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SUMMARY

Tensile and compressive flow behavior at various temperatures and strain
rates, and tensile creep rupture behavior at 850 and 1050 °C and various
stresses were studies for [001]-oriented single crystals of the Ni-base super-
alloy PWA 1480. At temperatures up to 760 °C, the flow stress is insensitive
to strain rate and of greater magnitude in tension than in compression. At
temperatures of 800 °C and above, the flow stress decreases continuously with
decreasing strain rate and the tension/compression anisotropy diminishes.

The second stage creep rate and rupture time exhibited power law relation-

. ships with the applied stress for both 850 and 1050 °C, however with different

stress dependencies. The stress exponent for the steady state creep rate was
about 7 at 1050 °C, but much higher at 850 °C, about 12. Directional coarsen-
ing of the vy'-phase occurred during creep at 1050 °C, but not at 850 °C.

INTRODUCTION

Single crystal Ni-base superalloys containing a high volume fraction of
the +v'-phase are currently being used as blades and vanes in advanced gas
turbine engines because of their excellent resistance to stress and oxidation
at high temperatures (T > 0.5 Ty)(ref. 1). Turbine blades must resist high
stresses (>600 MPa) at about 750 °C in the blade root and lower stresses
(approx 200 MPa) at higher temperatures (approx 1000 °C) near the blade tips.
Strengthening mechanisms in superalloys and single phase y' have been
recently reviewed by Pope and Ezz (ref. 2).

Temperature, strain rate, the sense of the applied stress, crystal orien-
tation, and volume fraction and size of the y' precipitates all have inter-
esting effects on the flow stress of Ni-base superalloys. It has been observed
that for some superalloys at temperatures less than about 800 °C, Schmid's law
is not obeyed for orientations with the same octahedral slip system operating
and that the deviation is asymmetric in tension and compression (refs. 3 to
5). Shah and Duhl (ref. 3) took the model of Lall, Chin, and Pope (ref. 6)
for the flow stress behavior of single phase <«y' based on a thermally acti-
vated cross sl1ip model and extended it to account for y' size effects in
superalloy PWA 1480. The relationship between flow stress, strain rate, and
deformation mode in [007]-oriented Mar-M200 single crystals has been shown by
Leverant, et al. (ref. 7).

Only limited creep data on PWA 1480 have been published (refs. 8 and 9).
More extensive studies have been reported for other single crystal superalloys
(refs. 10 to 18). Some studies have concentrated heavily on the development



of the lamellar y' morphology which forms in some alloys during creep at high
temperatures (refs. 15 to 20). At slow rates of deformation and temperatures
above 800 °C, the y' particles coarsen directionally and develop into lamellar
perpendicular to the axis of the applied tensile stress.

The present study is part of a larger program to understand the thermo-
mechanical fatigue behavior of single crystal superalloys including the influ-
ence of the protective coatings used on turbine engine blades and vanes. Though
considerable understanding exists of the simple mechanical behavior of single
crystal superalloys and PWA 1480 in particular, it was necessary to obtain basic
mechanical property data for the particular heat of PWA 1480 to be studied in
the larger program. These data are presented for record herein, and it is shown
how these data correspond to the established behavior for other lots of PWA 1480
and for other single crystal superaliloys.

EXPERIMENTAL
Materials

The superalloy studied herein is designated PWA 1480 and was developed by
Pratt and Whitney Aircraft for application as single crystal aircraft gas tur-
bine blades and vanes (ref. 1). The alloy has the following nominal composi-
tion: 10Cr, 5A1, 1.57i, 12Ta, 4W, 5Co, balance Ni, in weight percent. The
single crystal specimens were grown as round bars about 21 mm in diameter and
140 mm long. Bars having their [001] within 7° of the axis were selected for
mechanical test specimens. These were heat treated before machining. After
solution treatment for 4 hr at 1290 °C, the bars were aged at 1080 °C for 4 hr
and then at 870 °C for 32 hr. ASTM standard tensile/creep test specimens of
6.3 mm diameter and 12.7 mm gauge length, and compression specimens of 5 mm
diameter and 10 mm length were machined from the heat treated bars.

