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SUMMARY

An isothermal survey was made of certalin portions of the chromium-
cobalt-nickel-lron quaternary system at 1200° C. The iron content was
varied up to 30 percent to include the range of commercial chromium-
cobalt-nickel alloys. As a part of the quaternary system, the cobalt-
chromium-iron ternary system was also studied.

INTRODUCTION

A project has been Initlated at the Metallurgy Department of the
Universlty of Notre Dame for the study of phase diagrams pertinent to
certain alloys commercially used for high-temperature service. In a
previous report (reference 1) on work done in comnection with this proj-
ect, an 1sothermal survey of the ternary chromium-cobalt-nickel system
was glven for 1200° C.

In order to make the results of the investigation valuable for
practical applications, it was foreseen that the work would have to be
extended to cover more complex systems and, in certain critical composi-
tion ranges, also to include lower temperatures. The work covered by
the present report was carried out in accordance with this general plan.

Some of the most important alloy components occurring in commercial
alloys of chromium-cobalt-nickel base are iron, molybdenum, silicon,
and carbon., In order to proceed systematically and thoroughly in this
work, 1t was plasnned to explore at first the effects of the addition of
each of these elements separately., In the present work an isothermal
survey of the practically most importent portion of the chromium-cobalt-
nickel-iron quaternary system at 1200° C was made. The iron content was
varied up to 30 percent to include the range of commercial alloys of
chromium-cobaelt-nickel base, Since at 1200° C most of these alloys con-
slst largely of face-centered cubic solid solutions, it was considered
that the limits of solid solubility of this phase with varying iron
contents would be of the most Immediate concern.,
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In the course of this work it became evident that one of the com-
ponent ternary systems, the cobalt-chromium-iron system, has not been
adequately explored by previous investigators. (See literature survey-)
It was, therefore, decided to divert a part of the efforts to the survey
of this ternary system at 1200° C. At this temperature the sigma phase
does not occur in the binary iron-chromium system. However, at tempera-~
tures below 825° C, which are of practical importance, the iron-chromium
system does have a stable sigma phase. It was therefore of importance
in the understending of phase equilibriums in the cobalt-chromium-iron
system to explore the relationships between the isomorphous sigma phases
occurring at those temperatures in the two binary systems cobalt-chromium
and iron-chromium. This work was originally started with the collaboration
of Mr. W. D. Manly and briefly reported in reference 2.

In order to extend the investigation to lower temperatures, which
are practically significant, some work was done on the limits of the face-
centered cubic solid solutions (alpha phase) of the chromium-cobalt-nickel
alloys to temperatures down to about 850° C. From the data obtained an
isothermal section of this portion of the chromium-cobalt-nickel ternary
system was constructed for 900° C.

In reference 1 the phases of the chromium-cobalt-nickel system were
designated in accordance with the chromium-cobalt binary diagram by Elsesa,
Westerman, and Manning. (An exception was the sigma phase, which the above
authors designated as gamma.) Following this nomenclature in the present
report, alpha denotes the face-centered cubic solid solutions based on
cobalt and nickel, beta refers to the hexagonal solid solutions based on
cobalt, and epsilon designates the chromium-base body-centered cubic solid
solutions. Since the present work concerns alloys with iron, this nomen-
clature leads unfortunately, but inevitably, to contradictions with the
usual ‘designations of the allotropic forms of iron.

This work was conducted at the University of Notre Dame under the
sponsorship and with the financial assistance of the National Advisory
Committee for Aeronautics.

The authors wish t0 thank Mr. Francis Pall for doing much of the
work relating to the alpha and beta phase boundaries in the cobalt-
chromium-nickel system at 900° C end Mr. William D. Manly for making the
initial survey of the sigma phase at 800° C in the cobalt-chromium-iron
ternary system. Mr. William Kuhn of the Titanium Alloy Manufacturing Co.
collaborated in the early stages of portions of the work. Mr. J. D.
Nisbet of the General Electric Co. kindly contributed a series of cobalt-
chromium-iron alloys. The Battelle Memorial Institute kindly made the
nitrogen analysis in two cobalt-chromium-nickel alloys.
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LITERATURE SURVEY

The alloy systems pertinent to the cobalt-chromium-iron-nickel
quaternary phase diagram comprise the following six binary systems and
four ternary systems: Cobalt-chromium, cobalt-iron, cobalt-nickel,
chromium-iron, chromium-nickel, and iron-nickel, and cobalt-chromium-
iron, cobalt-chromium-nickel, cobalt-iron-nickel, and chromium-iron-
nickel.

A1l of the binary diagrams were thoroughly investigated. The cobalt-
chromium system was most recently determined by Elsea, Westerman, and
Manning (reference 3). The cobalt-nickel system was investigated by
several workers; essentially, 1t features an extended range of solid
solutions with a transformation at high percentages of cobalt. The most
reliable date are presented in the "Metals Handbook" (reference UL,

p. 1192). The latest phase diagram for the chromium-nickel system was
published by Jenkins, Bucknall, Austin, and Mellor (reference 5).

The cobalt-iron system was reviewed recently by Ellis and Greiner
and their diagram is given in refereace 6. The chromium-iron diagram
has been the subject of many investigations. It was reviewed recently
by Bain and Aborn in the "Metals Handbook" (reference k4, p. 1194). The
binary system of iron and nickel is presented on page 1211 of reference k.

No high-temperature phase diagram for the cobalt-iron-nickel ternary
system could be found in the literature, although some work has been done
on phase equilibriums at lower temperatures and on transformations in
the face-centered cubic ternary solid solutions (references 7 and 8).
Portions of the chromium-iron-nickel ternary system were extensively
investigated. A section representing average conditions at 900° C to
1300° C appeared in the "Metals Handbook" (reference 4, p. 1261). Rees,
Burns, and Cook (reference 9) published recently their work on a portion
of this ternary system, with high-purity alloys, at temperatures of 650° ¢
to 800° C. Pugh and Nisbet (reference 10) have just published phase-
diagram information relating to this system. An isothermal section which
they have determined for 1100° C is in substantial agreement with the
section given in reference 4. The cobalt-chromium-nickel system was
investigated by Manly and Beck (reference 1) at 1200° C. Certain minor
corrections were made in the course of the present work and a revised
diagram appears in this report. Elsea and McBride (reference 11) inves-
tigated the effect of nickel and iron additions on the alpha-beta and
beta-sigma transformations of the cobalt-chromium binary system. However,
they made no claim for achieving equilibrium conditions.

The cobalt-chromium-iron alloys containing 30 percent to 90 percént
iron were extensively examined by Koster (reference 12). His data were
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published in the form of a series of constant iron sections. Interpola-
tions from his data were carried out for 1200° C, and the resulting
isothermal diagram, together with the results of the present investiga-
tlon for the same temperature, is given in this report. Koster's paper
contains a diagram of the cobalt-chromium-iron system at room temperature.
This diagram does not have a phase based on the complex sigma pﬁase in
the chromium-iron system. This is in contradiction with presently
accepted data for that binary system. Another point of interest
reported by Sully and Heal (reference 13), is that the sigma phage of

the chromium-iron binary system is isomorphous with the intermediate
phase occurring in the cobalt-chromium system. Beck and Manly (refer-
ence 2) showed that, in the cobalt-chromium-iron ternary system at 800° ¢
the two lsomorphous binary phases are connected by a continupus seriles ’
of ternary solid solutions.

EXPERTMENTAT, PROCEDURE

The equipment used in this work and the procedures of melting and
homogenizing were the same as those described by Manly and Beck (refer-
ence 1). The lot analyses of the cobalt rondelles, of the electrolytic
chromium and nickel, and of the hydrogen-annealed electrolytic iron used
for making up the alloys are given in table I. The crucibles used for
melting were of alundum, zirconia, stabilized zirconia, or beryllia.
Table IT gives the type of crucible used for melting each alloy.

It wes found that the extent of segregation in the ingots varied
considerably with the alloy composition. Ingots with diameters of less
than 1 inch were usually better than larger ones. Because of the lower
oxlde content in the bottoms of the ingots (oxide particles float to the
top of the melt), the bottom portions were mainly used for examination.
Samples for chemical analysis were taken from a part of the ingot directly
adjacent to that used for microscoplc and X-ray studies. Several
chromium-cobalt-iron ternary alloys were made available by Mr, J. D.
Nisbet of the General Electric Co. These were received as vacuun-nelted
and centrifugally cast samples and were further handled in the same way

as the ingots made at Notre Dame.

A1l alloys used to determine the alpha phase boundaries in the
quaternary system of cobalt-chromium-iron-nickel were annealed for \
20 minutes at 1200° C and then forged before the final homogenizing treat-
ment., All ternmary alloys of cobalt-chromium-iron not contalning appre-
cisble amounts of the sigma or epsilon phases were also forged. None of
the alloys used for determining the 1imits of the sigma phase at 800° ¢
in the cobalt-chromium-iron system could be forged because of brittleness. .
The alloys used to establish the 900° C alpha and beta phase boundaries
in the cobalt-chromium-nickel system were annealed for 20 minutes at
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1200° C and then forged; after this, they were placed in the furnace
for 4 additional hours at 1200° C and forged again before the homogenizing
treatment at various final annealing temperatures.

The forged cobalt-chromium-iron-nickel alloys were given a homogen-
izing treatment of 13 hours or 75 hours at 1200° G, at the end of which
time they were quenched in cold water. The forged cobalt-chromium-~iron
alloys were homogenized for 75 hours or more at 1200° C and quenched.

The alloys which were not forged were annealed for 95 hours or more at
1200° C and quenched. The cobalt-chromium~iron alloys annealed at 800° G
received 48-hour to 150-hour homogenizing treatments before quenching.

The double-forged cobalt-chromium-nickel alloys were annealed for 48 hours
to 180 hours at the appropriate homogenizing temperature and then gquenched.
The procedures described gave in most cases a good approximation of
equilibrium conditions, as shown by the fact that a further increase in
the annealing time produced no detectable change in the microstructure.
The alloys containing considerable amounts of the sigme or epsilon phases,
which were too brittle to be forged, probably did not approach equilibrium
nearly so closely as the forged and double-forged alloys.

After the final homogenizing treatment the X-ray powders were taken
from the specimen and microscopic samples were prepared and examined for
the presence or absence of a second phase. Thus, the phase boundaries
were established by the disappearing phase method.

