, and
delta. The two-phase alpha-plus-sigma field covers an
extensive arm, starting at molybdenum contents x low as
3.5 percent.

4. The alpha solid-solution phase boundary in the chro-
mium-cobalt-nickel-molybdarmm quaternary system at
1,200° C was determined for constant molybdenum contents
of 2.5, 5, 10, and 20 percent. The over-all eifect of molyb-
denum additions to the chromium-cobalt-nickel ternary
system at 1,200° C is to decrease the mtcnt of the face-
centered cubic, (alpha) solid solutions, that is, to shift the
alpha phase boundary toward lower chromium contents. .
At 1,200° C the alpha phase boundary in the 2.5-percent-
molybdenum section is essentially.the same as that in the
chromium-oobalt-nickel ternary system, esmpt near the
chromium-nickel side, where it is moved toward higher
chromium contents. The phases which coexist with the
alpha phase in the 2.5-percent-molybdenum section are
sigma and epsilon. In the 5-percent constant-molybdenum
section the alpha-phase-boundary shift becomes more evi-
dent, although the maatitude of the shifting is still relatively
small. The sigma ph~e is seen to coesist with the alpha
solid solutions near both the chromium-cobalt and the chro-
mium-nickel sides of the diagram. This is due to the pres-
ence of the ternary sigma phase in the chromium-nickel-
molybdenum ternary system at 1,200° C. The alpha phase
also coexists with epsilon and sigma in a three-phase field
near the chromium:nickel side of the diao=m. The shift
of the alpha phase boundary toward lower chromium con-
tents is more pronounced in the 10-percent-molybdenum
section of the isothermal quaternary system. Aa@n the
sigma phase is seen to coexist with the alpha solid solutioti
at both the chromium-cobalt and the chromium-nickel ends
of the alpha phase boundary. The alpha phase also coexists
with epsilon and sigma in a three-phase field near the chro-
mium-nickel side of the diagram. The alpha phase bound-
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ary in the 20-per&kmolybdemum section is ‘shifted to 4
percent chromium on the chromium-cobalt side of the dia-
- and to 30 percent chromium on the chromium-nickel
side. The mu phase coexists with the alpha solid solutions
near the chromium-cobah side of the quaternary section,
whereas the ternary P phase coexists with the alpha phase
at the chromium-nickel end of the alpha phsse boundary.

5. Tbe results of this investigation give fnither support to
the conclusion that atoms of both face-centered and body-
centered cubic transition elements are required to form the
sigma phase and that elements hwing the same crystal
structure can substitute for each other. It appears that the
same criterion may hold for ternary solid solutions of the
cobalt-molybdenum intermediate mu phase, which is iso-
morphous with the corresponding intermediate phases in the
iron-molybdenum, cobalhtungsten, andiron-tungsten binary
systems. The composition ranges over which the sigma
phases exist can be described fairly well in terms of electron
vacancy concenhation in the 3d sub-band. This suggests a
criterion for predicting whether or not the sigma phase may
occur tithin any given composition range in alloy systems
involving the transition elements.
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TABLE I

LOT ANALYSE9 BY WEIGHT PERCENT

M@m#lt& Cotmlt
rondelks

o------ 0.17
080----- .M
c%_.._. Bal.
Cr______ -----------
CR—-. .02
Fe----- .12
5------ -----------
Mgo_. .M
MU.-..-. .W
MO----- . . . . . . . . . .
Ns------ . . . . . . . . ..-
NL----- .40
OY----- -----------
;:::::-: -.:@-----

Sik--?. .13

Ohrmnlum Nlakd Molylxlonum

a 01. .. . . . . . . . . ..- 0.033mm.
— ----------.... .........
---------... 0.6to 0.8. . . .

. . . . . . . . . . . :..
+ .01

.01 .C06mar.
.045 --------------

----------- . ..............
------------ ............-.
........ .... .............. BoL

.010 -Hii ---------
. . . . . . . . . . . .

.61 . . . . . . . . . . . . . . m rlpprox.

. CKll . . . . . . . . . . . . . .

.013. .ml . . . . . ..-
. . . . . . . . . ..- . . . . . . . . . . . . . .

