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Summary

Changes in the morphology of the y' precipitate were examined as a
function of time during creep at 982°C in [001] oriented single crystals
of a Ni-A1-Mo-Ta superalloy. In this alloy, which has a large negative
misfit of -0.80 pct., the y' particles link together during creep to form
platelets, or rafts, which are aligned with their broad faces perpendicular
to the applied tensile axis. The effects of initial microstructure and
alloy composition on raft development and creep properties were investi-
gated specifically in this study. The results show that directional
coarsening of y' begins during primary creep and continues to develop well
after the onset of second-stage creep. The thickness of the rafts, how-
ever, remains constant up through the onset of tertiary creep; this is a
clear indication of the stability of the finely-spaced y/y' lamellar struc-
ture. Furthermore, the thickness of the rafts which formed was equal to
the initial y' size which was present prior to testing. It was found that
the single crystals with the finest y' size exhibited the longest creep
lives, because the resultant rafted structure had a larger number of y/y'
interfaces per unit volume of material, which provided additional barriers
to dislocation motion, It was also shown that reducing the Mo content by
only 0.73 wt. pct. increasec¢ the creep life by a factor of three, because
the precipitation of a third phase was eliminated.
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Introduction

Changes in the morphology of the y' precipitate have been observed in
nickel-base superalloys which were subjected to external stresses at ele-
vated temperatures (1-3). Coarsening of the y' particles reduced the creep
resistance in these polycrystalline material<, because the overaged micro-
structure allowed deformation to occur by particle by-passing (1,3). How-
ever, recent studies (4,5) on nickel-base superalloy single crystals with a
large negative mismatch in lattice parameter, where a(y) > a(y'), have
demonstrated that directional coarsening of y' significantly improved high
temperature creep properties in the [001] orientation. The fine and con-
tinuous y' platelets, or rafts, which formed were believed to improve the
creep resistance of this material by providing effective barriers to dislio-
cation climb around y'. The suppression of this creep deformation mecha-
nism would force the dislocations to shear the y' rafts, which, in turn,
would be retarded in this microstructure by the dense networks of misfit
dislocations formed at the y/y' interfaces.

The purpose of the present study is to examine the kinetics of the
formation and subsequent development of directional coarsen1ng of y' in
nickel-base superalloy single crystals during creep at 9829C and 234
MPa. The influences of the initial microstructure and slight compositional
variations on the raft development and creep properties were investigated
specifically.

Dr. C. S. Kortovich of TRW, Inc. provided the single crystal material.

Dr. D. D. Pearson of the United Technologies Research Center participated in
many valuable discussions.

Materials and Experimental Procedures

Single crystals with two slightly different compositions were cast in
the [001] direction; these compositions are given in Table I. The 1.25 em
diameter single crysta] bars were heat treated above the y' solvus in an
argon atmosphere at 1313°%C for 100 hours to produce chemical homogeneity.
The bars then were forced air quenched to ambient temperature. Specimens

with a 0.48 cm gage diameter and a 1.90 cm gage lenqth were machined from
the heat treated bars.

Table I. Compositions of Single Crystal Alloys (wt. pct.)

E lements
Alloy Designation Al Mo Ta Ni
Alloy 1 5.80 14.63 6.24 balance
Alloy 2 6.05 13.90 5.85 balance

Three different y' sizes were produced in the single crystals prior to
creep testing by: (a) forced air quenching from the homogenization tempera-
ture; (b) forced air quenching plus aging at 982°C for 115 hours; and (c)
0il quenching from the homogenization temperature. The specimens in (c)
actually were re-solutionized above the y' solvus in the fully homogenized,
machined bar form and then were quenched into oil. Thus, these latter
specimens were given a more severe quench, not only because of the
quenching medium, but because of the smaller section size as well,

Single crystal specimens having orientations within 10° of the [001]
then were creep tested in tension under constant load at 982 # 29C and
234 MPa. Upon completion of testing, specimens were sectioned parallel to
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the applied stress axis and examined by means of scanning electron micros-
copy (SEM). A Tline intercept technique was used on the SEM photos of

tested specimens in order to obtain measurements of y' raft length, y' raft
thickness, and interlamellar spacing.

Results and Discussion

vy' Shape Changes in Baseline Material

The forced air quenched single crystals had a conventional superalloy
microstructure, prior to testing, which consisted of y' cubes in a y
matrix. An example of this microstructure is shown in Figure la. Misfit
dislocations which formed during the quench from the homogenization temper-
ature may be seen at the y/y' interfaces. This microstructure was consid-
ered to be the baseline condition. The mismatch in lattice parameter in
this alloy was measured to be -0.80 percent (6).

Figure 1. The y' precipitate and dislocation structure is shown in single
crystals after heat treating and (2) forced air guenching, (b) aging at
982% for 115 hours, and (c) oil quenching.