The metallographic preparation at first used consisted of mechanical
polishing with successively finer abrasives, the final stage being a
Gamel polish on Buehler microcloth. A satisfactory electrolytic pol-
ishing solution was later found. The electrolytic method was rapid and
it removed the surface layer of the specimen which was cold-worked by
previous polishing. As a result, the number of scratches appearing after
etching was greatly reduced. The conditions under which satisfactory
electrolytic-polishing effect was obtalned were the following:

Solution, cublc centimeters:

Ethyl alcohol . . . . . . e o s o s e e e s s e e s e s e T5

Distilled water (nonexplosive) O R 1%

Perchloric @Cid .« « o & o« o o e o o s o o o o o o o s s s s o o 6
Cathode .+ 4 ¢ v ¢ ¢ o o o s+ o o o s o o« s 2 o o o o« » ©Otainless steel
Time, seconds . . . + &+ & « & . e s s a4 s s e s s s s s 10 to 20
Current density, amperes per quare inch specimen surface . . 10 to 12
Voltage, vOlts (A-Ce) & v v v o o « o o o o« o o o o « s o « o 6 to10
Electrode spacing, InCh . « « « o o « o o« « ¢ « o o o o o o o « o 1/k
Temperature, C . + ¢« v ¢ ¢ ¢ ¢ « s o o o ¢« o s v o o o o « « 25 t055
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This method of preparation was used after a preliminary mechanical pol-
ishing on 600 abrasive paper. If kept in a covered container, the solu-
tion could be used for 1 day after being mixed.

The following etching reagents .were used in addition to those
described in reference 1.

(1) Etchant for the alpha phaset

Hydrochloric acid, cubic centimeters . . . . . . . . . ... ... 8
Nitric acid, cubic centimeter . . « . ¢« ¢ ¢ ¢ ¢ s ¢ ¢ ¢ o « « o « 0.5
Glycerin, cubic centimeters . . . . . ¢ v . ¢« 4 4 ¢ 0 s e 2 0 4 2
Cupric chloride, milligrams . . « &« « &« « ¢ o o « & o o « » 90 to 150

Specimens were immersed in the etchant for several minutes or swabbed
with cotton saturated with etchant for quicker action. The structure
of all alpha alloys was revealed. Twins, transformation striations, and
grain boundaries became apparent. The alpha phase appeared slightly
amber-colored in comparison with the sigma and epsilon phases. Etching
of the beta phase revealed grain bounddries. In the larger beta particles
a Widmenstdtten precipitate was often found. This further helped in
identification. The grain bounderies in the epsilon phase were, also,
revealed with this etch, but the sigma phase was unattacked. A Widman-
stétten precipitate in certain epsilon alloys was attacked. The epsilon
and the sigma phases had the same etching characteristics when present as
small particles in an alpha matrix. This made it very difficult to deter-
mine microscopically the alpha corner of the alpha-plus-sigma-plus-epsilon
three-phase field. Prolonged etching of small amounts of epsilon and
sigma phases stained them light brown to dark brown.

(2) Electrolytic etchant for cobalt-chromium-iron alloys containi
low percentages of iron and over 4O percent chromium:

oxalic acj-d-, ms . L * L] L] L L] L] L) L] * . L] * . » L] * L] L] * L] L . 8
Distilled water, cubic centimeters . ¢« & v ¢ ¢ ¢ ¢ o o ¢ o ¢« +» o & 92
Cathode « « ¢« & ¢ ¢ o o o o o o o o o o o ¢« o o« o o« o » Stainless steel

Time, seconds . + o + « o o o o o & e o s e 4 s s e s s s e Htold
Current density, milliamperes per square inch specimen surface .« o 200
VOlta-ge, VOlts (d"c ) ¢ e & & & & ¢ s & e & & 8 ¢ ¢ s o LR 6

Electrode spacing, inch e o o o s s & 8 e s s e e s 6 6o e o 1/4 to 1
Temperature, °C . ¢ & & v ¢ 4« 4 4 4 4 4 e e e e 0 e e ... 251035

The alpha phase appeared slightly amber-colored. The epsilon phase was
etched white. Its grain boundaries and the presence of a Widmanstdtten
precipitate were revealed. The sigma phase remained unattacked and
appeared white.
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Whenever phase identification by microscopic means was doubtful
X-ray diffraction was used. Powder samples were obtained from the homo-
genlzed alloys by filing or crushing in a mortar. The powders were
annealed for 10 minutes at 1200° C in evacuated sealed silica tubes and
quenched in cold tap water. The X-ray patterns were teken with an asym-
metrical focusing camere of 20-centimeter diameter, using unfiltered
chromium radiation. The usefulness of the X-ray diffraction method for
phase-~ldentification purposes was limited by its relative insensitivity
In detecting small amounts of a second phese. In the case of the sigma
phase this difficulty was augmented by the loss of this brittle phase in
filed powders. It was necessary to crush severely rather than file
specimens of two-phase alloys close to the alpha boundary in order to
retain the sigme phase in the powders,

The above-mentioned difficulty in determining the alpha corner of
8 three-phase field could be surmounted in some cases by an X-ray dif-
fraction method, The variation in lattice parameter of the saturated
alpha alloys along the boundary was plotted as a function of the iron
content for the cobalt-chromium-iron alloys annealed at 1200° C and as
a functlon of the cobalt content In the quaternary alloys containing
10 percent iron. The three-phase corner is revealed by a more or less
sharp break in the curve of lattice constant against composition, as
shown previously (reference 1).

EXPERTMENTAT. RESULTS

Cobalt-chromium-iron ternary system at 1200° C.- The phase diagram
determined for the cobalt-chromium-iron ternary system at 1200° C is
presented in figure 1 from the data in table III. (See fig. 2 also.)

The table gives for each alloy the identity and the approximate amount

of the varlous phases it contalns, as estimated from the microstructure.
For comparison, the amounts of the phases corresponding to alloy
composition in the ternary phase dlagram given in figure 1 are also
Indicated. The phases as identified by means of X-ray diffraction are
indicated In each case where such data were avallable. The analyzed
chemical compositions reported in table III originally contalned varying
amounts of an acld-insoluble materisl, mainly chromium oxlde. These
compositions were corrected to 100-percent-metal content. Several alloys
of the cobalt-chromium-nickel ternary system and two alloys from the
chromium-cobalt~iron ternary system were analyzed for carbon. The results
are reported in table IV. The low carbon content 1s in accordance with
the fact that no carbides were microscopically observed in any alloys.

The phase diagram is dominated by two large areas of sollid solutions.
The epsilon phase based on chromium has a body-centered cubilc structure.
The alphe phase based on the cobalt-iron solid solutions at 1200° C has

14
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a face-centered cubic structure. The brittle solid solutions based on
the complex sigma phase are found only in a limited region of the phase
diagram. The maximum amount of iron soluble in this phase at 1200° C
is about 18 percent.

Certain binary alloys of cobalt and iron are known to transform
from the face-centered cublc structure to the body-centered cubic struc-
ture upon cooling from 1200° C to room temperature, even if the cooling
is very fast. The addition of chromium does not appear to suppress this
transformation. That portion of the alpha phase field lebeled "A" in
figure 1 designates those ternary solid solutions of cobalt, chromium,
and iron which completely transform to the body-centered cubic structure
(ferrite) upon quenching to room temperature. In table IIT, the alloys
within area A are stated to contain the alpha phase, since at 1200° C
that phase must have been the stable one in these alloys. The micro-
structure of the quenched alloys showed that the phase present at room
temperature must have formed by & martensitelike reaction within the
grains of the high-temperature phase originally present (see figs. 3
and 4). The X-ray patterns of these alloys consisted of two diffuse
diffraction lines corresponding to the indices (110), Kay and KB chro-

mium radiation, of the ferrite lattice. The dashed line which partially”
bounds area A was drawn to conform with the results of the work on
binary cobalt-iron alloys by Ellis and Greiner (reference 6) and with
the X-ray diffraction data obtained in the present work with alloys 1T27,
1733, 212, and 300. )

In the composition range of area B the transformation upon quenching
was clearly different from that taking place in the alloys of area A.
This was shown by both the microstructures and the X-ray diffraction
patterns. Typical structures of alloys in area B are reproduced in fig-
ures 5 and 6. Although alloy 212 is plaeced in area B according to X-ray
diffraction findings, i1ts microstructure (fig. 3) corresponds to that
of alloys in area A. (See fig. 7 for structure of an alloy of area B
which did not transform when quenched from 1200° C to room temperature.)

The X-ray diffraction patterns of alloys which had alpha phases
corresponding to compositions in area B contained lines of the alpha
phase, along with some unidentified extra lines. These extra lines,
not reported in table III, are tabulated in teble V. No specific inves-
tigation was undertaken to examine the nature of the transformation
taking place upon cooling in area B, since it would have curtailed the
work being done to determine phase boundaries at 1200° C.

Chromium-rich alloys in the epsilon phase field were found to have
a Widmanstatten type of precipitate similar to that previously found in
chromium-rich alloys in the epsilon phase field of the cobalt~chromium-
nickel ternary system. This precipitate was observed in alloys as
low in chromium as 309 (nominal composition, cobalt - 26.75 percent,
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chromivm - 42.25 percent, and iron - 31 percent). Manly and Beck (refer-
ence 1) have described how this precipitate was identified as sigma
phase, probably formed during cooling. ©Similar conclusions were reached
in the present work with regard to the precipitate in this alloy system.
It was also pointed out (reference 1) that the sigma precipitate did not
extend to the grain boundarlies of the epsllon matrix. The same phenome-
non wag found In the cobalt-chromium-iron system. It wes also observed
that the precipitate 18 not revealed near the boundaries of second-phase
particles in an epsilon matrix by the etching method used (figs. 8 and 9).
In the epsilon phase of alloy 277, which contained particles of epsilon
phase with precipitate, in a sigma-phase matrix, a layer of differing
etching characteristics was observed in that part of the epsilon phase
directly adjacent to the sigma phase and not containing precipitate
particles., A photomicrograph of this structure is shown in figure 10.
Some of the cracks which occur in the sigma phdse did not penetrate this
layer, while other cracks penetrated through the intermediate layer, up
to but not into that portion of the epsilon phase containing the precipi-
tate. Quite likely, this intermediate layer may be a phase different
from both epsilon and sigme. Manly and Beck (reference 1) found that

the sigme precipltate formed very large plates in an alloy (18T36)

melted at the General Electric Co., Schenectady laboratory, in contrast
with the finer platelets of the precipitate found in alloys of similar
composition (e.g., alloy 19) melted at Notre Dame. Analysis for nitrogen
in alloys 19 and 18736, kindly carried out at Battelle Memorial Imstitute,
gave 0.005 to 0.007 percent and 0.263 percent, respectively. These
results Indicate that nitrogen may stimulate the growth of the sigma
precipitate particles during cooling from elevated temperatures. The
structure of the epsilon phase alloys with high iron content which did
not contaln a precipitate is shown in figure 11. Apart from impurilty
phases, this is a typical structure for a single-phase solid solution
not containing annealing twins.

The brittle sigma phase occurs in a relatively small region of the
cobalt-chromium~iron system at 1200° C. Since the sigma phase is not
stable in the chromium-iron binary system at 1200° C, it does not extend
through the ternary system at that temperature. Typical structures of
the brittle sigma phase (with cracks) coexisting with alpha and epsilon
phases are presented in figures 9, 12, and 13.

