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Abstract

Twelve nickel-base superallioys were examined utilizing micro-
scopy and residue analysis techniques to identify and to deter-
mine the relative stability for long times (up to 5000 hours)
of gamma-prime and the minor phases in the 1400-2100°F tem-
perature range. The materials studied included seven cast
alloys, IN 100, B-1900, Inco 713C, MAR-M200, MAR-M246,
TRW-NASA 1VY and TRW-NASA VIA,and five wrought alloys, U~700,
Rene' 41, Inconel 718, Waspaloy and Unitemp AF2-1D.

Seven minor phases were identified: MC, M2 C6’ M.C, M,B,,
sigma, mu and Ni_Cb, MC was found in all %welve alloys;

M2 C6 in all al%oys except TRW-NASA IVY and Inconel 718;

M6é 'n B-1900, MAR-M200, MAR-M246, TRW-NASA VIA, Rene' 41 and
Unitemp AF2-1D; M3B in B-1900, Inco 713C, MAR-M200, MAR-M246,
TRW~NASA 1VY, TRW—N%SA VIA and U-700; sigma in IN-100, Inco
713C, U-700, Rene'kl and Inconel 718; mu in Rene' 41 and
Unitemp AF2-1D; and Ni3Cb in Inconel 718. Complete solutioning
of gamma-prime did not“occur in the seven cast alloys even at
the highest exposure temperature studied, 2100°F. Complete
solutioning of gamma-prime occurred for the wrought alloys in
the following temperature ranges: 1800-1900°F for Waspaloy,
1900-2000°F for Rene' 41 and 2000-2100°F for U-700 and
Unitemp AF2-1D. Inconel 718 was an exception in that gamma-
prime was not present at any of the temperatures studied

after the long exposure times.

H., E. Collins is a Principal Engineer with the Materials
Technology Laboratory, TRW Inc., Cleveland, Ohio Ly117.
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Introduction

In recent years, the success of the commercial airlines, coupled
with the expanding needs for more and faster military aircraft, have
provided the impetus for an increasing activity in propulsion system
design and related material development. The immediate challenge for
most of the current commercial and military aircraft power-plants has
been met primarily through the use of nickel-base superalloys. These
materials utilize three basic mechanisms for strengthening: inter-
metallic precipitation, solid solution and carbide precipitation.
Unfortunately, two of the three mechanisms,. intermeétallic and carbide
precipitation, are employed in a metastable condition. Hence, normal
thermal exposures, such as experienced in processing, heat treatment
or service, can alter the basic structure and distribution of these
phases, thereby producing variations in the properties of the alloy.
Thermal exposures also increase the possibility of further phase
~alterations, such as the formation of sigma, mu, eta, Laves or
epsnlon Therefore, to utilize nickel-base superalloys effectively,
"e.g., in extending component service life rel:abnllty, it is necessary
to have a thorough understanding of the phases present and to establish
the effect of time, temperature and stress on these phases and on
possible phase alteratlons

The primary objective of this study was to identify and deter~
mine the relative stability for long times (up to 5000 hours) of gamma-
‘prime and minor phases (e.g., carbides, borides, sigma, Laves, mu, -~
epsilon). The alloys studied included five commonly used cast alloys,
IN 100, B-1900, Inco 713C, MAR-M200 and MAR-M246; four commonly used
wrought alloys, U-700, Rene'll, Inconel 718 and Waspaloy; two experi-
mental NASA cast al]oys, TRW-NASA 1V Y and TRW-NASA VI A (1); and one
experimental Air Force wrought alloy, Unitemp AF2-1D(2).  The tem-
~perature range studied was from 1400°F to 2100°F. ‘
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Materials and Procedures

The twelve nickel-base superalloys selected for study in this
investigation are given in Table | along with their chemical compo-
sition and electron-vacancy number sts (3). ’

A series of specimens were taken from each alloy, solution heat
treated (wrought alloys only), and then aged in air for 5000 hours
at temperatures between 1400 and 2000°F (100°F intervals) and for
2000 hours at 2100°F. No results were obtained for IN 100, MAR-M246
and Inconel 718 at 2100°F because of excessive oxidation of the speci-
mens. The solutioning treatments are given in Table 1. Metallo-
graphic and residue analysis techniques were then employed to evalu-
ate the effects of the solutioning and aging treatments.