A typical creep curve at 982°C and 234 Wa is depicted in Fiqure ?
for the air quenched single crystals. The corresponding microstructures of
the specimens which were interrrupted at various times during creep also
are shown in Fiqure 2. These micrographs illustrate the development of
directional coarsening of y' from a cuboidal to a plate-like morphology,
which is oriented perpendicular Lu the applied stress axis. The acicular
phase present in these micrographs is the NiMo 5 phase which precipitates
during creep testing because of a supersaturation of molybdenum in Alloy
1. As shown in Figqure 2, the y' particles started to link together early
during primary creep. The y' rafts continued to develop well into steady-
state creep, as is indicated by their increased lateral extension. After
about 50 hours of creep testing, the y' rafts extended completely across
the micrograph from ore side to the other and were about as fully developed
as possible. The raft thickness appeared to remain constant throughout
most of the creep test; however in the failed condition, the lamellae were
considerably coarse -,

In order to quantify this changing morpholoyy during creep, the mean
raft dimensions were measured and were plotted as a function of time in
Figure 3. Each data point in this fiqure represents bzstween 150 and 250
measured y' particles or rafts in each specimen. The times to the onset of
steady-state creep, and to the onset of tertiary creep, tt’ also

T
are indicated in the Fiqure for comparison to the creep curve in Figure 2,
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Figure 2. A typical creep curve is illustrated at 9829C and 234 MPa with
corresponding micro raphs which show the development of directional coars-
ening of y' during creep.
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Figure 3. The mean dimensions of the y' rafts are plotted as a function of
time during creep at 982°C and 234 Wa.

As shown in Figure 3, the mean raft length increases linearly with
time from zero up to almost 50 hours of creep testing. At this point, the
crystal is well into steady-state creep, and the values of the raft lengths
reach a plateau and remain constant thereafter. This plateau appears to
correspond to the point when the microstructure consists of continuous,
interconnected y' lamellae. However, an average intercept length of only
1.0 ym was measured throughout the plateau region, due to irregularities in
the lamellae. Since the y' particles continued to directionally coarsen
auring secondary creep, it appears that the formation of the y' rafts is
not related directly to the onset of second-stage creep. Apparently,
sufficient strain hardening for the transition into steady-state creep is
attained prior to the onset of the plateau in mean raft lenqgth. The mean
raft length in the failed specimen was measured as having a slightly higher
value than that of the plateau. However, this observation appears to be at
least partially the result of the considerably thickened piates in the
failed condition, which would allow a longer intercept length to be mea-
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sured. As a result, the line for the plateau in Figure 3 was not drawn to
connect the data point at 120 hours.

In contrast to the raft length, the mean raft thickness remained
constanc, at 0,33 ym, from the start of the test up through the onset of
tertiary creep, as is illustrated in Figure 3. However, single crystals in
the failed condition have undergone a substantial increase in the total
amount of strain during tertiary creep, and the rafts in the failed condi-
tion have coarsened considerably. As may be noted in Fiqure 3, this
increase in thickness was rather abrupt, because the specimen interrupted
at 100 hours, which was after the onset of tertiary creep, showed no
increase in raft thickness. The interlamellar spacing, or thickness of the

y phase, also is plotted as a function of time in Figure 3, and these data
d1sp1ay the same behavior as the raft thickness data. The behavior of the
y' raft thickness and interlamellar spacing during creep is a clear indica-
tion of the stability of the finely-spaced rafted structure. This is also
an important difference from the observations in other alloys in which
agglomeration of y' into stringer-like configurations proceeded slowly
during creep (7), and the interparticle spacing increased as the y' coars-
ened under stress (1,3). However, the directional coarsering behavior ex-
hibited by the present Ni-Al-Mo-Ta alloy appears similar to that observed
in a more conventional single crystal superalloy, NASAIR 100 (8).

Effect of Initial Microstructure

Significantly different microstructures were produced in the single
crystals of Alloy 1 prior to creep testing. The baseline, air quenched
microstructure in Figure la has been descr1bed prev1ous]y. The microstruc-
ture after 115 hours of aging at 982°C is shown in Figure 1b; it consists
of y' particles which had coarsened from the baseline size of 0.33 um to a
size of 0.44 ym. In addition, three-dimensional hexagonal arrays of misfit
dislocations were present in the y/y' interfaces in the aged structure.
0i1 quenching refined the y' size to 0.15 uym, and reduced the interparticle
spacing, as is indicated in Figure lc. In addition, the y' cuboids ap-
peared to be more aligned along cube directions; and misfit dislocations
were absent.