The two-phase region existing between the epsilon and sigma phases
becomes very narrow as iron is added to the cobalt-chromium binary alloys.
Increasing iron content has the same effect on the alpha-epsilon two-
phase region. However, this two-phase fleld becomes narrow over a wider
range of increasing iron contents. The alpha and sigme phase boundariles
of the alpha-plus-sigmas two-phase field run approximately parallel to
one another. The three-phase field i1s extremely narrow. This is a
result of the very narrow two-phase epsilon-plus-sigma fileld.
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Segregation difficulties were most severe in alloys with composi-
tions along the epsilon phasge boundary in the vicinity of the epsilon
and sigma corners of the three-phase field. The segregation was fre-~
quently found in the form of a "clotlike" microconstituent, apparently
slgma phase, contalning a fine, possibly eutectic, dispersion of another
phase. A typical structure is presented in figure 1k. The extremely
small platelets of the second phase were not coalesced by an annealing
period of 480 hours at 1200° C. The etching characteristics of this
phase wlth respect to the sigma matrix corresponded to the etching
characteristlics of epsilon particles in a sigme matrix. The tentative
identification of the precipitate as epsilon phase 1s 1n accord with
its occurrence in alloys 367 and 368 (fig. 15) which are located in the
three-phase field and in alloys 282 and 346 of the epsilon-plus-sigms
two-phase field. The X-ray diffraction patterns of alloys 367 and 368
contained lines of the alpha phase and epsilon phase. The only micro-
constituent to which the épsilon phase lines can be ascribed is the finely
dlstributed phase. The gquestlon marks in the epsllon column of table III
refer to this tentatively identified finely dispersed phase.

Severe segregation was noted in 22 alloys marked in table III as
"Segregated.” The microstructure showed great variation of phases
present from bottom to top of these ingots. They were neglected when
the phase boundaries 1n filgure 1 were placed. Apert from such diffi-
culties, which were mainly encountered near the tip of the sigma phase,
it was possible to establish the boundaries of the single-phase filelds
by observing the disappearance of a second phase.

By fitting together the microscoplc evidence available from a num-
ber of alloys, the corners of. the three-phase fileld have been placed at
the following points:

Corner Percent Percent Percent
Alpha k2,75 32.25 25
Epsilon 31.75 148,25 20
Sigma 32.25 49.75. 18

It was difficult to estimate the amounts of second phases present in a
finely distributed form. Thls was especially true for the fine dilstri-
bution of second phase which is probably epsilon phase in a eutectic
distribution.

The following discrepanclies were encountered in regard to the phase
boundaries in figure 1. Alloys 191, 192, and 300 each had traces of
second phase Iin an alpha matrix but were placed Just within the alpha
field. Alloy 373 (fig. 12) was placed just within the three-phase field,
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although microscopic observation gave evidence of ouly alphe and sigma
phases in the microstructure. Alloy 108 was placed in the two-phase
alphs-epsilon field in accordance with its chemical analysis, although
its structure was entirely epsilon phase. Its compositlon as calculated .
from the amounts of the components used in melting would place this

alloy in the epsilon phase field in accordance with the microstructure.
Alloy 363 was placed just within the sigma phase field but had a fine
dispersion of second phase, probably epsilon. These minor discrepancies
are almost negligible in view of the consistency of the large amount of
other data, but they do indicate that some caution must be observed in
estimating the accuracy of the results. Some Inconsistencies were
observed between the microstructure and the X-ray diffraction results,
such as the presence of lines of the alpha phase in X-ray diffraction
patterns of several alloys in the epsilon phase field, the microstructures
of which did not show alpha phase. The presence of sigma phase lines in
diffraction patterns in epsilon phase alloys is readily explained by the
presence of the sigma precipitate in the epsilon phase. In several cases
in the X-ray patterns of two-phase alloys, which contalned the brittle
slgma phase, the lines of the sigma phase were missing. The manner in
which the epsilon phase was lost in X-ray diffraction patterns cannot

be accounted for. Similar observatlions were made previously in the
chromium-cobalt-nickel system (reference 1). However, for all alloys
showing such discrepanciles, the internal conslstency of the microscopic
observations was qulte satlsfactory and the phase boundaries were located
in accordance with those results.,

Boundaries of sigma phase at 800° C in cobalt-chromium-iron system.-
The limits of the sigma phase at 800° C are plotted in figure 16 from
the data in table VI. (Also see fig. 17.) These boundaries have been
drawn with dashed lines since the alloys could not be forged and the
annealing periods used may not have been long enough to Insure equilib-
rium conditions. In reference 2 Beck and Manly stated that the sigma
phase In the cobalt-chromium-lron system was a series of solid solutions
at 800° €. Careful microscopic exemination with several etching reagents
was unable to detect two sigme phases in any part of the sigma field.
Additional data obtailned in the present work with new alloys gave the
same result. The sigma phase did not exhibit any structure. The micro-
scopic results were in good agreement with each other, even though a
variety of homogenizing periods were used. Many of the alloys used for
this work were also examined after homogenizing at 1200° c. Comparilson
of the microstructures showed that many alloys which did not entirely
consist of sigma phase or which did not contain any sigms phase at
1200° C consisted mostly or entirely of sigma phase at 800° C.

Alpha phase and beta phase boundaries in cobalt-chromium-nickel
system at 900° C.- The alpha phase and beta phase boundaries are plotted
in figure 18 from the data in table VII. (See also fig. 19.) The alpha
boundary at 1200° C from reference 1 has been included in the plot for
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purposes of comparison. Alpha has a face-centered cubic structure and
beta has a hexagonal close-packed structure.

An Initial survey of the change in the extent of the alpha phase
field with decreasing temperature was made with five alloys with composi-
tions of a few percent less chromium than corresponds to the alpha phase
at 1200° C. These alloys were double-forged (see section "Experimental
Procedure") and annealed at various temperatures as indicated in
table VIITI. These alloys were examined for the presence of a second
phase. The temperature at which & second phase began to precipitate
was bracketed by itwo temperatures: The lowest temperature at which
second phase was not found and the highest temperature at which second
phase was observed. The location of the boundary at 900° C could be
estimated from this information and alloys were then made to determine
the boundary at that temperature. The precipitation of a second phase
at one tempersture, but not at a higher temperature for similar annealing
periods with the same alloy, lends support to the belief that the 900° C
alpha phase boundary in figure 18 represents conditions close to
equilibrium.

The alloys prepared for the final determination of the alpha and
beta boundaries at 900O C were also double-~forged and quenched after
final anneal at 900° C. The data used for these boundaries were in
good agreament, except for alloy 237, which was placed just inside the
‘two-phase field, although it did not show second phase in microscopilc
examination. The three-phase-field corner at the beta phase has been
placed at a composition of cobalt - 64 percent, chromium - 33 percent,
and nickel - 3 percent, The alpha corner of the three-phase field (alpha
plus beta plus probably sigma) has been placed at a composition of
cobalt - 63 percent, chromium - 33 percent, and nickel - 4 percent. The
etching characteristics of the second phase in equilibrium with the alpha
matrix changed distinctly between alloys 333 and 334. This change may
well correspond to the alpha corner of the assumed three-phase field:
Alpha plus epsilon plus sigma.

A transformation occurring in alpha alloys of the cobalt-chromium
system was found in alpha boundary alloys containing up to about 24 per-
cent nickel. A typical structure resulting from this transformation is
presented In figure 20. The alpha-plus-beta two-phase reglon is very
narrow with respect to composition in the ternary system and it is
probably also limited with respect to temperature, as indicated by the
date on the binary cobalt-chromium system (reference 3).

The Widmanstdtten precipitate observed in certain beta alloys could
not be positively identified by X-ray diffraction probably because of
the =small amount present in any specimen. However, this precipitate
did have the same etching characteristics with respect to the beta
matrix as had massive particles of sigma with respect to a beta matrix.
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The binary cobalt-chromium diagram (reference 3) indicates decreasing
solubility of the sigma phase in the beta phase with decreasing tempera-
ture. For these two reasons, it is believed that the Widmanstatten pre-
cipitate observed consisted of the sigma phase. Figure 21 is a photo-
micrograph of an alloy with a beta matrix containing the Widmanstdatten
precipitate. The precipitate was often missing in small grains of beta.
Figure 22 shows the structure of an alloy containing transformed alpha
phase and some beta grains without precipitate. In all alloys in which
alphsa and beta coexist at the annealing temperature, after quenching the
alpha phase was striated, as shown in figure 22. It is believed that:
this striation is a result of a transformation occurring in the alpha
phase upon cooling to room temperature. As a result of the transformation
in the alpha phase, small amounts of beta could easily be detected in
etched specimens. Figure 23 illustrates the presence of a small amount
of second phase, other than beta, in alloys which were used to determine
the boundary. The specimen was not etched before taking the photomicro-
graph in order to prevent the removal by the etching reagent of the
smallest second-phase particles. .

Alpha phase boundaries in cobalt-chromium-iron-nickel system at
1200° C.- The isothermal section of a quaternary alloy phase diagram
would be represented by a tetrghedron. This method of representation
is not very convenient, since a three-dimensional model is not easily
constructed or reproduced. However, it is possible to plot the phase
boundaries in such a system,on a two-dimensional scale. This is done
by keeping the amount of one of the components constant and varying the
ratio of the other three elements. The date may be plotted on an equi-
lateral triangle, corresponding to a section of the tetrshedron parallel
to one of its boundary planes. By changing the amount of the element
which is belng kept constant, a series of two-dimensional triangular sec-
tions can be plotted for the other three components, one section for each
constant composition of the first component. As the amount of the first
component increases, the size of the triangular sections of the tetra-
hedron becomes smaller. In order to offset the decreasing size of the
triangular map and at the same time to plot and compare direcitly the
data for several constant amounts of the first component in the same two-
dimensional figure, the amounts of the three varying components miay be
Increased to a total of 100 percent, disregarding the constant amount of
the first component. The calculation is done by dividing the actual per-
centage of a component by the fraction of the sum total of the percentages
of all three varying components in the alloy.

In the present study, constant compositions of 10, 20, and 30 per-
cent iron in combination with variable amounts of cobalt, chromium, and
nickel were used. The correction factors were, respectively, 10/9, 10/8,
and 10/7. The analyses of iron in the alloys were not exactly 10, 20,
or 30 percent. However, the composition of the other components in the
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alloys were corrected on the basis of 10-, 20-, or 30-percent-iron contents.
In this manner figure 24 shows data for constant emounts of 10, 20, and

30 percent iron, giving the ratios of cobalt, chromium, and nickel corre-
sponding to the alpha phase boundary. The composition of each alloy and
of the phases occurring in it is given in table IX for all alloys used

in plotting the boundaries in figure 24%. (Also see fig. 25.) The alpha
phase boundary for alloys with no iron from the report.(reference 1) by
Manly and Beck is included in the plot for comparison. The actual maximum
solubility of chromium in the alpha phase is replotted in figure 26 as

a function of the actual cobalt content for alloys containing 0, 10, 20,
and 30 percent iron. These data were interpolated from the phase bounda-
ries in figure 24%. The data are in table X.