TABLE II

CRUCIBLES USED FOR MELTING ALLOYS

I

~~ L
3% to 314

%
402t0406
414to 419

%t. osw
i&ma
376t03s3

Alundum

‘m
m

i%
mtoxm

%%tcm
376
w4t0401
407to 413
4Z3to 716
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TABLE III

DATA FOR THE PHASE DIAGRAM OF THE COBALT-NICKEL-MOLYBDENUM SYSTEM AT 1,200° C

.111-AmIyzfs (Wlghtpsmmt)
Alloy

c% Ni Mo

Phasea@ercent)foond from

Micro9tru@lnro

=+=1= “ ‘-my

Alph8 bemldory fdloya ●

....
----
----
----
...-
----
---
----
----
----
----
----
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----
----
...-
----
----
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6
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. ..-
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1
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,
b
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I’mm
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----
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4
----
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rm:
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R 4
49.02
32

------

u
m
49.&l
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m
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04

# ;4

15

1%

%!

Im
m+)
100

;%
100
100
100
96

100
102
100

lE
lca

1%

Mph------------------------
Nab-----------------------
AIPM_--.-------. -... -.-.-.,
Mph-------------------------

2
----

2
----

1
----
----
----
.-. .
-.. .
----
-.. .

3
----
----
----

2
----
----

rm:

------
0s
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m
w
24.96
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6!3
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Maw-----------------------
Nab-----------------------
Mph-------------------------
Ape----------------------
mph-------------------------
Am-------------------------
Uph-—--..--..--.--.--.---.
Aph-------------------------
AIPk ------------------------
Aph-------------------------
Mph-------------------------
AIPM ------------------------
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Nab— --------------------
Nab----------------------

.

Alpha-plus-mu alloyz ~

66 .. ----
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ii 26
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la 2a ;:. 12
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;’
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2 28
12 48

AlphfJplus inn-—--_. -_...,
Npha plus mu_. ----------
Alphn plusmu--. --------,.-.
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Mu----. ------------.. --..-.,
AlpkpIm m~-------------
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Ma-------------------------
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96
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!3s
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444

*633

z:
648
M-!
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---- I?4
---- 99
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I
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6

tiph8 p]m del~------ 95
45 m 45

4
g

33
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TABLE IV

FOR AERONAUTICS

DATA FOQ THE PHASE DIAGRAM OF THE CHROMIUM-COBKLT-MOLYBDENUM- SYSTEM AT 1,200° U

Phase%found from-

(Wel%%%mt)
(P@-@@

‘-&v 4

‘1 J_
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x-lay
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%
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1%?
%3

16
----
----
----
----
----
----
----
----
----
. ..-

2
----
---
10

----
----

5
----
-.. . .

----
----
----

2
b

----
----
----
----
----
----
----
‘rl-nca
----
----
----
----
----
----

5

-.. .
----
-.. .
----
----
----
----
----
-.. .
----
-—.
----
----
- -.
----
----
----
----
. --
----

----
----
...-
1:

----
.-. .
----
----
----
----
----

Tram
----
----
----
----
----
----

2

----
----
----
----
----
----
. ..-.
—.-
----
. . . .
----
----
----
----
----
----
--—

------
10

x’------
m
10 74

77
04.8
70
M4
0L5
09.78
mea
6L5
6%01
mo6

—.
+8
2s.61
2L5
14.69
9.a

25
17.42
14.7

●

—

---- -—-
—-- ----
---- ----
--— ----
---- ----

3L 28
am

2.:
g ;6

3L 7

%.2a
27
2%6
38

E
!z13
n 76
7.2

00.72
.9Jf

M. 2
m41
51.7
t&S10

47.n
63
6L 6
48

fl
MU3

zf

06
00

E
m
40
m
m
16
m
m
26
1:
m

1:

8
%6

:
Z43
6
6.21

4.21
20
m
14
B

2.02
2L 27
47.2

----
----
----
----
----
----
----
----
----
----
...-
----
----
----

‘Place
----
----

----
----
--—
----
----
-—-
-—-
----
----
-.. .
-—-
----

----
--—
----
----
----
----
----
——
----
----
----
----

Alpha-pll&E 13noya.

