The Influence of Molybdenum on the ' Phase
in Experimental Nickel-Base Superalloys
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The influence of 1, 3, and 5 at. pct Mo on the ¥’ precipitate has been studied in experimental
wrought nickel-base superalloys containing about 14 at. pct Cr and 6%, 9, or 12 at. pct Al, or
2 at. pet Al plus 4 at. pct Ti. Concentrations of all other elements were quite low to limit
the observed effects to those of molybdenum alone. Molybdenum markedly increases the

v’ solvus temperature, as determined by the sensitive and relatively simple technique of
differential thermal analysis; correspondingly, the weight fraction of ¢’ increases with
molybdenum additions for a given aging treatment. Molybdenum dissolves extensively in
the v’ of the titanium-free alloys, but it dissolves to a considerably smaller extent in the

y' of the titanium-bearing alloys. Molybdenum substitutes for chromium in y’, but does

not alter the aluminum or titanium -contents of this phase. Lattice parameters of both the
matrix and the v’ are increased markedly by molybdenum, in proportion to the molybdenum
contents of these phases. The resulting effects on lattice-parameter mismatch correlate
rather well with observed y' morphology, which tends to change from spheroidal to cu-
boidal in titanium-free alloys, and from cuboidal to spheroidal in 2 at. pct Al-4 at. pct Ti

alloys, as molybdenum is added to these alloys.

MOST commercial nickel-base superalloys in use
today depend primarily on a uniform dispersion of very
fine particles of the ' (gamma prime) phase for
achieving suitable eleyated-temperature strength. This
phase has an ordered structure of the L1, type, based
on the formula Niz;Al. Refractory metals contribute
significantly to the outstanding strength of these super-
alloys at elevated temperatures, but relatively little
effort has been devoted to delineating the fundamental
effects of refractory elements on the characteristics
of y'. Guard and coworkers have reported limited
solubility of molybdenum in the y' of Ni~Al-Mo alloys
at about 2150°F (11'75°C).'”? Only recently has moder-
ate solubility of refractory elements in the y’ of com-
mercial nickel-base superalloys,®” and the effects of
molybdenum® and tungsten® on lattice parameter and on
morphology of ¥’ in Ni-Cr-Al-Ti alloys, been reported.
Because increased sophistication of modern alloy de-
sign, employing techniques such as the “PHACOMP’”’
analysis, has shown the need for basic information re-
garding the ¢’ phase, this investigation was undertaken
to study the interaction of molybdenum with the y’
phase in nickel-base superalloys. The effects of this
element on the y’ solvus temperature, and on the quan-
tity, composition, lattice parameter, and morphology
of ' were studied in a systematic series of alloys.
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EXPERIMENTAL PROCEDURE

This study was conducted on four series of experi-
mental wrought alloys of different ‘‘hardener’’ (Al
+ Ti) levels, the molybdenum content varying regularly
within each series. Briefly stated, the influence of
molybdenum on the y’ phase was determined by meas-
uring the v’ solvus temperatures of the alloys, and by
determining the weight fraction, composition, lattice
parameter, and morphology of ¥’ precipitate for each
alloy after prolonged aging at 1400°F (760°C) or 1700°F
(927°C). Experimental techniques were described in
detail by Loomis® and are only outlined in this section.

Sixteen alloys, the compositions of which are listed
in Table I, were studied. Alloys were rather simple in
composition, representing molybdenum additions to the
Ni-Cr-Al system (Alloys 1 to 12) or the Ni-Cr-Ti-Al
system (Alloys 13 to 16). These ternary and quaternary
systems were chosen in preference to complex com-
mercial alloys as the basis for this study in order to
limit the observed effects to those of molybdenum
alone. The existence of phase diagrams for these sys-
tems was an added advantage.’™® Carbon was purposely
maintained at low levels in order to avoid any influence
of structure- and time-dependent carbide reactions on
the ¢’ phase. ‘‘Hardener’’ levels were approximately
6%, 9, and 12 at. pct Al and 2 at. pct Al + 4 at. pet Ti.
Molybdenum levels of approximately 0, 1, 3, and 5 at.
pct were studied at each hardener level. The alloys
were designed to have a fixed Ni/ Cr ratio, about 5.2
based on analyzed concentrations in atomic percent.

Alloys were produced by vacuum-induction melting
electrolytic nickel (99.95 pct), electrolytic chromium
(99.48 pct), sintered molybdenum pellets (99.9 pct),
aluminum ingot (99.5 pct), and titanium sponge (99.3
pet). A small quantity of graphite was added in the ini-
tial charge to deoxide the melt by means of a carbon
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Table 1. Chemical Composition of the Alloys*