The date for each of the three boundaries were in good agreement.
The alpha phase coexists with the epsilon phase and the sigma phase in
alloys containing O, 10, and 20 percent iron. The corner of the three-
phase field alpha plus epsilon plus slgma was determined only for alloys
containing 10 percent iron. It could not be done metallographically,
because no etchant was found which would distinguish between epsilon and
sigma in these alloys. X-ray diffraction patterns were made for alloys
containing sufficiently large amounts of the additional phases. Dif-
fraction patterns for alloys 200, 214, and 193 roughly bracketed the three-
phase-field corner. The diffraction pattern for alloy 200 had alpha-
plus-sigma phases, that for alloy 214 had alpha-plus-epsilon-plus-sigma
phases, and that for alloy 193 had alpha-plus-epsilon phases. Measure-
ments were made of the lattice parameter of the alpha phase from 4if-
fraction patterns made of a series of boundary alloys. For each pattern
the lattice parsmeter of the alpha phase was calculated from the three
highest~angle alpha phase lines. The parameter was plotted against the
cos28 value for these three diffraction lines for each alloy. The plot
was extrapolated to cos28 equal to O, and the corresponding value of
the lattice paremeter was used. This value of lattice parsmeter was
plotted in figure 27 as a function of the corrected cobalt composition
of the alpha phase in alldys containing 10 percent iron. The data are
in table XI. DNo explanation can be given for the discrepancy in alloy 207.
This procedure locates the corner of the three-phase field at an actual
composition of cobalt - 30.6 percent, chromium - 38.7 percent, iron -
10 percent, and nickel - 20.T7 percent, which is consistent with the
results obtained by phase identification as described gbove.

The three-phase-field corner at the alpha phase in the 20-percent-
iron section was not determined accurately. However, from the data of
the cobalt-chromium-iron system and from the X-ray diffraction pattern
of alloy 149, which showed alpha, epsilon, and sigma lines, it is possible
to estimate that this corner lies between actual nickel contents of 2 to
6 percent. The alloys containing 30 percent iron did not have sigma phase
at 1200° C, and alloys 248, 252, and 199 were found to contein, by X-ray
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diffraction methods, alpha and epsilon phases. Typical structures of
these alloys are presented in figures 28 and 29.

A transformation In the alpha phase was observed microscopically
in boundary alloys wilth all iron contents. Typlcal microstructures
resulting from this transformation are very similar in appearance to
those shown in figures 5 and 6. As shown by the microstructure, nickel
between 17 percent and 27 percent suppressed the transformation in
boundary alloys with no iron. Between 13 percent and 18 percent nickel
suppressed the transformation in boundary alloys with 10 percent iron.
Between 8 percent and 13 percent nickel suppressed the transformation
in boundary alloys with 20 percent and 30 percent iron.

In the X~ray diffraction patterns of several quaternary alloys con-
taining the alpha phase, a set of unidentified diffraction lines was
observed. Since these llnes were always observed to appear together,
they were ascribed to an unknown "Z" phase. This set of diffraction
lines 1s listed with the values of 6 1in table XII. The structure
corresponding to these lines does not appear to be a simple face-centered
or body-centered cubic, or a hexagonal close-packed crystal structure.

The Z phase lines were found together with alpha phase lines in
diffraction patterns of filed and annealed X-ray specimens of alloys 133,
150, 194, 199, and 200. A1l of these alloys contained 10 percent iron,
except 199, which had 30 percent iron. Alpha and Z phase lines were
also found in X-ray diffraction patterns of filed end annealed X-ray
specimens of two alloys with the same cobalt-chromium-nickel ratio as
alloy 133, but containing 3% and T percent iron, respectively. When an
X-ray specimen from alloy 133 was prepared by crushing the annealed alloy
In a mortar, the diffraction patiern, after amnealling and quenching of
the powder, showed alpha-plus-sigme phases but no Z lines. The same
result was obtalned when crushed powders of alloy 133 were guenched from
1200° C to tempersgtures of 250° C and 100° C.

No detelled investigation of the occurrence .of the 7Z phase was under-
taken, but the following statements concerning it can be made:

(1) Z diffraction lines were always found together with the dif-
Praction lines of the alpha phase.

(2) Z phase was found only in diffraction patterns of filed X-ray
specimens but not of crushed powders.

(3) Z diffraction lines were also found in two X-ragy diffraction
patterns of alloys which did not show transformation striations in the
microstructure of the alpha phase. These two alloys, 194 and 199, had
en alpha matrix microscopically similar to that of the alpha phase in
figures 28 and 29.
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DISCUSSION OF RESULTS

The technologically most important portion of the cobalt-chromium-
nickel-iron phase dlagrems is the face-centered cubic alpha phase region.
The alpha phase field in the cobalt-chromium binary system is quilte
broad at 1200° C. In termary cobalt-chromium-iron alloys, the alpha
phase field forms a continuous series of solid solutions between the
cobalt-chromium and the chromium-iron binary systems, adjoining to the
face-centered cubic phase of the cobalt-iron binary system uninterrupted
at 1200° C. The meximum solubility of 34 percent chromium in the alpha
phase of cobalt-chromium alloys at 1200° C is decreased in the ternary
cobalt-chromium-iron system with increasing iron content to the lower
solubility of chromium in the binary chromium-iron system. The maximum
solubility of chromium in the alpha phase of this binary system is 11 per-
cent at 1200° C. The value of 11 percent chromium for this solubility
found in the present work exceeds the value of 9 percent previously
reported (reference 4, p. 1211) by an amount which is umlikely to be
experimental error.

The limit of the alpha phase at 1200° C in the cobalt-chromium
system was found to be in good agreement with the work of Manly and Beck
(reference 1) and with other previous investigations. Koster has published
a paper (reference 12) relating to phase equilibriums in the cobalt-
chromium-iron ternary system. Isothermal data for 1200° C were obtained
from Koster's results, by interpolation, and they are plotted in fig-
ure 30 together with the corresponding results of the present investiga-
tion. The data taken from Koster's paper are presented in table XIITI.
The points according to Koster's results do not fall on smooth curves
nor are they all in close agreement with the present work. The dashed
curves in figure 30 were drawn as deemed best to fit the points obtained
by interpolation from Koster's data.

Manly and Beck (reference 1) have shown that the alpha phase field
is very broad at 1200° C in ternary cobalt-chromium-nickel alloys. In
the present investigation the extension of the alpha phase in quaternary
alloys of cobalt-chromium~-iron-nickel was determined for alloys containing
10, 20, and 30 percent iron. It was found that the cobalt-chromium-
nickel ratios of the alpha phase boundary alloys remained nearly the same
as the iron content increased from O to 30 percent (fig. 24). However,
the maximum solubillity of chromium in the quaternary alpha phase decreased
as the iron content increased (fig. 26). This plot also shows that the
maximum chromium solubility in the alpha phase decreases with increasing
cobalt content for any content of iron between O and 30 percent. Con-
sidering the practical importance of phase relationships in these alloys
at temperatures lower than 1200° C, the extent of the alpha phase field
in ternary cobalt-chromium-nickel alloys was determined at 00° C. At
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this temperature the extent of the alpha field is a few percent chromium
less than at 1200° C. The beta phase which is stable at 900° C in the
cobalt-chromium system extends somewhat into the ternary cobalt-chromlium-
nickel system up to a nickel content of 3 percent.

The limit of the alpha phase at 900° C in the chromium-nickel system
was taken from the work published in reference 5. The 1limits of the beta
phase in the cobalt-chromium system at 900° C were placed in accordance
with Elsea, Westerman, and Manning (reference 3). However, the limit of
the alpha phase in the cobalt-chromium binary system at G00° C was found
to be near 32.5 percent chromium, instead of 34 percent chromium as indi-
cated by Elsea, Westerman, and Manning (reference 3).

The accuracy for the alpha phase boundaries is estimeted to *1.5 per-
cent chromium for the cobalt-chromium-iron and cobalt-chromium-nickel
ternary systems and to about +1.5 percent chromium and t1.5 percent iron
for the cobalt-chromium-~iron-nickel quaternary system. The accuracy of
the three-phase-field corners ls estimated to +2 percent iron in cobalt-
chromium-iron alloys and to 2 percent cobalt in gquaternary cobalt- -
chromiim-iron-nickel alloys.

" The epsilon phase extends up to about 75 percent iron in the binary
alloys of chromium and iron at 1200° C and up to 25 percent cobalt in the
cobalt-chromium binary alloys at 1200° C. In ternary cobalt-chromium-
iron alloys the epsilon phase extends over a large portion of the system
at 1200° C. However, the low-iron and low-nickel alloys in the epsilon
field of the cobalt-chromium-iron and cobalit-chromium-nickel ternmary
systems, respectively, always contain a Widmanstdtten type precipitate
of the sigma phase after quenching from 1200° C %o room temperature.

These alloys are too brittle to be hot-forged. Ternary cobalt-chromium-
iron alloys along the epsilon phase boundary, containing more than 50 per-
cent iron, do not show sigma precipitate and were successfully hot-forged
in order to approach equilibrium conditions during subsequent homogenization

The limit of the epsilon phase at 1200° C in binary cobalt-chromium
alloys was taken from reference 1. The limit of the epsilon phase in
binary chromium-iron alloys is 10.5 percent chromium, according to refer-
ence U4, page -1194. This value was confirmed in the present work.

At 1200° C the sigma phase exists in the cobalt-chromium system but
not in the chromium-iron system. Correspondingly, in ternary alloys of
cobalt-chromium-iron at 1200° C, the sigma phase forms an elongated field
extending into the ternary system from the cobalt-chromium side but ter-
minating before reaching the iron-chromium binary system.

In the ternary cobalt-chromium-iron system at 1200° C, the maximum
solubility of iron in the sigma phase is 18 percent. The sigma phase
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field in the ternary cobalt-chromium-iron system at 1200° C is not
appreciably wider than the sigma phase field at 1200° C in binary cobalt-

chromium alloys.

At 800° C the sigma phase is present in both the cobalt-chromium and
chromium-iron binary systems. In the ternary cobalt-chromium-iron system
at 800° C the sigma phase extends continuously from the cobalt-chromium
slde to the chromium-iron side as a series of solid solutions. The con-
tinuity of the sigma solid solution at 800° C was established micro-
scopically. Alloys in the whole range were subJjected to careful micro-
scopic examination, using a variety of different etching reagents. It
was Impossible to detect the presence of two different sigme phases in
any of these alloys. The more positive X-ray diffraction method, which
is normally used in such investigations, could not be applied in the
present case, since the lattice constants of the sigma phase did not
vary noticeably with the iron content. This sigma phase field is much
wider in ternary alloys than in either one of the adjoining binary systems.
The sigma phase field in ternary cobalt-chromium-iron alloys at 1200° C
%ies engirely within the boundaries of the sigme phase field at 800° C

fig. 10).