The microstructure of PWA 1480 is shown in figure 1. This alloy contains
about 65 vol % of the vy'-phase, but essentially no carbides or borides.
Since C, B, and Zr are not necessary for grain boundary strengthening in single
crystals, they have not been employed in the PWA 1480 composition. Interden-
dritic porosity is known to be a problem in single crystal superailoys, and
those studied herein were no exception. The crystals contained an average of
about 0.3 vol % porosity. The pore diameter averaged about 7 um with a
standard deviation of about 6 um. Considerable interdendritic y' -eutectic
nodules were present in the crystals, about 1.5 vol %. Except in the interden-
dritic areas, the vy' precipitated in the solid state was cuboidal and uniform
in size, averaging about 0.6 um. In the interdendritic areas, which consti-
tuted about 7 percent of the alloy, the precipitated y' was more irregular
in shape and ranged in size from about 0.6 um to about 3 times that size.

PROCEDURES

A1l tensile and compression tests were carried out on an Instron machine.
An initial set of tensile tests were carried out over a wide range of tempera-
tures (room temperature to 1200 °C) at a cross head speed of 0.02 in./min.
Later tests were carried out in the 700 to 1050 °C temperature range over a




wide range of constant crosshead speeds. The strain rate was determined by
dividing crosshead speed by the specimen gauge length.

To facilitate compression testing, the Instron machine was fitted with a
superalloy compression gauge. The specimen was placed between superalloy pads
lubricated with MoSy to reduce end constraint. Temperature was controlled in
all tests to +2 °C. The test data were recorded as load versus crosshead dis-
placement, and plastic strain was obtained using the offset from the machine-
specimen elastic loading line and the specimen gauge length.

Creep-rupture tests were carried out using constant load lever arms.
Temperature was measured with two Pt/Pt-Rh thermocouples attached to the spec-
imens and was controlled to 2 °C. C(Creep strain was measured with a LVDT in
conjunction with an extensometer attached to the shoulders of the specimen.
Most of the tests were conducted to failure. A few tests were interrupted in
the beginning of the second stage creep and cooled under load to examine by
electron microscopy. A few constant load compressive tests were also carried
at 1050 °C. :

RESULTS
Flow Stress Behavior

The temperature dependence of tensile strength and ductility of PWA 1480
are shown in figures 2 and 3. It is clear in figure 2 that both yield and
tensile strength increase with increase in temperature up to 700 °C and then
drop sharply. The ductilities (elongation and reduction in area) remain low
and nearly constant up to 700 °C and then increases with increasing tempera-
ture (fig. 3).

Figure 4 shows the yield strength of PWA 1480 as a function of tempera-
ture in unidirectional tension and compression. Clearly the material is
stronger in tension than in compression for temperatures up to about 800 °C.
This tension-compression asymmetry is most pronounced in the vicinity of
700 °C. Figure 4 also suggests that the temperature at which the sharp drop
of the flow stress occurs is influenced by the sign of applied stress.

The dependence of the 0.2 percent offset flow stress (both tensile and
compression) on strain rate is shown in figure 5 for five temperatures between
700 and 1050 °C. Several important effects should be noted. At 700 and
760 °C, the flow stress is independent of strain rate over the range 6.6x10-3
to 2x10-1s~1; and tension/compression anisotropy exists, tension being
stronger than compression. A peak in strength is reached at a temperature
near 800 °C for strain rates greater than about 10-2. However, at this tem-
perature flow stress decreases with decreasing strain rate. 1In tension, for
strain rates less than about 10-2 the flow stress at 800 °C becomes less than
that at 760 °C. Also, at 800 °C and strain rates greater than about 10'2,
the compressive flow stress appears to be higher than the tensile, unlike at
lower temperatures. At 850 and 1050 °C, the flow stress again decreases with
decreasing strain rate, and there appears to be 1ittle tension/compression
asymmetry. In figure 6 the elongation at fracture, ef, 1s shown as a
function of temperature for two strain rates.