b412 19.33 @&xl m 35
8 ::::

W
m 16 .52

10 ---- Alpbo ..-.. -_..._ 70
32

b669 19.81 m. 9
M I: ‘xl :::: m ---- Alphs phls R____ WI

!2229
MO 16 00 24 f :::-

AIPlm plus R--_... WI

m2 Is 44
8 ::: 1% :::: z :::: Alpha Plea R-----

38 ---- U9 -—. 2 ---- S3 ---- R.-- . . . . . . . . . . . . . lR

=Aufo dprfortoarmdhlg.
&Ch&cmnposftIonfromarmlysk Com@tion@-hrofiwdw htieh@d@titi@~ .
● Not forgwl pilor to armdfng.

0

,
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TABLE IV—Concluded

DATA FOR THE PHASE DIAGRAM ‘OF THE CHROMIUM-COBALT-MOLYBDENUM SYSTEM AT 1,200° C

P~=dtmm--

(Wef%’at) ‘-&v 4. AnnRi

Affoy MfcZculrl@nro t?%;
x-my

Cr Ca Mo Alpha MglrM It Mu AIPkB sigma R Mu

AlpbplnHfgma-pIwR OIfoys●

b.513 19.% ~n g34 m 76 ---- R phls8fpk3_..– w
660 24
60.5

ls J z ~ +3 :::
1s.5 46.6 8

slgm8-------- g
2 d ::::

6’33 4~ 6 E. 6 ~ ..-. 1:
---- R__-. _-..-—

049 z: 47
m m

2S.6 b k!
---- Sfgrnaplus R___

---- 6 93 6 ---- SLmfL ----------- 1%

Mpbn-plwR.pltwmn alfoys .

J6M 1107 63.12 33.21 46 ---- 40 ---- co
$6% pL g!! gc?a y.: m –.-

TT#z3 R pti 8fpkc3---- !%
i! 4 76 ---- 10

fM3 2
Mph plus mu._ $%

---- 2
b6S1 T%?o

w
9.m am

----
47.15

Mu ph19R------ g
4 ---- : 2 ..-. T%% E3 Ma --–-... -._-–

,

E:
{.69
42.!34
36.E5
43
40.@a
46
44
24

44.6
4h6

6

J’
19.47

207
20.14
23
gw

g5

27
27.5

--- 100
-.. . ----
---- ----
---- 100
—-- 10!I
---- 1133

. ---- ----
---- 102
---- ----
---- ----
----
---- %
---- lM
---- lM
---- Iim

I 1

sfgma dfoy% .

---- I -------- ----
---- ----
---- -.. .
---- ----
---- ----
-—- ----
---- ----
-.. . ...-
---- ----
---- ----
---- ----
---- ----
-—- ----
---- ----

---- 100
---- m
----
---- IK-.—---- %’-------- 1%

~Q5----
----

Tnua ;%
----
--— llm
----

Tram R
S@m@WR alIoys .

---- ----
---- ----
---- ----
---- ----
-.. . ----
---- ----
---- ----
---- ----
---- ----
---- ---
-.. . ----

Troca -,--
---- .-. .
---- ----
---- --—

sfgmrL_______
mgmB-------
sfgma_______
sfgrm _______
slgma_..___.-
sfgmL______
8fgmm_..__._-
sfgmfL ------
------------------
sigma..- . . ..__
sfgrm ______
slglria_______
sigrna__.._.._
slgrn8______
sigma ______

km gg 46 S2 29.n ---- 86 15 ---- ---- El) ‘m ----
b497 %96 ~m --- g 64

slgnm------- lW

632 24”
---- -.. . 10 90 ---- R--- . -------- W

. ..- 40 ---- .-L
WI 19 44

Ml m Slsmo.PlusR----
37 ---- 16 Ss --- ---- m 76 :::: R------------ %

RaIloys.

b614

I

mn 4L.aI am ---- ---- 100 ---- -... ---- m ---- R-------- m
b661 lzm 43.m 4233 ---- ---- Icd ---- . . . . --- 100 ---- R---------- fh3

ILplmmu dlogs ●

616

I

12 47 ---- ---- 46
w ti . 44 ---- ---- f%

60
16

I I

---- ---- (W 60 Mu PhlSR---- .-
2 -.. . ---- N 5 R_-... -__-? z- ~

Mu dfOmc

516 4 t3
64.5

-.— -.. . ----
1!