Both limits of the sigma phase fleld in the binary copali-chromium
system were found in the present work to occur at higher chromium con-
tents (56 and 60 percent chromium) than previously reported (reference 3)
(52 and 58 percent chromium). The midpoint between the newly established
limits (56 and 60 percent chromium) corresponds closely to the cobalt-
chromium atomic ratio Coz Cr3. The new values were found in the present
work at both 800° C and 1200°°C. The data obtained for ternary cobalt-
chromium-iron alloys extrapolate smoothly to the revised phase boundaries
of the binary cobalt-chromium system. This change in the limits of the
sigma phaese in binary cobalt-chromium alloys at 1200° C necessitates a
corresponding slight revision of the 1200° C isothermal section of the
cobalt-chromium-nickel system previously reported (reference 1). The
revised cobalt-chromium-nickel phase diagram is presented in figure 31.

The X-ray diffraction patterns of cobalt~chromium-iron and cobalt-
chromium-iron-nickel alloys quenched from the alphe phase field at 1200° C
to room temperature showed other diffraction lines in addition to, or in
place of, the lines corresponding to the face-centered cubic alpha struc-
ture. Martensitic-type transformations upon cooling from the alpha phase
field at elevated temperatures are known to occur in portions of the
cobalt-chromium (reference 3), cobalt-iron (reference 6), and chromium-
iron (reference 4, p. 119%) binary systems.

The X-ray patterns of cobalt-chromium-iron alloys in area A (fig. 1)
quenched from 1200° C to room temperatures contained only two diffuse
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diffraction lines which correspond to the ELlO]KaI and [110]gp lines

of a body-centered cubic lattice., The lines corresponding to the alpha
phase were missing altogether. Thils may be interpreted as an indication
of complete transformation of the alpha phase to ferrite upon cooling
from 1200° C. This interpretation is supported by the martensitic micro--
structures (figs. 3 and 4) observed in these alloys. Furthermore, such
transformations are known to occur in those portions of the cobalt-iron
(reference 6) and chromium-iron (reference %, p. 1194) binary systems
vhich partially bound area A. It is typical of this transformation that
1t cannot be suppressed by fast cooling.

The diffraction patterns of cobalt-chromium-iron alloys in area B
(fig. 1) contained alpha phase diffraction lines together with other
diffraction lines which were not positively identified. The 6 values
for diffraction lines other than those of the alpha phase for alloys in
area B are listed 1n table V.

Several X-ray diffraction patterns of quaternary cobalt-chromium-
iron-nickel alloys, quenched from 1200° C to room temperature, also
contalned a set of extraneous diffraction lines, in addition to those
belonging to the alpha phase. This set of extraneous lines, which were
often observed to occur together, has been tentatively designated as
belonging to an unidentified Z phase. A set of € values corresponding
to the Z phase diffraction lines is presented in table XII,

A comparison of the 6 values of diffraction lines listed for the
Z phase in table XII and the 6 +values in table V for diffraction lines
of cobalt~chromium-~-iron alloys in area B indicates that certain lines of
each correspond: However, there are 6 values in table V which do not
correspond to 6 +values for the Z phase., It 1s evident from the X-reay
diffraction data that the alloys in this composition range partially
transform upon quenching to room temperature. However, most of the alpha
phase, stable at 1200° C, is retained upon quenching.

The typicel microstructure of cobalt-chromium-iron alloys in area B
quenched from 1200° C to room temperature is conspicguous for the straight
lines, or striations, observed within each alpha grain, as shown in fig-
ures 5 and 6.

The Z phase diffraction lines were only found in X-ray diffraction
patterns also containing alpha phase diffraction lines. In most cases
the corresponding microstructures showed striations. However, the Z phase
diffraction lines were also found in diffraction patterns of some alloys
which did not have striations 1n the alpha phase. Tables V and XII show
that the X-ray diffractlon patterns of alloys in area B exhibiting
striated microstructures contain diffraction lines other than those
corresponding to the alpha phase or the Z phase. It may be concluded
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that in cobalt-chromium-iron alloys of area B the striated microstructure
corresponds to the appearance of a new phase (probably martensitic). This
view is supported by microscopic observation at high magnification, which
also indicates that there may be a second phase present in the lamellae
of the striations (figs. 32 and 33).

Barrett (reference 14) recently published a paper dealing with
crystal-structure imperfections (faults) in face-centered cubic copper-
silicon alloys. Photomicrographs in Barrett's paper (figs. 10c and 10d)
closely resemble the structures found in cobalt-chromium-iron alpha alloys
of area B, figure 1. Barrett states on page 131 of reference 14 that the
lines are similar in appearance to the bands in the banded alpha-plus-kappa
structure and to thin deformation twins and that they lie on the close-
packed ﬁjjl planes of the face-centered cubic solid solution. He adds
that because of this and the fact that they can be produced by deformation
it is safe to conclude that they represent a modification of the normal
stacking of matrix planes, for this would be true if they were either
clusters of faults, lamellae of kappa, transition precipitate, twins, or
locally distorted metal along slip planes; since the number per grain is
orders of magnitude smaller than the number of faults necessary to cause
the streaks that are seen in diffraction patterns it is clear that they
are not individual faults. It is quite possible that the striated micro-
structures found by Barrett in the copper-silicon alloys, like the very
similar ones found in the present work, result from a martensitic trans-
formation, even though in the copper-silicon alloys they are not produced
by quenching but only occur after plastic deformation. The transformation
in ternary cobalt-chromium-iron alloys described above appears to be very
similer to that observed by Elsea, Westerman, and Manning (reference 3)
in the alpha phase in cobalt-chromium binary alloys after quenching. The
transformation was also found to occur in certain ternary cobalt-chromium-
nickel alpha phase alloys quenched from 1200° C and 900° C to room tempera-
ture. However, the transformation was suppressed in ternary cobalt-chromium-
nickel alpha phase boundary alloys quenched from 1200° C when the nickel
content increased to a value between 17 percent and 27 percent. The trans-
formetion in cobalt-chromium-nickel alpha phase boundary alloys quenched
from 900° C was suppressed by about 24 percent nickel.

The transformation was detected in alpha phase quaternary alloys of
cobalt-chromium-iron-nickel after quenching from 1200° C. In these alloys,
also, nickel suppressed the transformation. In alpha phase boundary
alloys containing 10 percent iron, the transformation 1s suppressed by
a . nickel content of 13 percent to 18 percent. In guaternary alloys con~
taining 20 percent or 30 percent iron the tramnsformation is suppressed
if the nickel content is raised to 8 percent to 13 percent.
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CONCLUSIONS

From a survey of a portion of the chromium-~cobalt-nickel-iron qua-
ternary system at 1200° C the following conclusions may be drawn:

1. The 1200° C isothermal section of the chromium-cobalt-iron
ternary phase diagram was determined, using 154 vacuum-melted alloys.
It was found to comprise an extended.range of face-centered cubic (alpha)
solid solutions based on the cobalt-iron binary system, of another
extended range of body-centered cubic (epsilon) solid solutions based
on chromium-iron solid solutions with more than 12 percent chromium.
The chromium-cobalt sigma phase extends into the ternary system taking
up to a maximum of 18 percent iron in solid solution. The three solid
solutions coexist with each other in three itwo-phase fields and a narrow
three-phase field. The alpha phase almost in its whole field partially
or wvholly transforms upon cooling from 1200° C to room temperature. This
transformation cannot be suppressed by quenching; it is presumably of a
martensitic nature.

2. The isomorphous cobalt-chromium and iron-chromium sigma phases
were found to form a continuous series of solid solutions with each other
at 800° C. This ternary sigma solid solution field is wider at 800° C
than at 1200° C; the sigma field at 1200° C lies wholly within the com-
position range of the sigma field at 800° C.

3. Investigation of the ternary cobalt-chromium-nickel alloys at
900° C indicated that at this temperature the alpha solid solution has
a somewhat smaller extension than at 1200° C. At 900° C the chromium-
cobalt beta phase extends into the ternary system and takes up to a
meximum of 3 percent nickel into solid solution. A mertensitic trans-
formation not suppressible by quenching, similer in microstructure to
that described for the chromium-cobalt-iron alloys, was found to occur
in binary cobalt-chromium alpha alloys and in ternary cobalt-chromium-
nickel alpha alloys with up to about 24 percent nickel., At nickel con-
tents higher than about 24 rercent, this transformation is suppressed.

L, The extent of the alpha solid solution field at 1200° C in the
chromium-cobalt-nickel-iron quaternary system was investigated at 10-,
20-, and 30-percent-iron contents. It was found that with increasing
iron content, the solubility of chromium in the alpha phase decreases
but that the chromium-cobalt-nickel ratios remain nearly the same. The
martensitic transformation found in ternmary chromium-cobalt-iron alloys
was also found in gquaternary cobalt-chromium-iron-nickel alpha phase
boundary alloys. As the iron content in the alpha boundary alloys of the
quaternary system was increased, the nickel content necessary to suppress
the transformation decreased. The transformation in quaternary alloys
with 10 percent iron was suppressed by 13 percent to 18 percent nickel
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and in alloys with 20 percent and 30 percent iron, the transformation
was suppressed by between 8 percent and 13 percent nickel.

University of Notre Dame
Notre Dame, Ind., January 31, 1950
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TABLE T

IOT ANALYSES BY WEIGHT PERCENT

Electrolytic -
Elegint Cogzi;
ron es Iron

compound Chromium (H2 anneal) Nickel
C 0.17 0.01 0.010 | ceemcmmeao
Ca0 A2 | mmeee e ] e
Co Bal, | semem | e 0.6 to 0.8
Cr | e Bal. <015 ]| cemmmceano
Cu .02 Trace <.03 0.01
Fe 12 .06 Bal. .01
Ho | —eee- OS5 | mmmee ] e
Mg0 N Tl B e et
Mn 06 | meee- <01l | eecmmm———
Mo | e | emee- <.015 | ceemmmaeea
No | ====- 010 | eemee | eemmmeema
Ni L6 | e <.03 Bal.
Op | == Bl | mememee | emem——————
) T rare 003} memmmmmmea
Pb | ,ema- 00 1 e
S .009 .012 .002 .001
S 5 A e e S rave v [
8102 A3 ] meea- <03 | ceeeecnee-
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TABLE IT

CRUCIBLES USED FOR MELTING

Alloy Crucible
101 to 153 Zirconia
154 to 156 Alundum
157 to 16k Beryllia
165 to 263 Alundum
26k, 266 Zirconia
265, 267 to 269 Alundum
270 to 281 Zirconia
282 to 288 Stabilized zirconia

290 to 302, 319
303 to 318
324 to 363
36k £o 37T

Alundum

Zirconia

Stabilized zirconia

Alundum
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TARLE TTT
DATA USED TO DEFERMINE FHASE DTAGRAM FOR COBALT-CHROMTUM-IRON
BYSFEM AT 1200° C

34 =
me 8888383838888888LRRLLRRLLE PRRECRPELEECIENRRR | (PR |B595 1En00R |8
oraas B 1848 8 ol
B |BARAAAAA mmmmmmmmmmw mmmwmmﬁmmm 118 854 b
m AR LHETHEHTHTTHETTTI] | |onejonaneatasi==}| |asgossasesssase
LN _ _ | ! _ by L _
M ______:_________m__:___mm__:_ HRhiSES
* 2 §|FRARARARAREAA1AARARA408888 | | Sen0gReRRIRgA "G m szl =
S LE AT T ]| 2| wsemaunansosnsnen] b assesgnssssnssss
W) 4 M a
T | B Pl _
dl 4| LTI HE i
§| 3| |ssasssssssaszassassassasss| |Resvmsessesrozsas T
8 %7% M43$W%, m7ﬂ&% wﬂ.w_,mq;.m., n Rl o E.me .J%. 5w5ﬁﬁnﬁ. ) 8- n anBBnERan
m ﬂﬂa97mmm998999£awnamﬁywm HEVIRPRRLAFARARAER RERARRRESRARRRSA
g RER2ARLLGERRRAYREASS 9 A3 R % n20RR % %3 n o $508%an
2| 8 &m@m&n&y&%nuuaamu%ms__nuas SRRARFLIFRRY SISy geesdaindddidad
w o BREBYIRRROAYILLILIIITENE nhn I Ra8 n® | & 188% o ﬁ_ usmw___
s caddgot ARAALIRIEH RIE sgansd _mmwmmnam_ww.59maa 31734127593 I
5 HHRAAARAANGARARAASFNANTNNA| |ARsa595TV0a005R00]| |30eRS0YEsINRENS

Composition given for other alloys is as-weighed composition

8Chemical cowposition from amalysis.

before melting,

ot forged.