Alloy
Number Al Ti Mo Cr N1
Weight Percent
1 3.14 —f - 14.22 82.53
2 3.10 - 2.05 13.87 80.87
3 3.09 — 5.25 13.38 78.17
4 3.15 - 8.61 12.88 75.25
5 4.37 - - 14.29 81.23
6 4.32 - 2.05 13.93 79.59
7 4.32 - 5.09 13.41 77.07
8 4.32 - 8.14 12.90 74.54
9 5.80 - - 13.53 80.56
10 5.83 - 2.03 13.32 78.71
11 5.95 - 495 12.86 76.13
12 5.87 - 7.70 12.56 73.76
13 1.05 3.49 — 13.94 81.41
14 1.04 343 2.00 13.63 79.79
15 1.04 3.40 493 13.17 77.35
16 1.02 3.40 7.96 12.70 74.81
Atomic Percent
1 6.47 — - 15.19 78.12
2 6.44 - 120 14.95 77.21
3 6.50 - 3.11 14.60 75.57
4 6.71 — 5.16 14.24 73.69
5 8.88 - — 1506 75.86
[3 8.85 - 1.18 14.81 74.97
7 8.96 — 297 14.43 73.46
8 9.07 - 4.80 14.05 71.89
9 1161 — - 14.05 7413
10 11.76 — 1.15 13.94 7295
1 12.12 — 2.84 13.59 71.27
12 12.09 — 4.46 13.42 69.83
13 2.20 4.12 - 15.14 78.34
14 2.20 4.08 1.19 14.93 7741
15 222 409 296 14.59 75.93
16 221 4.14 4.84 14.25 74.36

* Aluminum was determined by atomic absorption analysis, titanium, molybde-
num and chromum by gravimetric techniques and nickel by difference The con-
centrations of trace elements are as follows, in wt pct: 0.004 to 0 011 C, 0.010 to
0.015 B, approx. 0.02 Si and 0.07 Fe

TDash indicates not added and not analyzed.

boil prior to the addition of aluminum. Boron, included
in each alloy in an analyzed concentration of 0.010 to
0.015 pct to enhance hot-workability, was added as
NiB. Alloys at each ‘‘hardener’’ level were melted in
Al;0; crucibles as a single heat, with each heat being
split into four 10 1b. (4.5 kg) ingots containing approx-
imately 0, 1, 3, and 5 at. pct Mo, respectively.

The 2.5 in. (64 mm) diam ingots were converted to
bars slightly less than < in, (19 mm) square in a ther-
momechanical sequence that was designed to eliminate
any serious microsegregation and to avoid an exces-
sively large grain size. The alloys were held at 2250°F
(1232°C), a total time of approximately 12 hr, during
preliminary and intermediate homogenization treat-
ments and during the actual rolling process.

The influence of molybdenum on the ¥’ solution tem-
perature was determined on specimens that had been
held at 1800°F (982°C) for 1 hr and furnace-cooled to
develop the maximum amount of y' precipitate. Speci-
mens 1 in. (8 mm) in diameter by 2 in. (16 mm) in
length were then subjected to differential thermal
analysis (DTA), a technique in which the temperature
difference between the test specimen and a nickel ref-
erence specimen was measured while both were heated
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and cooled in argon at a rate of about 18°F/min
(10°C/min). Abrupt changes were observed in the
trace of the temperature-difference curve, providing
clear indications of the y' solvus temperature during
heating and cooling. This is thought to be the first
measurement of v’ solvus temperature by differential
thermal analysis.

Specimens for all studies other than DTA were aged
at 1400°F (760°C) for 63, 328, or 1000 hr, and at 1700°F
(927°C) for 3, 27, or 112 hr, followed by a vigorous
quench in cold water. Although metallographic and
some X-ray diffraction studies were performed on
solid samples, the major research effort was per-
formed on ' precipitate extracted from specimens
aged the maximum time at each temperature. The ex-
tracts were obtained electrolytically with a solution
of 15 pct phosphoric acid in water. The weight fraction
of v’ was determined by weighing the extracted y’ and
comparing this weight with the overall weight loss of
the specimen. The chemical composition of the ex-
tracted v’ was determined by atomic absorption anal-
ysis and by electron microprobe analysis. Agreement
between the two methods was good, but the atomic
absorption results are reported here because they
exhibited considerably less scatter. Lattice parameter
measurements on solid samples and extracted vy’ were
made with a carefully aligned diffractometer, employ-
ing nickel-filtered copper radiation. Lattice param-
eters were computed by a least-squares method,

RESULTS AND DISCUSSION
¥’ Solvus Temperature

The influence of molybdenum on the y’ solvus tem-
perature was determined from differential thermal
analysis curves, as represented by the schematic dia-
gram shown in Fig. 1. As seen from this diagram, the
v' solvus temperature during heating is the tempera-
ture at which the AT curve returns to the base line after
being depressed by the endothermic dissolution of y’.
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Fig. 1—Schematic representation of a differential thermal
analysis trace, obtained at a heating and cooling rate of ap-
proximately 18 F/min (10° C/min).
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Fig. 2—Influence of molybdenum onvy’ solvus temperature.