100 :_- ---- ---- m
33 a -—- ---- ----

b674 &61 40.37 1: :;:: :::: :::: l!J
bt!30 0.4 42-8 4?? --ii- :::: :::: g 2

631 10 42 4s
---- . . . .

---- ---- 2 ---- ---- 2 .93 7
—

Mu-----------
Mu----------- ‘%
Mu---------- 96
hfu__________
hIn-..._.._-_.- ‘%

hChernfd rompwftion from analysh COrqmMon gfvon for other 81f0y9k the fntauled melted mmlysb.
. Not forged prior to rmnwdfng.
JAh two semnd phases.

.
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TARLE V

DATA FOR THE PHASE DIAGRAM OF THE CHROMIUM-NICKEL-MOLYBDENUM SYSTEM AT 1,200° C

L

A@* (wlshtwcmt)
Alfoy ‘

‘“’””x “h-x-my ‘ w‘r 1==1== *- ‘ ‘d’ “p’ ‘w””” 8- p “b

Alplm Onoye●

I Wg

o
0
0
.

.---.- -—..-
--._- ---_-
.--_- --.--
.-.--- --.--
—___ ----
-.--.- .-.---
—-.-- ------
---.— ------
-.--— ------
--.... -.-.--
--.-.- --.---
------ Trace

------
---.--
-.----
------
-. ..-.
------
----.-
----.-
---.--
------
------
.---.-

—----
------
-. :.-
------
-. ...-

Mpk–.-.-.--...-. ---........ 48
Mpk- . . . . . . . . . . . . . . . . . . . . . . . 4s
Mpk . . . . . -------------------- X
Alpha . . . . . . . . . . . . . . . . . . . . . .
Mpk_-.-- . . . . . . . . . . . . . . . . . . . 48
Npk..--.-..--.. . . . . . . . . . . . . . 4.9
Mph. . . . . . . . . . . . . . . . . . . . . . . . . . 48
Mpk . . . . . . . . . . . . . . . . . . . . . . . . . ::
tipb-..-...-... -.-. --- . . . . . . . .
Alpha-- . . . . . . . . . . . . . . . . . . . . . . 4s
Nab-. -, . . . . . . . . . . . . . . . . . . . . . . ~
Alplm--_- . . . . . . . . . . . . . . . . .

-. ..-. --—--
------ ------
--.--- ------
.-.--- -.-—-
------ ------
--.-.- ------

4251
39.9
40.1%

~r3

m92
06
W
64
69

%:
026
0292
OL75

2U

!.62
36
X7
s
16

1? E
27..5
37.m
S3.26

------
.-----
.-----
--..--
..----
--—--
-----
---—
--.—
------
-.——

------
--..--
----—
‘---
------
.---—
------
.. -—-
Trace

--------
.. ----

------ ------
n-y ------

-- . . . .

---.--
.---.-
------

------ ------
------ ------
.----- . ....

------
------
Tre.m5“

Alphr@lwpdlon alloys ●

I
-1

------—--- &l
------
------ L!------ 10
-.----
---—- -M—-- 3)
—--- 95

—.--- Alph8pluee@lon . . . . . . . . . . . . . . W
U*-.. .-.-. ..- . . . ..---. . . . . . . g
Alpha plus O@km... . . . . . . . . . . .
win . . . . . . . . . . . . . . . . . . . . . . . . g
Elm. --.. . . . . . . . . . . . . . . . . . . . .

p~;;z$;?:z:::::::::::
g

. . . . . . . . . . . . . . . . . . . . . . . . . . 48

-. --— —.-—
----- -.--—
-—... --. —
-—--- ------
-—--- -.-. —
-.—-- ----.-
------ ------
--.—. ---.--

—.-.. ----.-
------ ------

------
—.-..
. .....