CBegregnted.
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TABLE ITT
DATA USED TO DETERMINE PHASE DIAGRAM FOR CORALT-CHROMIW{-YRON
SYSTEM AT 1200° C - Continued
Phases from £ 1 Phases found from -
Welght percent ( ent (percent) time
Aoy Microstructure after forging
Fe | Co | cr |Alpha |Bpsilon |Sigm X-ray (nr)
Alpha {Epsilon | Sigma
Epsilon-plus-sigma alloys
8103 | e [27.9 [ TR.L | =~mem 80 20 | e 95 Epsilon, sigma baoo
190 | 10 32 58 —— 65 35 | (c) 2::) (e) |-— —— ————
240 | 18 3.5 | 50.5 | =~ 50 50 (c) c) ) I B -—-
261 | —--— |31 69 — 60 o | (e) (c) (c) —— ===
277 | 5.16]36.72|58.12 | ———=| Trace | 100 | -———- 5 Sigma bigh
2282 {17.43[31.58 | 50.99 | ——~ 10 0 | ——— ? Sigma
303 [ —==-]26.5 | 3.5 | ——| 93 T | e 5 e b135
8315 | 14.03 | 30.81 | 55.16 | ~—=-| 90 10 |cmeem | 25 ——————— bg5
36 | 17.75|32.25| %0 | Trace | 100 | (c) éc) é ————————— ——
335 |19 31.5 |49.5 | ——| 100 [Trace| (c) c) —————— ————
346 |17 32 51 mm—— | Trace | 100 | -—m=- |Trace 7| 99 Sigma bgs
347 | 15.5 [30.5 | 5% — 25 5 (c) (c) (c) |-—mmmmmrm e o
39 | 5 |32 63 — 0 30 | ————— 6 40 |Alpha, epsilon, bg5
o slgma
8356 | 5.39]30.53 | 64.08 | ——n- 92 [ I — 95 Epsilon, sigma bgs
2359 | —— | 39.45 | 60.55 | ~—- 5 95 | —mmmm 5 8 bg5
365 {10 |31 % |-——]| 95 5 o
Epsellon alloys
1| 2422 |25.88 | 49.50 | e | 200 | comem | e | 100 | coee- S1gma bago
1r23] 43,03 [22.11 | 35.3% | -~ 100 — | ——— 100 ~-w-= | Alpha, epsilon 111
210 | 40.5 |22.0k| 37.46 | ———mn 100 ——] e 100 ~~~=~ | Alpha, epsilon 11
21k2 | 16.17 |27.27|56.56 | ~~——| 1200 | e | 100 |--eo Epsilon bygy
8154 }30.63|39.14 | 30.22 | o] 200 | coeee | e | 200} e Epsilon 1
18 |10 26 & —] 100 || ] 100 |eeme- Epsilon b1s0
181 | 24 2k 52 e 100 e e | 100 | e Epsilon biso
185 | 27.5 |2k.5 |18 —] 100 |eee] | 100 |- Epsilon b75
187 | 27.5 |27 45,5 | e=een| 00 |-——]-—--| 100 |--— |Alpha, epsilon bapo
219 | 5 23.5 166.5 | -———] 100 |e—ee| ]| 100 b1ys
220 |15 29 56 —e——] 00 |-=eem|-—-]| 100 |-~—-- |Epsilon, sigma bygly
242 | 22,5 |30.5 |47 | 00 |e——]|e=——]| 1200 |-—— |Epsilon, sigm baoo
2kl | 37 113 ——-] 100 cones | ——— | 100 —— Epsilon (3
267 | 49.47 {20.03 | 30.13 | ——— 100 —— ] — 100 | | —~——~ |Alpha, epsilon T
263 | 36.27 | ————— | 13.73 | =mmm 100 —— ] 100 — Epsilon 15
2 |17 sh —] 200 ——e { e ] 100 ——-—- |Epsilon, sigma b200
28 19 28.75 | 52.25 | -—-- 100 ———— ] () §C) (c) - —
2 26.5 |28 5.5 | e 100 ————e | (@) c) (c) |- -— ———
285 |19 30 51 —] 100 | 100 Epsilon, sigma b6k
290 (T3 7.5 {17.5 | ~—~——— 100 ——— 10 90 95
291 | & 145 (285 | ——] 100 |eee 100 ]
203 |35 25,75 40,25 | === | 200 | —— ] (c) (c) (c) |--- ===
%20k |17.%9 |28.3% [%.16| ——| 100 |eoe |- | 100 |----- |Epsilon, sigma balo
2295 | 9.9% |28.99 | 6L.0T7 | ~——] 100 |-—n 100 | -———- |Epeilon, sigma bako
30L |32.5 [2h5 |43 e | 100 | — | (e) (c) [ N —
8302 | 77.60 | 6.25(16.15| —~-| 100 — 100 ——— Epsilon
305 |25 27.5 | ¥1.5 |-——| 100 —— 100 | emem- Epsilon b135
309 |3t 26.75 | 42.25 | —~—— 100 e | Trace 100 —
310 |20 31 49 ———] W0 e (c) {c) ) I e —— ——
8325 188.10 | ——— |13.82 | —— | 200 §-——nr 100 15
326 | 10 30.25 | 59.75 | ——— 100 —— 100 1s
317.{18.5 |31 |50.5 |-——] 20 |--—| (c) (c) N —
353 | 46 21.25 | 32.75 | ==——— 100 e | —— 100 Alpha, epsilon 95
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TABLE ITI
DATA USED TO DRTERMINE PHASE DIAGRAM FOR COBALT-CHROMIG{-IRON
SYSTEM AT 1200° C -~ Concluded
Phases from figure 1 Phases found from -
Welght percent (percent (percent) Ammealing time
Alloy Microstructure after forging
Fe | Co | Cr |Alpha |Epsilon| Sigm X-ray (br)
AlphaIEpsﬂonISigm
Alpha-plus-epsilon alloys
T2k | 40.81 | 30.97 ] 28.22 80 20 —— 80 20 ~n~== | Alpha, epsilon T
1729 | 51.18 | 23.52 | 25.4%0 T0 30 ——— 50 50 ~=~=- | Alpha, epsilon T
8107 |47.08 32 [20.9 5 95 |~mm-]| 5 95 | --—-- | Alpha, epsilon b95
2108 | 29.4% { 27.66 | k2.9 2 98 | memem | == | 200 -—~ | Alpha, epsilon booo
2109 | 35.07 |27.82( 37.12| 25 95 | ————| 2 8 | ----- | Alpha, epsilon biso
8151 | 30.67 | 38.85] 30.49 95 5 ——— 98 2 Alpha ]
2157 | 28.70 [ 30.44 | k0.85| 20 80 | e (c) (c) (¢) | ~mmmmm e ——
2158 | 31.12 [ 29.42| 39.k6] 22 8 | ] 20 &0 Alpha, epsilon bg5
8165 | 26,46 34,101 39.431 45 55 | == | 50 50 | ~=—-=| Alpha, epsilon, b150
sigma
166 | 36 30 3% Lo 60 — 5 95 ~~eew | Alpha, epsilon, 200
slgma
2167 | 33.98 | 35.04) 30.98| 178 22 | e 0 30 | -——-| Alpha, epsilon b5
2173 45| 3h,41 ) 43.1% | 29 T | ——] 35 65 | ——mm- Alpha bi57
8175 | 26.25|36.36} 37.39 55 45 ——— 4o & ——— Alpha
176 |30 36 3k 60 ko ———— 60 5o ~=www | Alpha, epsilon T
177 |27 |39 |3k 80 20 | -—e-| 65 35 | -----|Alpha, epsilon b200
186 | 26 30 by 16 8 | =] (o) (c) (e) | e 194
196 | =0 24,5 | 25.5 80 20 —— To 30 —— Alpha iy
azl | 2k.45]31.00 | bh.55]| 10 90 mene | () (c) () [T — ——
el | 76.2k | 8.28f15.48| 8o 20 | ———-}{ =0 50 75
228 |35 26 39 7 93 | —emmm 5 95 | ———-{ Alphe, epsilon baoo
8229 | 43.35122.58| 3%.06 5 95 — 10 X ~~~-={ Alpha, epsilon 200
230 |61 17.5 | 21.5 To 30 — 65 35 | meme— Alpha, epsilon i)
24, | 87 13 e | ===l 200 | ceem [ e 100 | - Epsailon ™
263 | & 16 23 33 67 | ~——] 20 80 | ~emmm Alpha, epsilon (P
264 (32,5 |29.25( 38.25| 25 B | -] () () (e) | =——=- ——
266 | 31.75(28.6 | 39.65 16 34 ——— 30 To ~wwew | Alpha, epsilon 87
267 |50 20 30 ~em={ 100 | ~eeee}-meee| 100 | ~-eu-|Alpha, epsilon (]
270 | 56 21.251 22.75 95 5 mmmre | wmeee | Trace | «——— Alpha (&
275 | 36 35.5 | 28.5 98 2 ~eeee ! 100 | Trace | ———-- Alpha ¥}
292 | 20 19 31 —— 100 ——- T0 30 (¥
306 |26.75]29.5 | 43.75 2 98 | ==—-] (c) (c) (e} |~ m——
307 {27.5 |30 ka5 [ 10 0 | ——-- 5 95 | ——-| Alpha, epsilon bg5
319 |23.5 |L43.25( 33.25] 98 2 | ccee=| 100 | Trace | —ee—- Alpha —_—
32k | 8L L75] 1575 10 90 | ] 10 9] 15
329 1 %0 21.25{ 28.75 33 67 ——— 35 65 —=-=w=| Alphs, epsilon R
342 | 25.5 [32.75]| .75 25 B | —— 5 95 | ———-| Alpha, epsilon bgs5
343 |25 3L.75| 43.25| 12 88 | -———| ¥ 60 | —-— | Alpha, epsilon bg5
344 |2k 33 43 25 75 | ————| 10 90 | ————— | Alpha, epsilon bos5
3% |76 7.5 | 6.5 16 8 | e 4o 60 —— Epsilon 95
351 [68.5 |1.75|29.75( 33 67T | ——] ko 60 | wme Epsilon 95
352 | 68.5 {13.25] 18.25| 90 10 ~———1{ 100 | Trace | ~-—— | Alpha, epsilon 95
335 |26.5 |32 4.5 25 75 | =-—{ 20 90 [ -----| Algpha, epsilon bg5
369 |23.25}32.5 | k.25 17 83 ————— 15 85 — Alpha bgs5
374 |2k 35.5 | 0.5 b5 5 | ~-=—] (c) (c) (c) | ~——mmmmmeee —
Alpha-plus-epsilon-plus-sigme slloys
358 |19 32.5 | 48.5 5 15 8o (c) (c) (c) |-~ — =
367 |20.25|33.75]| 46 10 45 ) 10 ? Matrix Alpha, epsilon 95
368 |21 35 1Y 15 42 13 10 ? Matrix Alpha, epsilon bos
373 |22 37.5 | 40.5 35 33 33 ko 60 |Alpha, sigma bg5

8Chemical composition from analysis.

before melting.
PHot forged.
CSegregated.