During cooling, the ¥’ solvus temperature is indicated
by the point where the curve sharply rises from the
base line, as a result of the exothermic precipitation
of ¥'. The DTA results are related to molybdenum con-
centration in Fig. 2. Here, each series of alloys is
represented by a band, the upper solid curve in each
band denoting solvus temperatures measured during
heating, and the lower solid curve representing those
measured during cooling. The noncoincidence of the
heating and cooling curves precludes the reporting of
an equilibrium solvus curve for each series of alloys.
In estimating the location of the equilibrium curve, the
cooling curve might be expected to lie considerably
farther from the equilibrium curve than does the heat-
ing curve, because of the undercooling normally asso-
ciated with precipitation processes. The results of
recent expe’riments,14 however, which show that the 7’
solvus temperature measured during heating declines
significantly as heating rate is reduced from the
18°F/min (10°C/min) rate of this study, indicate that
the heating curve for each series of alloys also is dis-

METALLURGICAL TRANSACTIONS

placed by at least a moderate distance from the equi-
librium curve, For this reason, the center of the band,
represented by a dashed curve, may be taken as a first
approximation to the equilibrium y’ solvus curve for
each series of alloys. In Fig. 2(a), the difference be-
tween solvus temperatures measured on heating vs
cooling for the Ni-Cr-Al-Mo alloys tends to become
smaller as the aluminum content increases from 64

to 12 at. pct Al, probably because of faster diffusion at
the higher solvus temperatures of the higher-aluminum
alloys. Molybdenum raises the y’ solvus temperature
monotonically at each aluminum level, the increase at
5 at. pct molybdenum being approximately 240°F
(133°C) in the 6+ at. pct Al series, 120°F (67°C) in the

9 at. pct Al series, and approximately 75°F (42°C) in
the 12 at. pct Al series. The DTA results for the Ni-
Cr-Ti-Al-Mo alloys, Fig. 2(), exhibit a wider separa-
tion between the heating and cooling curves than for the
Ni-Cr-Al-Mo alloys, presumably because of slow dif-
fusion of the large titanium atoms. These results show
that the y’ solvus band rises continuously as molyb-
denum is added in this high-titanium series of alloys.
Molybdenum raises y' solvus temperature by a smaller
amount, approximately 100°F (56°C), in this series of
alloys, however, than in the two titanium-free series
having the most nearly comparable ranges of solvus
temperatures (the 6% and 9 at. pet Al alloys).

As a means of describing the influence of molyb-
denum on the y' solvus surface, i.e., on the boundary
between the y and the v + ¢’ fields, in the Ni-Cr-Al-
temperature phase model, the foregoing results are
plotted against aluminum content in Fig. 3. For each
alloy, the average of the values obtained during heating
and cooling is plotted in Fig. 3. These mean values are
thought to provide a reasonably good representation of
the equilibrium y’ solvus boundary in the Ni-Cr-Al
system, and the effects of molybdenum thereon. Mo-
lybdenum is seen to shift the boundary upward mark-
edly, the increase being greatest at lower aluminum
contents.

The v’ solvus temperatures for the titanium-bearing
alloys are also shown in Fig. 3. In addition to illus-
trating the effect of molybdenum on the ¥’ solvus tem-
perature in this series of alloys, these data points
indicate that, on an atomic basis, titanium is more ef~
fective than aluminum in raising 7’ solvus tempera-
ture, inasmuch as these points lie above the curves for
the titanium-free alloys.

Weight Fraction of 3’

As described in the previous section, the y’ solvus
curve in the Ni-Cr-Al system represented by Fig. 3 is
raised by molybdenum additions to the system. Alter-
natively, the curves of Fig. 3 show that, at any temper-
ature, molybdenum reduces aluminum solubility in the
v matrix, This suggests that molybdenum additions
should increase the quantity of ' at any temperature,
a supposition that is borne out by studies of specimens
aged for 1000 hr at 1400°F (760°C) or 112 hr at 1700°F
(927°C). In these studies, the weight percent of ¢’ ex~
tracted electrolytically from the aged specimens was
determined. The results, shown in Fig. 4, indicate that
the weight fraction of ¥’ is affected by molybdenum.
For the Ni-Cr-Al-Mo alloys aged at 1400°F (760°C),
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Fig. 4(a), the weight fraction rises continuously with
increasing molybdenum content at all three aluminum
levels. The results for the specimens aged at 1700°F
(927°C) show that molybdenum causes a similar con-
tinuous increase in ¥’ weight fraction at the 9 at. pct

Al level, and a strong initial increase at 1 and 3 at. pct
Mo, followed by a leveling off at the highest molyb-
denum concentration in the 12 at. pet Al alloys, Fig.
4(b). The 1700°F (9277°C) curve cannot be drawn for the
6+ at. pct Al alloys because of the absence of ¥’ due to
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Fig. 4—Influence of molybdenum on weight fraction of y’ extracted from specimens aged at (a) 1400°F (760°C) for 1000 hr, or

(b) 1700°F (927°C) for 112 hr.
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Table I1. Chemical Composition of the Extracted 7’ Phase