--.---
------
.- ----
------ ------

----- -....- -----

I I

Alph&pllzHlgmn anoye 0

----—
-.--—
-----
—---
-.-—
--.--
—----
------
-----
-—- .
.-.---
—---
--.---
.. ----
-.----
---—-
-----
-.--—
---.--
—----
-.----
—.-—
-----
----.-
---.--
----.-
- -----
--—-.
--.—-
------
-----

------
-..-—
------
------
—.-..
——--
---.--
--.—-
------
—--—
-—---
-----
-—----
------
--.-.-
------
-----
—..-.
-----
-—---
------
------
------
-.-—-
-—-_
--..— I
------
—--—
.--, -
-—..- ~.---.-

------
--—.-
.—..-
------
.-----
---..-
----—
--.—-
------
------
------
--.-.-
-.----
-—---
------
------
------
------
------
------
------
.-.---
--.-.-
--.-.-
-----
------
-..-. .
------
-.—..
-----
......

4275

2
4s
35.26
a

ii
24

#
35
4s
u

%
33
27

:$3
44.36

H
24.6
a3
2270

%.b
22
20.6

...........................
. .......................
. .......................
ha dplm_ ....._.. _..
.........................
hstimama.-:..-.-.

... . . . . . . . .
my.. ----------------------

zoo . . . . . ..__ . . . .
m8.- . . . . . . . . . ..-
)ha_ . .. . . . . . . . .

--a mm rJPha-...- . . . ..-.
s!grn8 . . . . . . . . . . . . . . . . . . . . . .
sigma . . . . . . . . . . . . . . . . . . . . .
se-. . . . . . . . . . . . . . . . . . . . . . . . .
slKmo..-.-...-- . . ..__ . . ..-

F&z

%’
6L03
49

%
40
44
40

%
33

%+

*

37.67
w
U07
39
20.6
32
4s
3L6/

%.6
32
W.5

$
m
m 12
23

%
;:

al

%
xl

E
8
26
16.5
17.5
la E3
37.5
21
4L6
23.7
4Ss4
35
29
4s
40

-.----
--—-
-.—-.
------
-----
------
—----
--.-.-
------
-.----
------
--——
—--.-
------
—---
-—---
------
-—.—
-.——
—--
--.---
——-
—----
------
-.-.--
---—
-—.--
--.--
——.-
---—
--..--

.—--- .: ...-

..---- ..----
---..- ------

,

.

..---- ------
----- ---..-
--—- ------
.----- —--.-
----.- ---—.
---..-
-.----
-.—--
---..-

------
------
------
------
------z

23
26
10

:
15

$
m
25

---..-
.. ---- ..---
.--.-- -.----
--.--- ----—

Slk-. . . . . . . . . . . . . . . . . . . . . . . . :
sigma plus131pk_...- .. . ..-
Slm.. ... . . . . . . . . . . . . . . . . . . . . . . m
sigmapluselplla-.- .. . . . . . . . . . :
#%g$>:::::::::::: m

.- .. . . . .
--- . . . . . . . . . . . . . . . . . . . . .. %’

!%&im-a-ti-.-:::::::::::::: !%
8W . . . . . . . . . . . . . . . . . . . . . . . . . QI

=;i~;z;l:~;:~:;::;;::: ‘g:~..::::-:-:::::...: ------- ~- . ... .......

-.--.- ------
..---- .---.-
------ ------

..--.-
------
—-—.
------
------
......

--..--
--..--
—--—
-—.-.ii

ms

l+!

5
1

--.-.-
.----- .. ----
---.-- .-. .—
---..- -----
--.-.- -----
—---- .---.-
--——

-
Alplm-plwP alfoye @

-.-.--
--..--
-—---
------
------
------
-----
------
------
-.--.-
----.-
--.---
-.----
------

33
% 40
%45
69 z:
$ %
45 46
67.23 2a6s
36 66
33.72 6L 21
36 &L6
69.40 23.%
4s.23
.R.4S %:

“95
36

%’
3
36

---.--
-----
-----
----

------ ----.-
------ 7’!-.--.------- :------ m
------ 26
------ m
------
------ ;
---.--
------ %
..---------- 4
------ 30