Composition given for other alloys is

as-weighed composition
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RESULTS OF CARBON ANALYSES

TABLE IV

NACA TN 2603

Weight percent
Alloy 7
Fe Co Cr Ni c
3-top | =—em- Iy 98 42.80 11.45 0.03
3-bottom | ~m--- 45,65 k2,19 11.85 .05
htop | =———- 36.76 7. 49 14,66 .03
hbottom | ~mm=- 37.30 47,66 14,92 .03
5 ] - 25.43 52.55 13.83 .02
T-bottom | —==-m 17.01 66.21 13.17 .03
19 | eee—- 8.53 T4.50 15.06 ol
23 | eeee- 40,65 | 51.08 7.98 .03
P2 R 33.48 57.28 8.35 .12
25 | eeeee 18,66 69.29 11.10 .02
~ 212-bottom 76.00 8.86 15.0% | —eeee .05
22k -bottom 76.20 8.28 1547 | —mem- .05
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TABLE V
© VALUES OF X-RAY DIFFRACTION LINES OTHER THAN ALPHA LINES APPFARING IN
X-RAY DIFFRACTION PATTERNS OF ALLOYS QUENCHED TO ROOM TEMPERATURE

FROM ALPHA PHASE REGION AT 1200° C

E;ch line measured once; unfiltered chromium radiatioé]

Allc 6 values
v (deg)

ITL [ =eee- 30.71 | —=mew 3L.7T | == 33.76 | =mmmm | mmmem
IT2 | ;emem | emmee 30.81 | 3L.70 | =memm | mmee 3k.27 | 36.57
IT3 | cemee | e 30.78 | 31L.67 | 32.78 | ———-- 3k,27 | 36.51
IT13 | —-em- 30.52 | ——emm 349 | mmem | e 3k.01 | 36.k42
IT1L5 | mmemm | mmmem | e 3L.67 | 32.89 | =eoee [ ~oeee 36.56
ITLT | =emem | —emem 30.83 | 31.67 | 32.78 | —meme 34.25 | 36.54
IT25 | emmmm | ;mmom | e | e 32,75 | 33.07 | 3k.28 | 36.56
IT26 | comme | cmmmm | cmmem 3118 | e | e 34,68 | cmem-e
IT28 | wmmem | mmoem | meee 31.38 | —-emm 34,02 | 34.28 | 36.30
W0k | e | e | meeem I I R el 36.4h4
I R el el e 31.26 | 32,46 | 33.79 | =-==- 36.10
191 | meee | e | e 3L.04 | e | oo EL R N [—
192 | —mee- 30.50 | ~mem- 31.30 | memmmm | e | eeeee 36.16
= R e Tl [T T~ [Rpuvuruiriy RvVGI, [ LR R [
212 27.53 | =mmmm | e 31.38 | mmemm | e 34.06 | 38.66
2 R B e T 31.33 | =emem | mmeee 34,41 | 36.33
262 | —mem- 30.60 | —eme- 3154 | mmmmm | e 34,05 | 36.37
265 | emmem | e | eeeee 31.60 | 32.80 | —mmmm | —meee 36.43
270 | ;e | mmeme [ emeee 3154 | —mmem 34.12 | 3k.56 | 36.41
271 28.37 | 30.60 | ——--- 31.52 | mmmeem | e 34.05 | 36.3%4
275 | ==e-- 30.60 | 30.86 | 31L.47 | -=-—- 34.42 | 3k.01 | 37.1k
2718 | e | moeem 30.78 | =-mm- 32,04 | —mem- 1 0=2 R [—
318 | cmmmm | mmmeem 30.92 | 31.k9 | 32,03 | 32.64 | 3%.29 | 36.45
319 | ;e | e | meeee 31.49 | 32.64 | —aem- 34.05 | 36.30
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TABLE VI
COMPOSITIONS OF ALLOYS USED IN PLOTTING BOUNDARIES OF .SIGMA PHASE
IN COBALT-CHROMIUM-IRON SYSTEM AT 800° C

E)ata for Tig. 16]

Weight percent Annealing time Second phase
Alloy at 800° C present in
Fe Co Cr (ar) sigma matrix
ayp7 11.39 45,69 42,91 Approx. 48 Yesb
1T11 20.36 32.23 y7.h1 Approx. 48 No
1T20 30.71 21,61 47.68 Approx. 48 No
1T22 41,18 10.87 k7.95 Approx. 48 No
1730 51.12 10.79 33.09 85 Yes®
ajol 10.86 35.54 53.60 Approx. 48 No
2107 20.9 32,00 47.08 Approx. 48 No
8308 29.44 27.66 ko,9 60 No
a110 40.5 22,04 37.46 60 YesC
a1l 34.49 2k 11 41,40 60 No
140 30 16 54 60 Yes®
k1 Lo 6 54 Approx. 48 YesC
ko 16,17 27.27 56.56 65 No
215 19.5 36 4h,5 88 Yes
216 10 4] iTs) 88 Yes
8269 | cmemm .75 | 55.25 90 YesP
aT77 5.16 36.72 58,12 65 No
279 10 34 56 85 No
apgh 17.49 28.34 54,16 85 No
326 10 30.25 59.75 65 Yes®
8308 | amem- 4k, 06 55.94 90 No
34k 2L 33 43 65 Yes
a3h8 | e 4o, hh 59.56 90 Yes
8359 | em—-- 39.45 60.55 0 Yes®
364 4k, 25 16 39.75 150 No

8Chemical composition from chemical analysis. Composition glven

for other alloys is welghed composition before melting.
bprobably beta. AR
CProbably epsilon.
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TABLE VIT

COMPOSITIONS AND PHASES OF ALLOYS USED IN PLOTTING ALPHA AND BETA

PHASE BOUNDARIES IN COBALT-CHROMIUM-NICKEL SYSTEM AT 900° C

33

Anneal schedule
Sgigziizigiezz Microscopic results ;;%er

Alloy double-forging

Co Cr Ni Matrix [ Second phase | Time | Temperature
(percent) | (hr) (°c)
123 | 60 34 6 Alpha al 48 900
124 | 46 3k 20 Alpha |  =coemem- 48 880
130 |28 38 34 Alpha bo 48 950
162 | 54 36 10 Alpha 87race 48 885
€168 |17.49 | 0.29 | 42.21 | Alpha b3 148 940
208 | —emme 38.5 | 61l.5 |Alpha | eeecemmee 48 875
209 |65.5 |32.5 2 Beta | —emeeee—- 72 900
210 | k2 34 2k Alpha | —eeeme—- 48 875
211 |22 38 ko Alphe b3 48 902
C232 | 60.99 | 32.64% | 6.37 |Alpha | ~—cmeeem 86 900
233 |10 40 50 Alpha by 86 900
234 |13 37 50 Mpha |  cmmmeeee 86 900
235 |25 35 ko Alpha | —cmmmmea 86 900
236 {31.5 | 34.5 |3k Mphe | ceccmeem 86 900
€237 |39.3L| 36.16|24.53 [Alpha | —emeeee- 86 500
€238 | 74.77| 25.23 | ~=emme Alpha 20 beta 86 905
254 |70 30 | -em-- Beta | —meceee- 180 900
€255 | 73.32 | 24.89) 1.79 |Alpha | —emeceme- 86 905
€256 | 68.02|29.59| 2.39 |Beta | —mmemmee 86 896
257 | 66 30 Ly Alpha | commeee 86 900
c258 | 63.95|30.98| 5.07 [Alpha | ~-me-emm 180 900
C259 | 66.71 | 26.78| 6.51 |Alpha | ———mmeee 86 896
333 |55 35 10 Alpha 23 T2 900
33k | 50 34.5 |15.5 |Alpha by 4 T2 900
335 | 63 33 L Alpha g1, 1 T2 900
336 | 60 35.5 | %.5 |{Alpha &5 T2 900
337 | 56 33 1 Alphe | —eceee——e 72 900
333 |59 32 9 Alphs 8Trace 84 900
339 | 50 33 17 Alpha | ~eeee—— 8l 900
3% |70 28 2 Alpha | —cememee 8l 900
€341 | 66.49 | 33.51 | ~mmmm Alpha 25 to 10 84 900

8Probably sigma.

bProbably epsilon.

CChemical composition from analysis.

from as-weighed composition.

dProbably beta.