Heat Treatment Prior to Extraction
Aged for 1000 Hr at Aged for 112 Hr at

Alloy ~ ___ 1400°F(60°C) 1700°F (927°C)
Number Mo Cr Al Ti Mo Cr Al Ti
Weight Percent
1 0 7.1 8.4 - — - - -
2 33 4.2 8.2 - - — — -
3 56 4.1 8.3 - — — - -
4 6.5 35 81 — - — - —
5 0 7.5 8.5 - 0 8.5 10.0 -
6 2.6 5.5 8.2 - 18 70 91 —
7 5.0 4.2 8.5 - 39 5.1 8.1 —
8 6.6 3.1 8.2 — 5.5 4.0 8.1 —
9 0 6.9 82 — 0 7.6 8.6 —
10 24 4.6 8.0 — 2.1 60 8.5 -
1 47 28 8.6 - 4.5 4.5 8.2 —
12 6.5 44 8.1 - 5.8 42 85 -
13 0 21 38 121 0 20 3.7 115
14 07 1.9 3.6 126 05 21 ° 38 11.6
15 1.1 1.2 3.6 10.8 1.0 1.5 4.1 13.1
16 16 1.1 3.7 11.1 1.4 1.1 42 11.8
Atomic Percent
1 0 72 16.5 — - — -~ -
2 1.8 4.3 16.4 — - — -~ -
3 32 4.3 16.7 — - — — —
4 37 37 16.4 - — - - —
5 0 7.6 16.7 - 0 85 19.3 -
6 1.5 57 16.3 - 1.0 7.1 17.8 —
7 2.8 44 17.0 - 22 53 16.2 —
8 3.7 33 16.6 - 3.1 42 16.3 -
9 0 7.0 16.2 - 0 7.7 16.8 —
10 13 48 16.0 - 12 6.2 16.8 -
11 2.6 29 173 - 25 4.7 16.4 -
12 37 4.6 16.4 — 33 4.4 17.1 -
13 0 22 %8 138 0 2.1 7.5 13.1
14 039 20 7.3 144 028 22 7.7 13.3
15 0.63 1.3 7.5 124 0.57 1.6 8.4 149
16 092 12 7.6 12.8 0.79 1.1 8.6 13.5

the lower solvus temperatures. The curves for the ti-
tanium-bearing alloys corresponding to these two
aging temperatures also show that molybdenum causes
continuous increases in weight fraction of y’. These
increases are smaller than for titanium-free alloys.
Any study of extracted precipitate carries with it
the possibility that the precipitate will be contaminated
or partially dissolved during the extraction process.
Flectron metallographic examination of extracted par-
ticles failed to reveal either contamination by the ex-
tracting solution or any obvious rounding of the edges
of cuboidal particles. The authors recognize, however,
the possibility of partial dissolution of ¥’ particles.
Subsequent to the preparation of the extract for this
investigation, Kriege and others®’*® reported that other
electrolytes including aqueous solutions of ammonium
phosphate plus tartaric acid and ammonium sulfate
plus citric acid may yield greater quantities of y' than
those obtained with the 15 pct phosphoric acid elec-
trolyte used in this investigation. In a study of ¥’ co-
alescence, Biss'® has recently measured volume frac-
tions of v’ in some of the same aged specimens
described in Fig. 4. Studying those specimens that
lend themselves to measurement by electron metallog-
raphy, i.e., specimens with low volume fractions
and/or large particles of y’, he observed significantly
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larger quantities of y’ than those shown in Fig. 4, even
after allowing for the density-related differences be-
tween volume and weight fractions., This supports the
tindings of Kriege and coworkers®”™® about the possible
dissolution of ¥’ during electrolytic extraction. The ef-
fect of molybdenum on volume fraction of y’, however,
was found by Biss to be approximately the same as its
effect on weight fraction shown in Fig. 4. Although the
data plotted in Fig. 4 may be affected somewhat by
partial dissolution of y’, the curves of Fig. 4 are
therefore thought to represent the influence of molyb-
denum on the quantity of ¥’ with reasonable accuracy.

Chemical Composition of y’

The chemical compositions of ¥’ precipitate ex~
tracted from specimens aged at 1400° and 1700°F
(760° and 927°C) are presented in Table II. These re-
sults are plotted as a function of the molybdenum con-
tent of the alloys in Figs. 5 through 8. In each of these
graphs, the results for all the Ni-Cr-Al-Mo alloys are
represented by a single curve at each temperature,
since there ig little ditference in 7' composition for
the three aluminum levels.

Significant concentrations of molybdenum were found
in the ¢’ of all molybdenum-containing alloys, Fig. 5.
For each series of alloys, the concentration of molyb-
denum in the 7’ increases continuously as molybdenum
is added to the base alloy. In the Ni-Cr-Al-Mo alloys,
molybdenum dissolves quite extensively in y’, the max-
imum concentration being 3.7 at. pet Mo. Substitution
of titanium for most of the aluminum, however, re-
stricts molybdenum contents of the ¥’ to much lower
levels, the maximum value in these high-titanium
alloys being 0.92 at. pct Mo.

The dotted lines in Fig. b represent equal partition of
molybdenum between the matrix and v’ phases. It is
evident from Fig. 5(a) that, for the Ni-Cr-Al-Mo alloys
aged 1000 hr at 1400°F ('760°C), molybdenum actually
dissolves preferentially in the ¥’ phase at the 1 at. pct
Mo level, As molybdenum content of the alloy increases
beyond approximately 2.5 at. pct, however, molybdenum
partitions preferentially into the matrix phase. Results
for these alloys aged 112 hr at 1700°F (927°C), Fig.
5(b), show that molybdenum partitions equally between
¥’ and the matrix in the 1 at. pct Mo alloys, and in
favor of the matrix with further increases in the mo-
lybdenum concentration of the alloy.