Metallographic examination included both Tight and electron
microscopy. Specimens were prepared by mechanical polishing through
. 600-grit silicon carbide papers, followed by 20 and 40-grit carbor-
undum papers. This was followed by polishing on billiard cloth and
Syntron micro-cloth with aluminum oxide abrasive slurry. The final
polishing operation was an electrolytic polishing consisting of 20
volts at 2.2 amps for approximately 3 seconds in a 15% sulfuric acid-
methyl alcohol electrolyte. The specimens were then chemically etched
with a 35% HCl (conc.)-ethyl alcohol solution with 4 drops of H,0 for
each 5 ml of solution. Standard replication techniques utilizing
collodion replicas shadowed with chromium and backed with carbon were
employed for electron microscopy.

Residue analysis was employed to identify the minor phases.
Specimens for this analysis were sandblasted and surface ground to
remove surface contamination (e.g. oxides and nitrides) as a result
of the heat treatment. - The minor phases were extracted electro-
Ivtically from the alloy matrix in a 10% HCl-methanol solution.
Five grams of tartaric acid per 100 ml of solution were added to
retard the formation of tungstic acid during the extraction of
the tungsten containing alloys. The digestion process generally
varied from 16 to 24 hours with a current density of approximately
0.75 amps per sq. in. The residues were analyzed with a Norelco
. diffractometer using CuKo radiation and a nickel filter at a
scanning speed of 1/2° per min. The diffraction patterns were
then compared to known X-ray patterns in the ASTM card index or
the published literature to identify the minor phases present in
the residue. ASTM card number 6-0614 was utilized in |dentifying
MC; card number 9-122 for M 6 card number 11-546 for M C; card
number 11-102 for mu; and caéd number 7-96 for sigma- erence 4
was employed in identifying M3Bz, and Reference 5 for N|3Cb.
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Results

Minor Phase Results

Residue Analysis: The results showing the effects of the long
time heat treatments on the concentrations of the minor phases are
presented graphically in Figs. 1-12 for the twelve alloys studied.
The values plotted on the ordinate are a semi-quantitative measure
of the amount of the minor phases in the alloy (6). These results
were derived from the intensity of the strongest X-ray line for
each of the minor phases in conjunction with the amount of extracted
residue. The rating scale can be interpreted roughly as follows:
very abundant >1.2 wt.% of alloy, abundant =0.8 wt.%, medium =0.k
wt. %, rare =0.1 wt.% and very rare <0.05 wt.%. In addition, the
lattice parameters of the minor phases identified in each alloy are
‘given in Table 2,

The seven different minor phase types identified in the twelve
nickel-base superalloys after the.long time heat treatments were MC,
M C6’ M6C, M 82, sigma, mu and Ni,Cb. MC, the most prevalent of
t%é seven mingr phases, was found in significant concentrations in
all twelve alloys. In addition, three of the alloys had more than
one variety of MC present (i.e., different lattice parameters,
Table 2). Inco 713C and TRW-NASA VI A each had two different var-
ieties, while TRW=NASA IV Y had three. MC was generally stable and
one of the more abundant phases only at the lower temperatures (e.g.,
1400-1600°F) or at the higher temperatures (e.g., 2000-2100°F)., MC
became completely unstable in the temperature range 1700-1900°F in
IN 100 (Fig. 1), 1700-2100°F in inco 713C (Note that MC(] became
stable again near 2100°F while MC 2 did not, Fig. 3.) ané 1600~
1900°F in U-700 (Fig.8). The con egtration.of MC went through a
minimum in the temperature range 1800-1900°F in B-1900 (Fig. 2),"
1700-1900°F (trace amounts) in Rene' 41 (Fig. 9), 1700-1900°F in -
Inconel 718 (Fig. 10), 1500-1700°F (trace amounts) in Waspaloy
(Fig. 11) and 1700-1900°F in Unitemp AF2-1D (Fig. 12). The amount
of MC in MAR-M200 (Fig. 4) and MAR-M246 (Fig. 5) decreased with

temperature above 1600°F until it reached a minimum (trace amounts)
in the temperature range of 1800-2100°F for MAR-M200 and 1900-2000°F
for MAR-M246.  In TRW-NASA IV Y (Fig. 6) where three varieties of