Composition of other alloys
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TABLE VIII
DATA FOR PRELIMINARY SURVEY OF ALPHA AND BETA PHASE BOUNDARIES

IN COBALT-CHROMIUM-NICKEL ALIOYS AT 900° C

: ' Annealing time (hr) after double-forging
tA.nnea,ling for alloysl -
emperature
(°c) (2)
123 : 12k 130 162 168

TO | cemmmm 2h = Yes | 12 -~ Ye8 | memmmmme | cemme——— _
780 12 - Yes | 12 « NO | =cmeccce | cocmcmem , ——————
830 | —ememee- 2k = No | memmee—e | 48 - Yes | mccmemn-
885 [ERCTISTUNIRE ST I —— 48 ~ Yes | ~mmmmem-
900 48 - o 12 « No | memmemme | e | e
930 48 - o | —mreommm | v | e 48 ~ Yes
950 48 -~ No 48 - No 48 - Yes | U8 - No | ~memmcmmn
990 12 - No 48 - Mo 48 - No 48 -~ No 48 - Yes
1015 comcdmme | mmmmcmce | mccsnnae | cmnceeee 48 - Yes
040 | cemme——— N [ ESSDUVINVE, pUVVEVSPIVI IR 48 - No

lComposition of alloys given in table VII.
2"Yes" or "No" indicates presence of second phase in

microstructure. . ,
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TABLE IX

¥

IN CUBALT~CHRGMIUM-TRON-NICKEL SYSTEM

BE8 4 RERYTRE T Qe 8Dy
mnwuuy%w%s%w%w LEEELE

.6
35.32

36.8

f88:9

> 8
Wmm 2NN IRRRCOROZRRE BR £7277000BBBBR| | EONICCLLLSS
i
d o N H
| e it [l 113
@ | BEEAT & & B & XY
L .m... ! :’:J‘mﬂ.MMMJ - “ ::}M nnon
M ARRRRRNRE Y L 5 £ EE 184
m\..lul 1 11 1 11
LR A 1
m( m g B ~ : RRQG | v Bl W earal| £ |o o
i ; AT bl GiE o eeee : HE
2,18 g ) ‘
m 5 |5388B3885ggge8rRaRRRS g |8 88REGEEEBERRG| o |RgggERggBRR
} Yo B FRRYYBEQmE 0B DBm A_ © H2502E8Y ! ERIRES N0
& mlsmmsaa redgeiiggyg o 4 Cdgdeddoggse | _nsmaaue.wm

PRRELLS W759

363
MM m

CQMPOSITIONS AND PHASES FOR ALLOYS USED IN PLOTTING ALPHA PHASE BOURDARIES

Composition by weight percent

8380 RERRERany @t 8] |0 $I00BE8Nuns0?] |ORBDE |TRaq
maM19ammm%wmna@quau EA I ER LIRS E R 89S | gdn
\ RAS 39R] Hye a9% 8 R9Y 2998 & |sRIReaRy
g dddgddddadddgsgggddda o fASR8dEdRARAD| |ARARARARRAR
SOORERERASSARRAARARRA 88 |2 DODARZQAINeR| |snfacanpes

NACA TN 2603

Composition of other alloys from as-welghed composition before

SChemical composition from anslysis.
Plot forged.

melting.
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TABLE X

DATA USED IN PLOTTING MAXIMUM SOLUBILITY AT 1200° C OF CHROMIUM

IN ATPHA PHASE OF COBALT-CHROMIUM~-IRON-NICKEL ALLOYS

[See £ig. 26]

Weight percent Maximm chromium in
alpha solid solution;

Fe Co weight percent
0 0 ko 2
0 10 Ik, 3
0 20 43,4
0 30 40.8
0 ko 38.6
0 50 37

0 60 35

0 66 34
10 0 42,3
10 9 ko

10 18 38.7
10 27 38.25
10 36 37.3
10 45 36
10 54.9 35.1
20 0 40

20 8 38

20 16 36
20 2h 34.8
20 32 34
20 ko 33.2
20 46 4 33.6
30 0 35.7
30 7 34.3
30 14 32.9
30 21 31.9
30 28 30.6
30 35 30.3
30 39.9 30.1
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TABLE XT
DETERMINATION BY X-RAY DIFFRACTION OF ALPHA CORNER OF THREE~PHASE FIELD
IN COBALT-CHROMIUM-IRON-NICKEL ALLOYS CONTAINING 10 PERCENT IRON

[Data for fig. 27]

O
(A)
169 18 3.578k
193 26 3.5776
ok 33 3.5773
200 il 3.5698
200 23 3.5666
206 36 3.5743
=1 2.5 3.5740
' 2L %0 3.5712
i ° 3.5803

A



http://www.abbottaerospace.com/technical-library

38 NACA TN 2603

TABIE XTI
6 VALUES OF X-RAY DIFFRACTION LINES ASSOCIATED WITH
Z PHASE FROM DIFFRACTION PATTERN OF ALIOY 19k

[X-rey powder filed, annealed 10 min at 1200° C, and then
quenched in cold tap water; unfiltered chromium radiatiorg

Alloy e

19k 25.k2
27.45
28.72
30.57
31.78
3k.01
37.37
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TABLE XTIT

39

1200° C DATA FROM COBALT-CHROMIUM-IRON TERNARY SYSTEM

BY KOSTER (REFERENCE 12)

Ee.ta. for fig. 30:|

Weight Limit of alphe Limit of epsilon
percent phase; weight phase; weight
Fe percent Cr percent Cr
30 27.8 38.2

4o 25.8 3k

45 23.32 31.3

0 a5 29.5

€0 21.h 23.2

T0 18.9 20.5

80 1k k 15,64
85 12,06 13.13
90 8.2 9.1
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90 10

Welght % Chromium

Figure 1.~ 1200° C isothermal section of cobalt-chromium~iron ternary
: system.
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Figure 2.- 1200° C isothermal section of cobalt-chromium-iron system
with chemical composition of alloys (see table III).
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Figure 3.- Alloy 212 containing 76.07 percent iron, 8.87 percent cobalt,
and 15.06 percent chromium. Electrolytically polished and etched
with reagent 1; microstructure is typical of area A, figure 1; X200.
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Figure 4.- Alloy 300 containing 82.5 percent irom, 5 percent cobalt,
and 12.5 percent chromium. Electrolytically polished and etched
with reagent 1; particles of epsilon phase in a transformed alpha

matrix; X200.
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Figure 5.- Alloy 1T15 containing 19.38 percent iron, 71.59 percent cobalt,
and 9.03 percent chromium. Electrolytically polished and etched with
reagent 1; typical structure of alloy in area B, figure 1; X200.

?%—4*:““ T e e —— I« D
‘,’ 2 o g" 2 © ;
Do €Lp :
o : o S :
T ’ N . 7 .
t b . e - -
- 5 : 8 - 4
3 . ‘ N L4 \ -
-~ Q - t o~
) SEL , AT,
~——ew : &
| i S
. had F] Q 3 Qb‘!J,c
P H < .. -
s 2 » - !

&
. %o
-
-
R~ NS S - + . .

Figure 6.- Alloy 104 containing 65.1 percent cobalt and 34.9 percent
chromium. Electrolytically polished and etched with reagent 1;
typical structure of alloy in area B, figure 1; XLk00.
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I

Figure T.- Alloy 1716 containing 29 percent iron, 63.5 percent cobalt,
and 7.5 percent chromium. Electrolytically polished and etched with
reagent 1; structure of an alloy located in area B, figure 1, which
did not transform when quenched from 1200° C to room temperature; X200.

Figure 8.- Alloy 173 containing 22.45 percent iron, 34.41 percent -cobalt,
and 43.1L4 percent chromium. Electrolytically polished and etched with
reagent 2; alpha-phase particles in matrix of epsilon phase with sigma
precipitate; precipitate is not revealed near boundary of alpha-phase

particle; XT750.
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Figure 11.- Alloy 325 containing 88.18 percent iron and 11.82 percent
chromium. Electrolytically polished and etched with reagent 1;
typical structure of epsilon phase alloys with high iron contents -
quenched from 1200° C to room temperature; X400.

Figure 12.- Alloy 373 containing 22 percent irom, 37.5 percent cobalt, -
and 40.5 percent chromium. FElectrolytically polished and etched
with reagent 1; cracked sigma-phase matrix containing alpha-phase
particles; striations in alpha phase are revealed; X200. -
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Figure 13.- Alloy 359 containing 39.45 percent cobalt and 60.55 percent
chromium. Electrolytically polished and etched with reagent 2;
small particles of* epsilon phase in a cracked sigma-phase matrix;

X750.

Figure 1k.- Alloy 29% containing 17.49 percent iron; 28.3L4 percent
cobalt, and 54%.16 percent chromium. Electrolytically polished
and etched with reagent 2; "clotlike" particle of segregated
second phase, probably sigma phase, in an epsilon-phase matrix
with sigma-phase precipitate; X200.
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Figure 15.- Alloy 368 containing 21 percent iron, 35 percent cobelt,
and U4 percent chromium. Flectrolytically polished and etched with
reagent 2; an alpha-phase particle in a cracked sigma-phase matrix
contalning = fine dispersion of another phase, probably epsilon
phase; X'750.
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Figure 16.- Boundaries of sigma phase in cobalt-chromium-iron system
at 800° C (dashed lines). Solid line indicates boundaries of sigma
phase at 1200° C.
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Figure 17.- Boundaries of sigma phase at 800° C and 1200° C with
composition of alloys (see table VI).
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Figure 18.- Alpha phase boundaries at 900° C and 1200° C in cobalt-
chromium-nickel system and beta phase boundaries at 900° C.
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Figure 19.- Alpha phase boundaries.at 900o ¢ end 1200° C in cobalt-
chromium-nickel system and beta phase boundaries at 900° C with
chemical composition of alloys (see table VII).
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Figure 22.- Alloy 238 containing T4.70 percent cobalt and 25.20 percent
chromium. Electrolytically polished and etched with reagent 1;
beta-phase particles in alpha-phase matrix marked by transformation
striations which develop upon quenching from 9000 C to room tempera-
ture; X400.
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Figure 23.- Alloy 233 containing 10 percent cobalt, 40 percent chromium,
and 50 percent nicke€l. ZElectrolytically polished; typical distribu-
tion of second-phase particles in alloy whose composition located
alpha phase boundary; XT750. .
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Figure 24.- Alpha phé.se boundaries in cobalt-chromium-iron-nickel -
system at 1200° C at iron contents of 0, 10, 20, and 30 percent.
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Figure 25.- Alpha phase boundaries in cobalt-chromium-iron-nickel
system at 1200° C at iron contents of 0, 10, 20, and 30 percent
together with alloy compositions as given in table IX.
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Figure 26.- Maximum solubility at 1200° C of chromium in alpha phase
of cobalt-chromium-iron-nickel alloys plotted as function of cobalt
content for iron contents of O, 10, 20, and 30 percent. Data in
table X.
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Figure 27.- Variation of lattice parameter of 1200° C alpha-phase-
boundary alloys containing 10 percent iron in cobalt-chromium-
iron-nickel system plotted as function of corrected cobalt
composition. Data in table XI. T
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Figure 28.- Alloy 199 containing 31.5 percent cobalt, 35.7 percent
chromium, 30 percent iron, and 2.8 percent nickel. Electro-
lytically polished and deeply etched with reagent 1; epsilon
phase more heavily etched than alpha-phase matrix; X200.

Figure 29.- Alloy 207 containing 20.7 percent cobalt), 40.5 percent
chromium, 10 percent iron, and 28.8 percent nickel. Electro-
lytically polished and etched with reagent 1; alpha-phase matrix
with second phase gtched away; X200.
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Figure 30.~ Boundaries of alpha and epsilon phases in cobalt-chromium-
iron system at 1200° C for alloys containing more than 30 percent

iron, plotted from data in table XIIT (Koster) and from data in
table III (present investigation). v
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Figure 31.- Revised phase diagram of cobalt-chromium-nickel system
at 1200° C.
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Figure 32.- Alloy 104 containing, 65.4 percent cobalt and 34.6 percent
chromium. Electrolytically polished and etched with reagent 1;
striations in structure of partially transformed alloy of area B,
figure 1; X2500.

Figure 33.- Alloy 201 containing 61.63 percent iron; 18.9L4 percent
cobalt, and 19.42 percent chromium. Electrolytically polished
and etched with reagent 1; striations in structure of partially
transformed alloy of area B, figure 1; X2500.
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