The molybdenum concentrations in the v’ decrease a
small amount as the aging temperature increases from
1400°F (760°C) to 1700°F (927°C) in all four series of
alloys. This may explain why Guard et al. reported
little molybdenum solubility in NizAl at a much higher
temperature, 2150°F (1175°C).}”* More recently, how-
ever, Maxwell attained a molybdenum concentration of
4 wt pct (2.5 at. pet) in NizAl by means of a diffusion
couple of NizAl and NisMo held for 100 hr at 2200°F
(1204°C)."

As noted above, molybdenum solubility in v’ is re-
duced sharply by titanium. This is consistent with the
results of a study reported by Kriege and Baris of y’
extracted from commercial nickel-base superalloys
having a wide range of compositions.* An analysis of
their data shows that molybdenum tends to partition
away from the ¢’ and into the matrix as the Ti/Al
ratio increases.
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Fig. 5—~Influence of the molybdenum content of the alloy on the molybdenum content of v’ precipitate extracted from specimens
aged at (a) 1400°F (760°C) for 1000 hr, or (b) 1700°F (927°C) for 112 hr.

Molybdenum lowers the chromium content of v’ ap- bility in y’, as described by Taylor for the Ni~Cr-Al-
preciably, Fig. 6. In the Ni-Cr-Al-Mo alloys, the ef- Ti system.'* Nevertheless, molybdenum also lowers
fect is especially pronounced for molybdenum additions the chromium content of the y’ in the titanium-bearing
ranging up to 3 at. pct. The curves for the titanium- alloys.
bearing alloys in Fig. 6 are displaced markedly down- Figs. 7 and 8 show the influence of molybdenum on
ward from those for the aluminum alloys. This reflects the aluminum and titanium concentrations, respec-
the drastic influence of titanium on chromium solu- tively, of y'. In these plots, data for both aging tem-
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Fig. 6—Influence of the molybdenum content of the alloy on the chromjum content of y’ precipitate extracted from specimens
aged at (a) 1400°F (760°C) for 1000 hr, or (b) 1700°F (927°C) for 112 hr.
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peratures are represented by single curves for each
of these solutes. Molybdenum is seen to have no sig-
nificant effect on the aluminum content of the y’'. As in
the case of chromium, the large downward displace-
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v v y
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TITANIUM CONTENT OF 7' (at. pct)
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MOLYBDENUM CONTENT OF ALLOY (at. pct)

Fig. 8—Influence of the molybdenum content of the alloy on the
titanium content of v’ precipitate extracted from specimens
aged at 1400°F (760°C) for 1000 hr or 1700°F (927°C) for

112 hr.
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ment of the curve for aluminum content associated
with the addition of titanium is consistent with the re-
sults of Taylor’s study of the Ni-Cr-Al-Ti system."
It is worthy of note that the average Al/Ti ratio (on an
atomic basis) in the ¥’ of the present alloys is nearly
the same as the average Al/Ti ratio of the alloys, 0.58
vs 0.54. This agrees with the findings of Kriege and
Baris for commercial alloys.*

The chemical makeup of ' is summarized in the
bar graphs of Fig. 9. This type of graphical repre-
sentation of the composition data illustrates several
important points. First, the sum of molybdenum plus
chromium concentrations is essentially constant for
each series of alloys at both aging temperatures as
molybdenum content of the alloy increases, showing
that molybdenum substitutes chemically for chromium
in y’. Second, the chromium plus molybdenum content
of the ¥’ is reduced sharply by the substitution of tita-
nium for a major part of the aluminum in these alloys.
Because this implies a rejection of these Group VI-A
elements to the matrix, this could help explain why
titanium has been reported by Dreshfield and Ash-
brook'® to promote ¢ formation in the nickel-base
superalloy, IN-100. Finally, the sum of the Mo, Cr,
Al, and Ti concentrations in Fig. 9 equals approx-
imately 25 at. pct, suggesting (but not proving) that
these atoms occupy corner sites in the y’ unit cell,
The nickel concentration of approximately 75 at. pct
(by difference), which agrees with the average concen-
tration of 74 at. pet Ni (plus minor amounts of cobalt
and iron) detected in the ' of commercial alloys by
Kriege and Baris,* corresponds to the occupation of
the face-centered sites by nickel atoms. The close
agreement of the present results with the formula
Niz(Al, Ti, Cr, Mo) may be only fortuitous, since other
investigators have claimed that chromium, or chro-
mium and molybdenum atoms can occupy face-centered
as well as corner sites 3?9720