MC were found, MC | decreased with temperature above 1600°F until
it reached a mini u% in the 2000-2100°F temperature range; MC(2 in=
creased with temperature above 1600°F until it reached a high |%

the 1900-2100°F temperature range; while MC remained nearly con-
stant until it became completely unstable aégze 1800-1900°F. in-
TRW-NASA VI A (Fig. 7) where two varieties of MC were found, MC
decreased with temperature above 1700°F, while MC_(2 increased
with temperature until it reached a maximum in the }OOO-ZIOO°F
temperature range. »

1)
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M..C, was found in significant amounts in all alloys except
TRW-NAgg ?VY and Inconel 718, It was generally stable only at lower
temperatures, becoming completely unstable in the temperature range
1700-1800°F in B-1900, TRW-NASA VIA and Rene' 41, 1800-1900°F in
MAR-M200, MAR-M2L46, Waspaloy and Unitemp AF2-1D; 1900-2000°F in U-700
and 2000-2100°F in IN 100 and Inco 713C. The maximum amount of M23C6
in general, occurred in the temperature range from about 1600 to ’
about 1800°F,

M.C was observed in significant amounts in B-1900, MAR-M200,
MAR-M246, TRW-NASA VIA, Rene' 41 and Unitemp AF2-1D. It formed pre-
dominantly in the 1600-2000°F temperature range and became unstable
above 2000°F in B-1900, TRW-NASA VIA, and Unitemp AF2-1D.

M B, was found in significant concentrations in B-1900, MAR-M2L46,
TRW—NAgA IVY, TRW-NASA VIA and U-700 and in trace concentrations in
Inco 713C and MAR-M200. M 82 was relatively stable in the tempera-
ture range 1700-1800°F in néo 713C, MAR-M200, and MAR-M246; 1800-

1900°F in TRW-NASA VIA; and 1900-2000°F in B-1900 and TRW-NASA VY.

The minor intermetallic phases sigma and mu were observed in
five alloys: IN 100, Inco 713C, U-700, Rene' 41 and inconel 718. It
was stable in the temperature range from 1400 to 1600-1700°F in IN 100
and Inco 713C, from 1400-1500 to 1600-1700°F in U-700, from 1400 to
1800-1900°F in Rene' 41 and 1400-1500°F in Inconel 718. The maximum
amounts of sigma occurred in the vicinity of 1500°F for IN 100 and
inco 713C, 1600°F for U-700 and 1800°F for Rene'kl. Mu was observed
in Rene' 41 and Unitemp AF2-1D in the 1400 to 1700-1800°F tempera-
ture range. :

Metallography Some of the minor phase morphologies found in
these alloys are shown in Figs. 13 to 18. Two morphological forms
of MC were identified. The usual massive type was found within the
grains as well as in the grain boundaries in all twelve alloys.
Examples of this type are shown in Figs. 13B, 14A, 15 and 17A. A
script-like variety, shown in Fig. 15, was also noted in three
heavily alloyed cast alloys containing large amounts of tungsten and
tantalum, MAR-M246, TRW-NASA 1VY and TRW-NASA VIA. This form was
observed primarily in the low temperature range (i.e.,1400-1800°F).