These three initial m1crostructures had a significant effect on the
subsequent creep properties at 982°¢C and 234 MPa, as shown by the creep
curves in Figure 4. The aged specimen had a creep life which was equal to
about half of the life of the baseline specimen. 0il gquenching increased
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Figure 4. Creep curves at 982°C and 234 MPa are illustrated for single
crystals in the aged, air quenched, and oil quenched conditions.
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the 1ife from the baseline of 120 to 189 hours, and reduced the steady-
state creep rate by a factor of two. These microstructure-property rela-
tions for the present alloy are analogous to those in other studies which
showed that coarse y', caused by overaging, degraded the creep properties
in polycrystalline materials (3,9). However, the increase in creep life
achieved as a result of a more rapid quench from the homogenization temper-
ature was not anticipated.

The mean raft dimensions for the aged and 0il quenched specimens have
been plotted as a function of time during creep in Figures 5a and b, re-
spectively. The values of te and tt are indicated in these figures for
comparison to the creep curve of each respective specimen. Superimposed on
these data are the raft dimensions for the baseline single crystals from
Figure 3. The kinetics for rafting were estimated by the positive slope of
the mean raft length versus time data displayed in Figures 5a and b. As
shown in Figure 5a, the raft length versus time data for the aged specimens
were offset but parallel to that for the baseline material. So although
the y' had coarsened to 0.44 ym and had extensive misfit dislocation net-
works, the kinetics for rafting during creep in the aged single crystals
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Figure 5. The mean raft dimensions are plotted as a function of time
during creep for the (a) aged and (b) oil quenched crystals. The open
symbols represent the raft dimensions for the air quenched crystals, shown
previously in Figure 3.
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were equal to that for the baseline material. The plateau, which occurred
when the rafts were fully developed, began in the aged crystals after the
onset of tertiary creep. The y' rafts were coarser in the aged specimens,
because the initial y' size was larger.

The mean raft dimensions of the 0il quenched crystals are illustrated
in Figure 5b., The rafting rate was at least ten times faster in this con-
dition that in the baseline material. The plateau in mean raft length for
the oi] quenched specimens was attained prior to the unset of steady-state
creep, and occurred after only about five hours. The thickness of the
rafts remained constant at the starting y' size of 0.15 ym, and as a re-
sult, the lamel’ae were considerably finer, even in the failed condition.

Thus, the initial microstructures prior to testing can drastically
affect the subsequent rafting kinetics. For example, the closely-spaced vy'
particles in the 01l quenched single crystals may have hastened the devel-
opment of the rafts, because the distance for diffusion was reduced. In
addition, the rafting kinetics may be influenced by misfit dislocations
present prior to testing. Since one of the driving forces for directional
coarsening is the reduction in elastic strain energy (10), the presence of
misfit dislocations, which consume the elastic coherency strains, can
reduce the rate at which the rafts form. This may have had some effect in
the aged and air quenched single crystals which contained misfit disloca-
tions prior to testing and exhibited lower rafting rates.

The disparity in rafting rates between the different starting micro-
structures may contribute somewhat to the differences in creep properties.
However, the air quenched and aged specimens exhibited similar rafting
rates, and yet their creep lives were significantly different. The reason
for such differences in properties seems to be related to the y/y' inter-
facial area per unit volume of material. For a specific y' volume frac-
tion, a larger number of interfaces are present with a finer y' raft thick-
ness, which can be produced by a refinement of the initial y' size. Since
it is believed that the misfit dislocation networks at the y/y' interfaces
provide an effective impedance to matrix dislocation motion (4,5), then a
larger number of interfaces per unit volume should reduce the creep defor-
mation rate and improve creep properties. Figure 6 shows the microstruc-
tures of the air quenched, aged, and 0il guenched single crystals after 50
hours of testing at 9829C and 234 MPa. Comparison of these micrographs
with the creep curves in Fiqure 4 shows that the properties improved sub-
stantially as the raft thickness decreased and the number of y/y' i ter-
faces increased.

(a)

FigHre 6. The y/y' Tamellae are shown after 50 hours of creep testing at
982 E ?nd 234 MPa in the (a) air quenched, (b) aged, and (c) o0il quenched
crystals.
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The needle-1ike third phase which precipitated during creep was iden-
tified as NiMo s. The amount of § present was measured by phase extraction
to be about 0.85 wt. pct and about 2.0 wt, pct. by quantitative metallog-
raphy. The § phase caused some undesirable microstructural features. Spe-
cifically, envelopes of y' formed around the § needles, and these envelopes
became more prominent as the creep exposure time increased. An example of
the discontinuities in the y/y' lamellar structure which were caused by the
s needles is shown in Figure 7. Such discontinuities could provide paths
for mobile dislocations to circumvent the y/y' interfaces, thereby reducing
the effectiveness of the lamellar structure. The microstructural changes
caused by & appeared to be more pronounced in the oil quenched material,
because the thickness of the y' envelopes which encapsulated the 5 needles
was much coarser than the thickness of the y/y' lamellae. As a result, the
full potential of the rafted structure could not be attained with this com-
position, even with the refinement of the initial y' size.