Lattice Parameter and Morphology

Lattice parameters of ' extracted from specimens
aged at 1400° and 1700°F (760° and 927°C) are listed in
Table III. The results for specimens aged 1000 hr at
1400°F (760°C) and 112 hr at 1700°F (927°C) are plotted
in Fig. 10. These graphs show that molybdenum causes
significant and continuous increases in 9’ lattice param-
eter. The increases are greatest for the Ni-Cr-Al-Mo
alloys, and considerably smaller for the titanium-bear-
ing alloys, in keeping with the greater molybdenum
solubility in o’ in the former alloys. This influence of
titanium on the expansion of the v’ lattice by molyb-
denum is consistent with results obtained on Ni-Cr-Al-
Ti-Mo alloys by Maniar and Bridge®*' and Peter et al.’
These investigators observed molybdenum to increase
the 7’ lattice parameter considerably less than in the
titanium-free alloy of this study, but somewhat more
than in the high-titanium alloys of this study. The mo-
lybdenum effect therefore increases with increasing
Al/ Ti ratio, in going from the titanium-bearing alloys
of this study to those of Maniar and Bridge21 and finally
to those of Peter et al.’

The large upward displacement of the curves of '
lattice parameter for the titanium-bearing alloys,
relative to those for the titanium-free alloys in Figs.
10(a) and 10(b) reflects the presence of the large tita-
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Fig. 9—Composition (bal Ni) of y’ shown as the sum of the individual concentrations of Mo, Cr, Al, and Ti iny’ precipitate ex-
tracted from specimens aged at 1400°F (760°C) for 1000 hr or 1700°F (927°C) for 112 hr.

nium atoms in the y’ of that series of alloys. This in-
crease is consistent with the large increase in lattice

parameter reported by Nordheim and Gran
making a similar substitution of titanium for aluminum

to produce a Ni-Cr-Al-Ti alloy.
Although the main research effort was expended on

specimens aged for 1000 hr at 1400°F (760°C) or 112 hr

after

at 1700°F (927°C), a limited number of lattice param-
eters were determined for shorter aging times, Table
III. The closeness of these parameters to the values

for the maximum aging times (average difference

= 0.0005A) suggests that the chemical composition of
the y’ is essentially constant over the time intervals
studied. Furthermore, it is worth noting that the lat-

Table 11, Lattice Parameters of 7* and Matrix after Aging at 1400° and 1700°F (760° and 927°C), A

1400°F (760°C) 1700°F (927°C)
Y 7'

Alloy 63 Hr 328 Hr 1000 Hr Matrix 3 Hr 27 Hr _ 112Hr Matrix
Number Extracted Extracted Extracted In Situ 1000 Hr Extracted Extracted Extracted In Situ 112 Hr

1 —* - 35594 - 3.5537 - - - - -

2 - - 3.5649 - 3.5596 - - - - -

3 - - 3.5699 - 3.5669 - - - - -

4 - - 35733 - 3.5779 - - - — -
5 3.5604 — 3.5601 - 3.5535 - - 3.5614 - 3.5581
6 3.5653 3.5652 3.5651 — 35602 - - 3.5655 - 3.5645
7 - - 3.5701 - 3.5714 3.5701 3.5699 3.5695 - 3.5717
8 3.5722 - 3.5733 35742 3.5794 3.5741 - 3.5726 - 3.5816
9 - - 3.5612 - 3.5619 - - 3.5625 - 3.5609
10 - - 35660 - 3.5670 - - 3.5666 — 3.5674
11 - - 35711 — 3.5765 - - 3.5710 - 3.5779
12 - - 35744 35766 (3.5865)* - - 3.5744 3.5773 3.5917
13 - - 3.5895 — 3.5582 - - 3.5885 - 3.5625
14 - — 3.5902 3.5805 3.5629 - - 3.5892 - 3.5679
15 3.5915 3.5914 3.5912 3.5816 35718 3.5903 3.5905 3.5902 - 3.5755
16 - - 3.5923 - 3.5807 - — 3.5915 - 3.5839

*Not measured. The value shown in parentheses was determined by extrapolation of the values for alloys 9 to 11
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3.58

Fig. 10—Influence of the molybdenum con-
tent of the alloy on the lattice parameter
of v’ precipitate extracted from specimens
aged at (a) 1400°F (760°C) for 1000 hr, or
(by 1700°F (927°C) for 112 hr.
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tice parameters of ¥’ are essentially the same at
1700°F (927°C) as at 1400°F (760 C), the average differ-
ence for an alloy being 0. 0007A or 0.02 pct. This is
consistent with the similarity in composition of ¥’ be-
tween the two temperatures, noted earlier.