M2 C6 was observed principally in grain boundary areas. It was
found c% all alloys except TRW-NASA [VY and Inconel 718. In the
wrought alloys, M..C, was commonly seen as a continuous carbide film
or platelet in thé 10w temperature range; as shown in Figs. 14A and

B and 17A. A second form which was observed in both cast and wrought
alloys was the blocky particle lining the grain boundaries, as shown
in Figs. 13D and 14C and D. ' ‘
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Two morphological forms of M.C were also identified in this
study. The more common morphology was the blocky particle which
was commonly found in grain boundaries, Fig. 16A. This form was
observed in all six M,C containing alloys, B-1900, MAR-M200,
MAR-M246, TRW-NASA Vi A, Rene' 4l and Unitemp AF2-1D. The second
type was the acicular or Widmanstatten form, shown in Figs. 168
and C. This particular morphology was observed only in the four
cast alloys.

The phases, sigma, mu and Ni Cb (epsilon),were all observed
in the same morphological form, an acicular or Widmanstatten
pattern. Examples of sigma are presented in Figs. 13A-C and 14B,
of mu in Fig. 17 and of Ni,Cb in Fig. 18. Sigma -was identified
in five alloys, IN 100, lnco37l3c, U-700, Rene' 41 and lInconel 718;
mu in two alloys, Rene' 41 and Unitemp AF2-1D; and Ni3Cb in one alloy,
Inconel 718.

Gamma-Prime Results Gamma-prime formation and temperature of
formation varied greatly depending upon the alloy content. The re-

"sults, however, can generally be divided into two categories, the

effects of the long time heat treatments upon gamma-prime in the
heavily alloyed cast superalloys and their effects in the more dilute
wrought superalloys.

The effect of the long time treatments on gamma-prime in the
cast alloys are shown in Fig. 13 for IN 100. The long time treat-
ments at }1A400°F, Fig. 13A, appeared to have relatively little
effect on the various gamma-prime types. That is, the eutectic;
the coarse, somewhat blocky type of intragranular and the small,
spherical second generation gamma-prime were virtually unchanged
from that observed in the as-cast structure. -Above 1400°F, Figs.
13B-F, the long time treatments caused the gamma-prime particles to
agglomerate, with particle size increasing with temperature., In
addition, envelopes of gamma-prime formed around the minor phase
particles; and a continuous gamma-prime precipitate appeared in
the grain boundaries. Above about 1800°F, the second generation
gamma-prime solutioned along with some of the blocky gamma-prime.
Some of the blocky gamma-prime remained even at the highest tempera-
tures studied, Fig. 13F. Also note that small, spherical gamma-prime
particles were observed in the microstructures of the high tempera-

" ture specimens {above 1800°F), e.g., Fig. 13E. These particles re-

sulted from the re-precipitation of the solutioned gamma-prime upon
cooling and not from the heat treatment. The other cast alloys
behaved in an analogous manner.
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As in the case of the cast alloys, the gamma-prime particle
size of the wrought alloys varied greatly with the heat treatment
temperature. Examples of the gamma-prime morphologies observed in
U-700 are presented in Fig. 14. Comparison of the gamma-prime par-
ticle size after the 1400°F treatment, Fig. 14A, with that of re-
solutioned gamma-prime which re-precipitated upon cooling, Fig. V4E,
indicated that the gamma-prime observed at 1400°F was probably formed
during cooling. Thus, as with the cast alloys, the 1400°F heat treat-
ment appeared to have little effect on gamma-prime. Above 1400°F,
Figs. 14B-F, the size of the gamma-prime increased with increasing
heat treatment temperature. The morphology also changed from the
spherical particle to a coarse blocky particle. In addition, gamma-
prime envelopes formed around the minor phase particles; and a con-
tinuous gamma-prime precipitate appeared in the grain boundaries.
Gamma-prime began to resolution above 1800-1900°F. Above 2000-2100°F,
gamma-prime went completely into solution.

The effects of the long time heat treatments on gamma-prime
in Rene' 41, Waspaloy and Unitemp AF2-1D were similar to those for
' U-700. However, the temperature range for complete solutioning of
the gamma-prime was lower for Rene' 41 and Waspaloy. The tempera-
ture range for complete solutioning of the gamma-prime was 1900-
2000°F for Rene' 41 and 1800-1900°F for Waspaloy. These results
are in agreement with those reported by Collins and Quigg (6) for
U-700, Rene' 41 and Unitemp AF2-1D.