------ Alpha . . .................... 4.9

L;lz?:_?-:.::::::::::::::
w

Npk-_..---...- . . . . . . . . . . . . . . ;
Mphplm P- . . . . . . .. . . . . . . . . . .
Mpbflw P_.. . . . . . . . . . . . . . . . m
Pplnsrdplm__.._ . . . . . . . . . . m
fink -.-.. --.. --.- . . . . . . . . . . .
P — -. . . . . . . . . . . . . . . . . . . . . . . . . . #
P_.- . . . . . . . . . . . . . . . . . . . . . . . . . .
P . . . . . . :------- . . . . . . . . . . . . . ‘%
Alpha ---. . . . . . . . . . . . . . . . . . 4s
Alph8plrls P._.. . . . . . . . . . . . . .
Alph8 plus P___ . . . . . . . . . . . . #

.-----
-.---- -—.-- ------
------ ---.-- ------
------ ------ .---.-

------ ------ _----- ------
------
------
------
------
--.-—
---..-

------
------
-.--.-
------

------ -.-.--
-.--.-
—----
.-----
------

.. ----
------
.---.-
------

--—-. -—---
----- -.--.- ------ ------
--.--- ------ --.--- ------
----- ----- ----.- ......

I

Alplm-plu5delta anoye .

414 -xi.. 49 61 40 ---- ---- ---- m ---- --- —--
54.6 %

m flpti pluadolta. . . . . . . . . . . . . . . . 96

% 4..5 40 ::.5 x = = =: WI
Alplmplnsdelta. . . . . . . . . . . . . . . .

U ::: :::: ::: % Ddtiplwdph-.- . . . . . . . . . . . . . ,E

; %e%g:~ti~. from analysh. Compwltion given for other rdloyefs the intendd mefted @@s.
. Not fO,gOd@or to annealfng.
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TABLE V—Ckmoluded

DATA FOR THE PHASE DIAGRAM OF THE CHROMIUM-NICKEL-MOLYBDENUM SYSTEM AT 1,200° C

Alfoy

= .~=F+.b+:5F x
Alpha-plnH@fcm-pins-slgrn8 anoys c

----
----
----
----
----
----
----
----
----
.-. .
----
----
..-.
----

gin-------------------------
---------------- ---------

xg:@k::::::::::::
18------------

43.7 61.3
48.66 3L 26
:; 62 37.19

40

E: $64
66

%6 ;?
M.36
4a6 46.4
K1 m
43.6 62-26
69.6 29

Tiy
%

30 40
5 60

E &
40

# 75
38 M
76 2
34
q ‘J

5
93 6

----
----
----
----
----
----
----
----
.-. .
-.. .

----
----
----
----
----
----
----
----
----
----

m----. -—------
phm slgm8------------ ISire -------------------------- I

---- ----
------- -
-.. . ---- Ih—.

Alpha-,lQs@ma-Pln&P anon ●

I I # 1 1 I , t 1 t , ,

---- P ,Ins dw-------------------- m
-.. P------------------------------- w

:::: =------------------------- ~
—------- ---------- . . -----

Ma m 36
*613

30 ---- w
19.3 326

40 ---- 30 ---- 30
22 6

46
---- 6

642 21.s 32 46.76
10 ---- 16

T%O :::: &5ce
4 ::::

96
!%23 m 49 29 E 16 ---- 7: :::: 10 16

I I I Illllkl II
Mplm-plus-P-piwdelta 13UOY6 ●

I I

636 7 43
bm

63 ---- ----
$8

Ml 2 y ----- ..-. m5ce p,]Ma]ph -------------------- M

696 ii
%

.% i
70

$ :::: I’:: 10
---- -.. .

3
P------ ----------------------- fi

70 ---- ..-. 10 m Mph8 ,hU delta----------------

Emon anon .

307 7K2 17.8
m 65 z

I I1:::::M::::::::::::::::Hi’::::::::=: ml
618 61

:s%:::::::::::::::::::::::: lm
12

670 66
lWI Trace .1--

~ 76
. ..- Wm----------------------- ;g

9.26 :::: 1% _-? :::: :::: l%% lIM ---- ---- ---- Elm------------------------

Epdfon-,krs-dgmn alloys .