It has been possible to test the agreement between
lattice parameter and chemical composition of the 3’
by means of published data regarding expansion of the
lattice of pure nickel by Al, Cr, Mo, and Ti in solid
solution. Assuming simple additivity of the effects of
individual elements, lattice parameters were calculated
by means of the following equation, determined from
published data.?

ay’ = ay; +0.00186 (at. pct Al) + 0.00105 (at. pct Cr)
+0.00435 (at. pct Mo) + 0.00337 (at. pct Ti)

where a,' = calculated 1att1ce parameter of the v’ in
angstroms and ay; = 3. 5240A the reported lattice
parameter for nickel.® This equatlon ignores, of
course, any effects related to the ordered structure of
y'. The coefficients in this equation indicate that, on
an atomic basis, lattice parameter is increased slightly
by chromium, moderately by aluminum, and strongly
by titanium and molybdenum, the molybdenum effect
being more than four times that of chromium. Fig. 11
shows that there is surprisingly good agreement be-
tween calculated and measured values, with all data
points lying reasonably close to the dotted line that
corresponds to perfect agreement. This provides a
certain amount of confidence in the chemical composi-
tions of the y’, Table II, upon which the calculated lat-
tice parameters are based. As seen from Fig. 11, the
data points for the titanium-bearing alloys show a
greater variation between calculated and measured
values than for the titanium-free alloys, with titanium
causing a larger expansion of the ' lattice parameter
than expected. Increasing the coefficient for titanium
in the above equation by 12 pet, to 0.00378, causes

METALLURGICAL TRANSACTIONS

MOLYBDENUM CONTENT OF ALLOY (at. pct)

close agreement between calculated and measured
values for the titanium-bearing alloys. This suggests
that titanium has a somewhat greater influence on the
lattice parameter of ¥’ than on that of pure nickel,
Because molybdenum exerts a strong influence on
lattice parameter, and because in most of the aged
specimens molybdenum dissolves more extensively in
the matrix than in the 9, the mismatch between the lat-
tice parameters of these two phases changes signifi-
cantly as molybdenum is added in each series of alloys.
This should cause variations in ¥’ morphology in the

3.60( r I T I : l '
- BASE = 3.5240 A PR
= (PURE Ni) .
= 0-5a/o0
w 3591 0 e ]
o V"'
w EQUIVALENCE vy
w - LINE .
z NG
5 N
3.58— : _
$ 5a/o
1= Mo
=
5} 3a/o 38 1400F 1700F i
Mo (760 C) (927 C)
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Lasyl  lan : . o 6-1/2a/o Al _|
51 Mo K
0a/o : 9 a/o Al
] 1\% .qa [ ] ] /o
3 - oA A A 12 ajoAl A
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v v 2 ajAl
3.56[— +4 afoTi —f
] ] | 1 ] ) )| ]
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MEASURED LATTICE PARAMETER OF 7' (A)

Fig. 11—Correlation of the y’ lattice parameter, calculated
from the chemical composition of the y’, with the measuredy
lattice parameter.
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v A

Fig. 12—Influence of lattice-parameter
mismatch on the morphology of the y’
particles.

Fig. 13—Influence of molybdenum con-
tent and lattice-parameter mismatch

(@, ~ ., ) on the morphology of v’ par-
ticles a}ter aging for 112 hr at 1700°F
(927°C). Magnification 4150 times.

(@) and (b)—Alloys containing 9 at. pet
Al: (a) Alloy No. 5 (0 at. pct Moy}, Aa
=+0.0033A; (b) Alloy No, 8 (4.80 at. pct
Mo), Aa =—0.0090A. (c) and (d)—Alloys
containing 2 at, pct Al + 4 at. pet Ti:

(c) Alloy No. 13 (0 at. pct Mo), &a

= +0.0260A; (d) Alloy No. 16 (4.84 at. pct
Mo), Aa = +0.0076A.
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present group of alloys. The results of earlier investi-
gations® % show that the 3’ particles in nickel-base
superalloys change from spheroids to cuboids (and
ultimately to rods or plates) as lattice-parameter mis-
match increases, because of the ability of the cubic
form of a coherent precipitate to reduce strain energy.
To evaluate this effect, values of lattice-parameter
mismatch, determined by subtracting matrix lattice
parameter from the o’ lattice parameter for the long-
est aging time at each temperature, Table III, are re-
lated in Fig. 12 to qualitative estimates of ¥’ morphol-
ogy. Particle shape designations, in order of increasing
degree of cubicity, are as follows: spheroidal (the most
nearly spherical), globular (still basically spherical in
shape), blocky (basically cubical in shape), and cuboidal
(the most nearly cubical in shape). Fig. 12 shows that
particles tend to change from spheroidal to cuboidal as
the lattice-parameter mismatch increases in absolute
value. This is true both when the 9’ lattice parameter
is larger than that of the v matrix, and when the oppo-
site condition exists. For example, lattice-parameter
mismatch is relatively close to zero for Ni~Cr-Al
alloys containing no molybdenum. As molybdenum is
added, however, mismatch takes on rather large nega-
tive values, and y’ particles change from spheroidal to
cuboidal in shape. This change is shown in the electron
micrographs of Figs. 13(a) and 13(d) for 9 at. pet Al
alloys aged at 1700°F (927°C). Conversely, molybdenum
additions to the titanium-bearing alloys lessen consid-
erably the large degree of mismatch that exists in the
molybdenum-free base alloy. This causes v’ particles
in specimens aged at 1700°F (927°C) to change from
cuboidal to spheroidal, Figs. 13(¢) and 13(d). Peter

et al.’ observed a similar tendency when 4.5 wt pet

(2.7 at. pct) molybdenum was added to a Ni~-Cr-Al-Ti
alloy and to a Ni-Cr-Co-Al-Ti alloy.