Inconel 718 was an exception to the other nickel-base super-
alloys in this study in that gamma-prime was not present at any of
the temperatures studied after the long time heat treatments. The
reason being that with the low aluminum and titanium content and
the high columbium content, the gamma-prime has transformed into
the orthorhombic epsilon phase Ni_Cb.

3

177



Discussion

Some indication of the effect of long time heat treatments on
the minor phases of the nickel-base -alloys:can be obtained by com-
paring these results (Figs. 1-12) with those previously reported
by Collins and Quigg (6) (Figs. 19-23), who studied the effect of
short time heat treatments ( <100 hrs.) on five nickel~base alloys:
IN 100, B-1900, U-700, Rene' 41 and Unitemp AF2-1D. Probably the
most apparent effect of the long time heat treatments concerns the
stability of the MC carbide, which is generally considered to be
very stable and to be one of the most abundant of the minor phases
in nickel-base alloys. The short time results of Collins and Quigg
generally supported this conclusion. The results from the present
study, however, clearly show that this is not true for long exposure
times. MC was, in general, only stable and abundant at the lower
temperatures (e.g., 1400-1600°F) where the rate of formation of

C, was low or at the higher temperatures (e.g., 2000-2100°F)

M
.w%ére these phases were normally unstable. In addition, comparison

of the MC and the M 3C6 or McC results, Figs. 1-5, 7-9, 11 and 12,
strongly suggests A3t OMC (+gamma) was dissociating into M Cg or
M.C (+ gamma-prime) in the intermediate temperature range {i.e.,
from about 1600 to about 2000°F). This phenomena was reported pre-
viously in B-1900, U-700, Rene' 41, U-500 and U-520 (6-9).

Comparison of the long and short time results also indicated
that in IN 100 (Figs. 1 and 19), U-700 (Figs. 8 and 21), Rene' 41
(Figs. 9 and 22) and Unitemp AF2-1D (Figs. 12 and 23), the M,4C
content increased greatly for all temperatures where it was s%a le
as a result of the longer exposure times. In addition, the upper
limit of the M2 Co stability range was raised by about 100°F -in
IN 100 and was %owered by about 100°F in Rene' 41. In Unitemp
AF2-1D, the lower limit of the M 3C6 stability range was lowered
from 1600-1700°F to 1400°F. M E6 was -also observed in B=1900 in
the lower temperature range (1330 to 1700-1800°F) after long times.
The M,C content, like that of M 3C , increased greatly for all
temperatures where it was stabl&”in B-1900 (Figs. 2 and 20) and
Unitemp AF2-1D and from 1600 to 1800-1900°F in.Rene' 41, The re-
sults aiso indicated that M,B, became unstable in iN 100 and the

. amount decreased for all te%p%ratures in U-700. in addition, the

long time treatments resulted in the stabilization of sigma in the -
1400 to 1600~1700°F temperature rarige in IN 100 and the 1400-1500
to 1600-1700°F temperature range in Unitemp AF2-1D. In Rene' 41,
the amount of mu and sigma increased greatly with time for all tem-
peratures where they were stable. Also the upper limit of mu v
stability was lowered by approximately 100°F.
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Some interesting observations can be made from the long time
results with regards to the electron-vacancy number Nv__ and some
of the assumptions employed to compute such numbers. the electron-
vacancy number Nv (Table 1) predicted that of the twelve alloys
studied only IN 166, U-700 and Unitemp AF2-1D were prone to sigma
formation. The experimental results (Table 2 and Figs. 1-12) showed
that sigma formed in IN 100 and U-700 but not in Unitemp AF2-1D where
mu formed instead. In addition, Inco 713C, Rene' 41 and Inconel 718
formed sigma. '