-.. . —-.
---- 36
---- 26
---- 2
---- ----
---- so

61 !20
626 $
61.93 27.19 %2
:; 6 27.2 25.2

27.6 23.6
64 28 13

---
ed
76
W

----
20

. ..- ----
...-
----
----
----
----

----
----
--.-
----
----
-—-

66

II

36* ----
E %’ ::::
6 06 ----

----- . ----- -
WI 46 ----

---- Mm plus e@lOn------------
---- 8W------------------------
---- Slm— -----------------------
---- Sire ------------------------
---- - -.. --------- --------------- --
---- E@on plms@ne.-...-----.--

160
160
ml
160

-.. .
160

----
----
----
----
----643

Slgme anon ●

----
----
----
----
.....
...-
----
----
----
----
----
----
----

----
----
....
----
----
...-
----
----
----
...-
----
----
----

----
----
.....
----
----
----
----
----
----
----
----
-.. .
----

----104 -–-
lMI ----

---- ----
---- ----

m ----

----
---- 1%---- ~w
---- Joo
----
---- :E.-.. 100
---- 100
---- Iw
. ..-
---- +8
---- 100
..-. 100

sire._ .-----. -.--. -.-. ----:.-.

:s=::::::::::::::::::::::
si~.. --.--w.. -.--. -.--. -,----
sI~--------------------------
Ski--------------------------
so@--------------------------
s@-------------------------
Slm--------------------------
Sire ---------------------------
slm--------------------------
sin--------------------------
Sire ---------------------------

...- ----
----
----
----
----
----
----
----
-.. .
----
----
----
----

----
----
----
----
----
----
----
----
----
----
----
----

----
----
-.. .
----
----
-.. .
----
----
----
----
----
----

---- ----
160 -...
100 ----
m ----

%’ ::::
100 ----
lm ----

I

sIgm8-pIueP alloys ●

---- ---- ---- 60
---- ..-. ---- 90
---- . . . . ---- 4

60 ---- Slgrna pins P--------------------
Slm— ------------------------

i%’ :::: P -----------------------------

96
W
96

1 ,

Penoysa

6@ 16 30 66 ---- ---- ---- Icm –.- ---- ---- ---- lm -... P... --------------------------- M

Delta alfoye.

629 69
bMl :81 g :7 &3.62 :::: ::::

626
671 4 +:1‘~l’a=l=l=ldgigp’mp----------:------------37.mk!6 ‘-i- :::: ---- ----

Dab---------------------------
Ddh --------------------------

} Ohomlcd mmpodtfon from analyds. C!+mpmftfongfwn for other alloys fs the Wended melted armlfi.
● Not forged prior to cmnealfng.
● A16010Ercmt of a amend phnm.
+ Also two secondphases.

.
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TABLE VI

DATA FOR THE PHASE JXAGRAhI OF THE CHROM~M-COBALT-NICKELMOLYBDENUM SYSTEM AT 1,200° C

Pa @rmnt) found froxn-

Axmlysfs (Wdght pememt) P-=tF 8 Anna

AuOy MiAotme $J
x-ray

or co Ni Mo Alplm Sigma R@Ion Alpha s@na Epsilon

I
Zbwmnbmolybdennm fumternary13UOY6●

la 5s
EQ48 .??.!’?26 ----

!L5 &

86
2; ----
26 ----

:? -!!-
Z5 ---

.22 -k–
Z42 ----

2A i%-
241 Km
243 Im

Km
:: --–
25 -–-
25 ----

---- ----
%- --–
15 ----

..-. ___

----
40

m
239

m
2!33
207

● 311
312
313
322

●33a
● 331

332
●354
●3W
● 301

372
370

I
429
3102

----
----

................
:!$g:::.:--

.--J. -----------

. ----------- . .
AIDIE3..-..-.

. . . . . . . . . . . . . ~.
----------------
----------------
Alla__ . . . . .

----------------
..--.-..----..--
N@a__._..
Alphn-----
Alpka_._.-
AlpkB_.._...

. . . . . . . . . . . . ..- -

48

M -ii-%
lE.6 37.0.5

-- —-- 64.17
3L 2 !2&3.3
Q.75 429

3L 2
au -?:!.
46.13 1s.61
9.76

3L so g:
------

4E12
2:% 3215

32e6
2? 27.64
9.75 4430

10
----
----
----
----
----
----
10

----
----
----
----
----
----
----
—--

...-
-.. .