The micrographs of Fig. 13 corroborate in rather
striking fashion the aforementioned observations®*~?°
regarding the effect of lattice-parameter mismatch on
particle morphology, namely, that the morphology of
particles changes from spheroidal to cuboidal as lat-
tice-parameter mismatch increases. (It may also be
noted that the effects of molybdenum on increasing the
quantity of ¢, discussed in an earlier section, are
clearly evident in Fig. 13.)

In the 12 at. pct Al alloy with the greatest lattice-
parameter mismatch (5 at. pct Mo), the v’ precipitate
exhibited a dual morphology after aging at 1700°F
(927°C). Cuboids predominated after aging for 3 hr,
but some particles with a rod-like appearance were
also present. As the particles coarsened during subse-
quent aging to 112 hr, the cuboidal particles continued
to coalesce into particles with the rod-like appearance,
so that the latter morphology predominated after 112
hr. This tendency to develop plates or rods is consis-
tent with the large lattice parameter mismatch®™2® in
this alloy of high volume fraction of y’'. The symbol
representing this aged specimen is marked by an ar-
row in Fig. 12, indicating that the average morphology
is that of a particle with higher lattice strain than that
of a cuboid.

The fact that the minimum in the data band in Fig. 12
occurs at a mismatch of about 0.005A instead of at
zero mismatch is believed to result primarily from a
difference in coefficients of thermal expansion between
matrix and »'. Morrow®” has recently estimated that
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the mean coefficient of linear thermal expansion be-
tween room temperature and 1472°F (800°C) of the v
matrix in the same Ni-Cr-Al alloys described in the
present investigation is 17 x 10™°/°C. This is consid-
erably higher than the value for NizAl in the same
temperature interval, 15 x 107°/°C, obtained by Taylor
and Floyd" and by Stoeckinger and Neumann.?® This
difference indicates that the algebraic value of the lat-
tice-parameter mismatch (e’ — ay) for a specimen
should increase as the specimen is cooled from the
aging temperature to room temperature (the tempera-
ture at which lattice parameters were measured).
Thus, data points for the three Ni-Cr-Al alloys in Fig.
12 should be displaced to the left by about 0.0054, to
represent the mismatch at 1400°F (760°C), and by
about 0.006A, to represent the mismatch at 1700°F
(9277°C). The results of Morrow suggest that these dis-
placements would be reduced somewhat by molybdenum
additions to the Ni-Cr-Al system. Had it been possible,
therefore, to conduct the precision lattice-parameter
measurements at the actual aging temperatures, the
minimum in the data band of Fig. 12 would probably
occur quite close to zero mismatch.

The tendency of the data points for the specimens
aged at 1700°F (927°C) to lie above those for speci-
mens aged at 1400°F (760°C) in Fig. 12, suggests that,
for a given degree of lattice-parameter mismatch, the
morphology of ¥’ particles becomes more cuboidal as
particle size increases. This relationship between size
and morphology of NizAl particles has been observed
by Ardell and Nicholson® and by Hornbogen and Roth,*®

CONCLUSIONS

The following conclusions can be made from the in-
vestigation of the influence of molybdenum on the 3’
phase in wrought nickel-base superalloys. Items 2
through 5 are based on studies of specimens aged at
1400° or 1700°F (760° or 927°C).

1) Molybdenum raises the v’ solvus temperature
markedly. The effect of molybdenum declines as the
solvus temperature of the base alloy increases, and as
titanium is substituted for aluminum.

2) Molybdenum increases the weight fraction of y’
significantly by reducing the solubility of aluminum in
the y matrix.

3) Molybdenum dissolves extensively in 3’ in Ni-Cr-
Al-Mo alloys. Molybdenum substitutes for chromium,
but has virtually no effect on the aluminum and titanium
contents of the »’. The molybdenum (and chromium)
contents of ¢’ are significantly reduced, however, by
substitution of titanium for most of the aluminum.
Molybdenum contents of 4’ are somewhat lower in spec-
imens aged at 1700°F (927°C) than in those aged at
1400°F (760°C).

4) The lattice parameter of extracted v’ is increased
markedly in Ni-Cr-Al-Mo alloys and moderately in
Ni-Cr-Ti-Al-Mo alloys as molybdenum content in-
creases in each series of alloys. The y’ lattice param-
eter can be predicted rather accurately from the chem-
ical composition of the extracted particles by means of
a simple linear equation derived from published results
regarding the individual effects of Al, Cr, Mo, and Ti
on the lattice parameter of pure nickel. The y’ lattice
parameters of any alloy are virtually the same for the
two aging temperatures of this study; furthermore, only
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very small changes in lattice parameter occur as aging
time increases from 63 to 1000 hr at 1400°F (760°C)
and from 3 to 112 hr at 1700°F (927°C).

5) The morphology of ' particles changes from sphe-
roidal to cuboidal as lattice-parameter mismatch in-
creases in absolute value. This occurs with increasing
molybdenum content in titanium-free alloys and with
decreasing molybdenum content in the 2 at. pct Al-4
at. pct Ti alloys.
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