One of the assumptions normally made in computing such numbers
is that M,C will form in place of M, ,C. when Mo + W > 6.0 wt. %(10).
An alternate criteria commonly used Ts that M,C will form when Mo +
1/2 W> 6.0 wt. %(3). The results indicated that these assumptions
were in error on two accounts. First, comparison of the Mo and W
contents with the minor phase results (Tables 1-2, Figs. 1-12)
showed that six alloys had Mo + W > 6.0 wt.% and that one of them,
TRW-NASA 1V Y, did not form M,C. In addition, B-1900 with a Mo +
W <6.0 wt.% did form M,C. Wiéh regards to the alternate criteria,
all alloys which fulfiéled this condition did form M,.C;-however, two
alloys, B-1900 and TRW-NASA VIA, which did not fulfill the condition
also formed M,C. Second and more importantly, the results showed
that all alloys which formed M,C also formed M,,C. and that except
for B-1900, M C6 was more abundant than M,C ifi"the critical 1400
to l600-l700°g3temperature range where sigma generally forms. As a
result, it would appear that unless an alloy is heat treated at a
temperature high enough to make M, C the more abundant phase (e.qg.,
from about 1800°F to about 2000°F), only M23C6 should be considered
in the calculation.

Another assumption generally made in computing electron-vacancy
numbers is that one-half of the carbon forms MC and one-half forms
either M C6 or M,C. The results while only semi-guantitative
illustra%éd that this is generally not true. Not only does the ratio
of carbon in the carbides vary from alloy to alloy but also with
temperature in an alloy. |In addition, two alloys, TRW-NASA |V Y
and Inconel 718, formed only MC carbides. This situation was probably
due to the high concentration of strong MC formers Ta, Cb and Hf in
TRW-NASA IV Y and Cb in Inconel 718.

Fortunately, the error in the electron vacancy numbers re-
sulting from errors in the type, amount and composition of the
carbides is small, on the order of a few hundredths. However,
such disparities strongly indicate the dangers of indiscriminately
utilizing such calculations. They also indicate the need for addi-
-tionalknowledge concerning the types, amounts and compositions of
the various phases in nickel-base alloys (particularly gamma-prime)
and the Nv's of some of the elements, such as Mo and W, where there
is some indication that the currently assigned values are incorrect (11).
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The results of this study also offered some possible explana~
tions for the deterioration of the mechanical properties with ex- .
posure time. For example, the continuous films or platelets of M23C6
in the grain boundaries (Figs. 14A and B and 17A) or the acicular
or Widmanstatten pattern of M.C, sigma, mu and Ni,Cb provide easy’
pathways for crack propagation and thus can be de%eterious to the
properties of an alloy (3,12). |In addition, the increase in the
total concentration of minor phases in an alloy with time or the
formation of new phases could possibly be detrimental to the proper-
ties by tying up the solid solution strengthening elements, such as
Mo, W and Ta, so that they are no .longer able to strengthen the alloy
(9). Agglomeration of the various phases, particularly gamma-prime
(Figs. 13 and 14) which is the major strengthener in nickel-base
alloys (Ni,Cb in Inconel 718), can also be very detrimental (3,9,12).
1t would aépear from these results that in the case of the wrought
alloys, it should be possible to provide some restoration of the
mechanical properties of an alloy after long exposure by appropriate
heat treatment. However, the inability to solution the gamma-prime
before excessive grain growth or preferential liquatioh occurs
‘severely limits the benefits from heat treatment of the cast super-

alloys. ' : :
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Summarz

Seven minor phases were identified in twelve nickel-base
alloys after aging for 5000 hours in air at temperatures between
1400 and 2000°F and after 2000 hours at 2100°F. The phases were
MC, M23C R M6C, MBBZ’ sigma, mu and Ni,Cb. MC was found in all
twelve a?loys; M C6 in all alloys excgpt TRW-NASA VY and Inconel
718; M.C in B-l968, MAR-M200, MAR-M246, TRW-NASA VIA, Rene' 41 and
Unitemp AF2-1D; M3B in B-1900, Inco 713C, MAR-M200, MAR-M246,
TRW-NASA VY, TRW—N&SA VIA and U-700; sigma in IN 100, Inco 713C,
U-700, Rene' 41 and Inconel 718; mu in Rene' 41 and Unitemp AF2-1D;
and Ni_Cb in inconel 718. Complete solutioning of gamma-prime did
not ocgur in the seven cast alloys even at the highest exposure
temperature studied (2100°F). Complete solutioning of gamma-prime
occurred for the wrought alloys in the following temperature ranges:
1800-1900°F for Waspaloy, 1900-2000°F for Rene' 41 and 2000-2100°F
for U-700 and Unitemp AF2-1D. Inconel 718 was an exception in that
+ gamma-prime was not present at any of the temperatures studied after
the long exposure times. ‘