...- ----
---- 5
---- —-.
---- ----
---- ----
13 -–-

---- ----
---- ----
—-- ----
---- ----
---- ----
---- ----
---- ----
---- ----

----
6

----
----
---
---
...-
----
----
----
----
----
----
----
--------

a

w
----
lIXI
100
loo
100
--:.
----

%
‘as

100
87

----
..-.
100

-
39

10
----
----
----
----
---
-.—
----
----
----

5
----
13

----
..—
----

----
Tm03
--—
----
----
----
----
. ..-
---
----
----
----
----
----
----
----
-—-

40 ..-.
:;~-;::::
,.- .........---
Alpka_.._..
Alplb3_ . . . . . .
Alplm_____
Alpha ._.-...

!!
48
48
48
48

$
48

:
48
48
60
48
48
48

314 ail

------

EM----—
2$
I&8
9.M

------
10

------
17.14
m.oa
424s

z?

6------
51.3
323

------
66.1

------
la 72
37.34
a%

ZE
S22S
.?aS9

------
17.16
ZA62
a. 45

3m
al

37a
0378
●379
.W.u
● m
●m
●3SS
389

●3LM
.s%3
●42%
.429
436

5

i“
;73
4.17
4.99
h 19

2Z

:81
.!.21
h!n
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TABLE VII “ TABLE VIII

TYPICAL X-RAY DIFFRACTION PATTERN OF
FACE-CENTERED CUBIC ALPHA PHASE

. TYPICAL X-RAY DIFFRACTION PATTERN OF
BODY-CENTERED CUBIC EPSILON PHASE
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TABLE IX

TYPICAL X-RAY DIFFRACTION PATTERNS OF CHROMIUM-NICKEL-MOLYBDENUM ‘AND CHROMIUM-
COBxKLT-MOLYBDENUM SIGMA PHASES
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TABLE X

TYPICAL X-RAY DIFFRACTION PATTERN OF? DELTA PHASE DETERMINED FROM ALLOY 522
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TARLE XI

TYPICAL X-RAY DIFFRACTION PATTERN OF MU PHASE DETERMINED FROM ALLOY 678
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TYPICAL X-RAY DIFFRACTION PATTERN OF P PHASE DETERhlIiNED FROM ALLOY “5S0
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TABLE XIII

TYPICAL X-RAY DIFFRACTION PATTERN OF R PHASE DETERMINED FROM ALLOY 592
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TABLE XIV

L)ETERMINATION OF ALPHA THREE-PHASE-FIELD COR-
NER BY X-RAY DIFFRACTION IN COBALT-NICKEL-

DETERMINATION OF SOLUIWLITY LIMIT IN CO13ALT-

MOLYBDENTJM SYSTEM
NICKEL-MOLYBDENUII MU PHASE BY .X-RAY DIF-
FRACTTON
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TABLE XVIII

DIITERMIATATION

DIH!ERMINATION OF ALPHA THREEPHASE-FIELD
CORNERS BY X-RAY DIFFRACTION IN CHROMIIJM-
NICIKEL-LIOLYBDENUM SYSTEM

TABLE XVI

OF ALPHA THREEPHASE-F~ELD
CORNERS BY X-RAY DIFFRACTION IN CHROMIUM-
COBALT-MOLYBDENUM SYSTEM
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TABLE XVIU

VALUES OF d “ OF CHROMTUM-NI~MOLY’BDENUM
TERNARY SIGMA PELM3E AS FUNCTION OF CHROMIUM
CONTENT
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TABLE 2%X
DETERMINATION OF THREE-PHASEFIELD CORNERS

ON ~20-PERCENT-MOLYBDENUM QUATERNARY ALPHA
PHASE BOUNDARY
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TABLE XIX

DATA USED , FOR PLOTTING ACTUAL VOLUBILITY OF
CKROMIUM IN A+PHA PHASE AT VARIOUS CONSTANT
MOLYBDENUM CONTENTS AS FUNCTION OF AUTTJAL
COBALT CONTENT .
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