Fiqure 7. Discontinuities are shown in the y/y' lamellar structure, which
were caused by § needles with surrounding envelopes of y', in an oil
quenched crystal after 189 hours of testing at 982°C and 234 MPa.

Another Ni-Al-Mo-Ta single crystal composition having a slightly lower
Mo content was examined to determine the creep properties of a similar
alloy which did not contain s. As indicated in Table I, the Mo level in
this second alloy was only 0.73 wt. pct. lower than that in Alloy 1. There
were also small differences in the Al and Ta contents in Alloy 2 which may
have changed the solubility of Mo in the matrix, although these effects
appear to have been second-order with respect to that of the Mo content,
As shown in Figure 8, significant improvements in creep life and steady-
state creep rate were attained in the lower Mo alloy when tested under the
same conditions of 982%C and 234 MPa. Although the properties of the
14.6 wt. pct. Mo alloy were still superior to most conventional superalloy
single crystals (6), the creep life tripled in the air quenched condition
when the Mo content was reduced from 14.6 tuv 13.9 wt., pct. The microstruc-
ture of the failed single crystal of the lower Mo alloy showed that very
little s was present after 356 hours of creep testing at 982°C. Thus,
the alloy containing 13.9 wt. pct. Mo was very close to being saturated
with Mo, but without being supersaturated, as was the case in the 14.6 wt.
pct. Mo alloy.

The increase in creep life, which was realized when the single crys-
tals were 0i1 quenched to refine the y' size, was even more dramatic in the
Tower Mo alloy than in Alloy 1. This is demonstrated clearly in Fiqure 8,

— — —_—— s mee W




ORIGINAL PAGE IS

0.08 HI Mo LO Mo
AGED AIRQ 0OILQ AIRQ oILQ
Q06 }—
=
<
g
2 00
&
&
OF POOR QUALITY 0.0z —
| | | | | |

0 100 200 300 400 500 600 700 800
TIME, hr
Figure 8. C(Creep curves at 9829 and 234 MPa are illustrated for the 14.6
and 13.9 wt. pct. Mo alloys in the aged, air quenched, and 0il quenched
conditions.

For example, in the 13.6 wt. pct. Mo alloy, the life increased from 120
hours to 189 hours when an o0il quench was performed prior to testing; the
steady-state creep rate decreased correspondingly by a factor of two. How-
ever, in the 13,9 wt. pct. alloy, the life of the single crystal increased
from 356 to 705 hours when the specimen was 0il quenched; the steady-state
creep rate decreased by a factor of over three. Thus, making slight
compositional modifications improved the creep life of the baseline, air
quenched material by a factor of three. However, refiring the initial y'

size from 0.33 to 0.15 um with an o0il1 quench from the homogenization tem-
perature, in addition to lowering the Mo content, increased the creep life
by a factor of six.

Conclusions

The y' particles in this -0.80 pct. misfit alloy began to direction-
ally coarsen during primary creep at 9829C and 234 MPa. The length of
the y' rafts increased linearly up to a plateau, which was reached well
after the transition into second-stage creep occurred. ~he thickness of
the rafts remained constant from the start of the creep test up through the
onset of tertiary creep. The interlameliar spacing followed a similar
behavior to the raft thickness data as a function of time; and this is a
clear indication of the stability of this continuous and finely-spaced
directionally coarsened structure.

Gamma prime sizes ranging from 0.15 to 0.44 ym were produced in dif-
ferent single crystal specimens prior to creep testing. The thickness of
the rafts which formed was ecgual to the initial y' size. The single crys-
tals with the finest y' size exhibited the longest creep lives, because the
rafts which formed had a larger y/y' interfacial area per unit volume. A
large number of interfaces would provide additional barriers to matrix dis-
location motion, thereby improving the creep resistance of the material.

Reducing the Mo content in this alloy by ¢nly 0.73 wt. pct. improved
the creep life by a factor of three in the baseline condition, because the
precipitation of a third phase which caused localized interruptions in the

lamellar structure was eliminated. The creep lives of single crystals with
this Tower Mo composition were increased by an additional factor of two,

when the y' size was refined prior to creep testing by an o1l quench from
the homogenization temperature. Thus, the directionally coarsened struc-
ture and the resulting creep properties can be altered significantly in a
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spacific alloy by changes in the initial microstructure produced prior to
testing. It is hoped that this study may assist in the understanding and
optimization of this unigue microstructure in advanced single crystal tur-

bine blade alloys.
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