The results indicated the following:

(1) MC was not completely stable in the intermediate tem-
perature range (i.e., from about 1600 to about 2000°F)
after long exposure times, but rather was dissociating
into M23C6 or M6C.

(2) Two assumptions concerning carbide formation which are
normally employed to compute electron-vacancy numbers
appeared to be incorrect. The results showed that the
assumption that M .C will form in place of M,.C  when
Mo + W >6.0 wt.% (or the alternate criteria when Mo +
1/2 W >6,0 wt.%) was not valid. |In addition, the assump-
tion that one-half of the carbon was in MC and one-half
in either M23C6 or M6C was, in general, not true.

(3) The results also offered some possible explanations for
deterioration of the mechanical properties with exposure
time, including type, amount, morphology and agglomera-
tion of the various phases.
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Table 1. Nickel-Base Superalloys Evaluated
Solutioning
Alloy Treatment Cr Co Mo Ti Al W B Zr Ta Cb Other
IN 100 As-cast 0.17 10.30 15,00 2.93 4.68 5.53 - 0.016 0.082 - - 0.94vy
B-1900 As-~cast 0.10 8.25 9.50 5.89 1.07 5.98 - 0.016 0.10 4,19 - -
Inco 713C As-cast 0.12 13.25 - 4,28 0.81 6.40 - 0.009 0.05 - 2.66 -
MAR-M200 As-cast 0.14 9.51 10.3 - 2.06 5.05 12.15 0.010 0.048 - 0.99 -
MAR-M246 As~cast 0.15 9.00 10.0 2.50 1.50 5.50 10.0 0.010 0.05 1.5 - -
{Nominal) - : '
TRW-NASA VY As-cast 0.15 5.865 4,82 2.04 1,08 5.25 5.36 0.023 0.039 B.17 0.89 2.01Hf
‘ 0.90Re
TRW-NASA VIA As-cast 0.16 6.03 7.19 2.24 0.98 5,26 5.78 0.018 0.12  8.32 0.34 0.LeéHf
0.57Re
y-700 2150°F/bhr. 0.07 15,10 18.30 5.33 3.34 4,29 - 0.024 - - - -
Rene' 41 2150°F/2hr. 0.08 19.3) 10.82 9.77 3.23 1,5] - 0.006 - - - 2.3kFe
Inconel 718 1800°F/1hr. 0,06 18.86 - 2,99 0.93 0.57 - - - - 5.25 17.48Fe
Waspaloy 1975°F/4hr, 0.06 19.30 14,60 4,39 3.08 1.42 - - 0,051 - - -
Unitemp 2250°F/2hr. 0.33 11.93 14,20 5.05 3.04 4,60 4,93 0.014 0.10 1.48 - -
AF2-1D
The alloy  is considered to be sigma prone if sts >2.49 (9).



Alloy

IN 100
B-1900
Inco 713C

MAR-M200
MAR-M246
TRW-NASA VY

TRW-NASA VIA
u-700
Rene' 4]

Inconel 718

Waspaloy
Unitemp AF2-1D

Table 2. Lattice Parameters of Minor Phases Identified by X-ray Diffraction of Extracte
Phase, A
MCEI) MEBCE MEC MEB Other
L 34 10.78 Sigma - 8.83,4.58
4.37 10.87 .15 5.84,3.14
4. 36 10.78 5.82,3.12 » MC oy - L 47
Siémg - 9.13,4.71
4,34 10.80 11.17 N.D,** '
4,37 10.85 11.25 5.83,3.18
L L4y 5.83,3.14 MC(Z) - L .56
MC (3 - k.53
b 42 10.77 11.21 5.83,3.19 MC 2 - L 48
4.3k 10.80 5.80.3.1h 51334 - 9.00.4.67
4,33 10.82 11.19 ' Mu . - 4.80,25.8¢
: Sigma - 9.20,4.76
L. 47 Ni Cb - 5.20,4.30,
Sigma - 8.96, 4.6
.34 10.73 . .
4,35 10.79 11.23 . Mu - 4

.78, 25.;

* Résidues extracted electrolytically in a 10% HCl-methanol solution.

*% Not determined.
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Figure 1. Minor phase concentration in IN-100 as a function of
temperature for long exposure times.
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Figure 2. Minor phase concentration in B-1900 as a function of
temperature for long exposure times.
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Figure 3. Minor phase concentration in Inco 713C as a function of
temperature for long exposure times.
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Figure 4. Minor phase concentration in MAR-M200

as a function of
temperature for long exposure times,
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A} Electron micrograph showing gamma-prime and sigma €) Light micrograph showing gamma-prime, sigma anc
(scicular phase) at 1400°F/5000 hrs. X6000. massive MC at 1500°F/5000 hrs. X500,

D) Electron micrograph showing gamma-prime and M,__C

B) Electron micrograph showing gamma-prime, sigma and \ : 23
massive MC at 1500°F/5000 hrs. X6000. fn grain boundary at 1700°F/5000 hrs. X6000.

Figure 13. Examples of the effect of long time heat treatments on Figure 13 (continued) Examples of the effect of long t
the microstructure of IN 100. treatments on the microstructure of IN-100,
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A) Electron mierograph showing gamma-prime and sigma C) Light micrograph showing gamma=prime,

(acicular phase) at 1G400°F/S000 hrs, X6000,

maseive MC at 1SO0*F/S000 hrs. X500,

B) Electron micrograph showing gamma-prime, sigma and B} Elactrun microgreph showing gamma-prime

massive MC at 1S00°F/S000 hrs. X6000,

Figure 13

Examples of the effect of long time heat treatments on Figure 13 (continued)
the microstructure of [N 100,
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in grain boundary at I700°F/5000 hrs. |
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treatments on the microstructure of |
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Fl Light microgrash showing gamma-prime at FO00°F /5000 hrs. Bl Electron micragraph showing gamma-prime, ¢

x5O0, HH:E and sigma at 1500°F/5000 hrs. NGODC

Figure 13 (continued) Examples of the effect of long time heat Flgura 1%. Esmamples of the effect of long time hes
treatments on the microstructure of IN-100, the microstructura of U-700.

Reduce 30% for publication



S6T

€} Electron micrograph showing gamms-prime and M

graln boundary at 1800°F/5000 hrs. X600D

B} Light micrograph showing gamma-prime and M
boundaries at 1BOD°F/S000 hrs.  X500.

chﬁ- In

23':'5 in grain F) Light microgragh showing gamma-prima
X500,

Figure 1% {continued) Examples of the affsct of long time heat Figure th {Continued) Examples of the ef
treatments on the microstructure of U=-700, treatments on the microstructu
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B} Electron micrograph showing acicula

Figure 15, Light micrograph showing massive and script=like HC at 1800°F/5000 hrs,  XGODD,
in TRW-MASA VIA. X500.

€} Light micrograph showing acicular
A} Electron micrograph showing blocky M.C particles in grain at 1800°F/5000 hrs. X500.
boundary of Unitemp AF2-1D at 1900°F/5000 hrs. X6000.

Flgure 16, Examples gf'uﬁc morphologies. Figure 16. (Continued) Examples of ¥
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Figure 19. Minor phase concentration in IN 100 as a function of
temperature for short exposure times from Collins and

Quigg (6).
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Figure 20. Minor phase concentration in B-1900 as a function of
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Figure 21. Minor phase concentration in U-700 as a function of
temperature for short exposure times from Collins and
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Figure 22, Minor phase concentration in Rene' 41 as a function

of temperature for short exposure times from Collins
and Quiag (6).
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