CREEP BEHAVIOR

Tensile creep curves for single crystal PWA 1480 shown in figures 7(a)
and (b) exhibit the three stages commonly observed for this type of material
at high temperatures. Incubation periods were not observed at either test
temperature. From each creep test, steady state creep rate, ¢¢, time to
failure, tf, time to the onset of tertiary creep, tt, time to the onset of
secondary creep, ts, strain to the onset of secondary creep, es, strain to
onset of tertrary creep, et, and total creep strain, e¢f, were obtained.

In figure 8 the secondary creep rates at 850 and 1050 °C are shown as a
function of stress. Also shown are constant tensile flow stress values from
the constant crosshead speed tests discussed previously. It may be seen that
a power law relationship exists between strain rate and stress which extends
from the region of the creep data connecting smoothly with the constant cross-
head speed data up to strain rates of about 10-3 s-1. The best fit equations for
strain rate are 1.01x10~40:12.2 and 1.59x10-23¢7.22 for 850 and 1050 °C,
respectively. At the highest strain rates shown however, the power law
behavior is seen to break down. Another interesting observation which
confirmed that made previously during creep-fatigue tests of PWA 1480
(ref. 21), was that for a compression creep test the second stage creep rate
was higher than for the test in tension at the same stress of 125 MPa. Creep
rupture lives also had power law dependencies on the stress as shown in
figure 9.

Many relationships between &g and rupture Vife, t., for constant

load creep tests have been proposed. The most common form is that due to
Monkman and Grant (ref. 22)

.a
tRcS = C (M
with a and c¢ being constant.

The logarithmic plot of &g versus t, 1in PWA 1480 over a wide range

of stress and temperature is shown 4n figure 10. Equation (1) fits the PWA
1480 combined data at 850 and 1050 °C with and RZ2 of 94 percent.

Dobes and Milicka (ref. 23) modified equation (1) by introducing the
strain to rupture, ¢g, to account for alloys exhibiting large tertiary

creep
t '
r .a
(”R) s (2)

strains,
where a' and c¢' are constants.

Koul, et al. further modified equation (2) by eliminating time and strain
in tertiary creep as follows (ref. 24).

t
Yt) b
(ct> fs = X (3)

Where b and K are constants. Neither equations (2) nor (3) provided any
better correlation of the PWA 1480 creep data than did the Grant-Monkman equa-
tion.
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CREEP FAILURE MODE

The fractured surface and the longitudinal sections of failed creep speci-
mens were observed under optical and scanning electron microscopes. An SEM
micrograph of a typical fractured surface of a specimen tested at 850 °C is
shown in figure 11. Extensive crack nucleation and linkage of cracks at the
micropores are evident.

Generally the fracture surfaces of specimens tested at 1050 °C were
heavily oxidized and difficult to interpret. However, longitudinal sections
of long-1ived specimens tested at low stresses appeared to show cracks
emanating from heavily oxidized surfaces (fig. 12). The needle-1ike phase in
figure 12 is a compliex oxide of titanium and tantalum. Necking also contrib-
uted to failure in low stress tests at both temperatures.

v' MORPHOLOGY CHANGES DURING CREEP

The ' morphology in the PWA 1480 prior to testing was cuboidal except
in the interdendritic areas. In order to study the changes in y' morphology
after creep testing, specimens exposed at 850 and 1050 °C at various stress
levels were examined under SEM. ‘

At 850 °C, the +y' did not show any pronounced change in morphology
during tensile creep. At 1050 °C, the +y' <coarsened as irregular rafts per-
pendicular to the [001] stress axis. Microstructures of specimens tested at
1050 °C and 126 MPa are shown in figure 13. After 20 hr the ' rafted struc-
ture is not fully developed (fig. 13(a)). After failure at 195 hr the «y'
rafts have become considerably thicker and more irregular (fig. 13(b)). Even
greater thickening of the ' rafts at failure is evident in the specimen
which failed after more than 5800 hr at 68 MPa shown in figure 14.

DISCUSSION
Flow Stress Behavior

The yield and ultimate tensile strengths for [001]-oriented PWA 1480
single crystals obtained here (fig. 2), are in good agreement with those
reported by Deluca and Cowles (ref. 8) and Swanson, et al. (ref. 9). The
yield strengths reported by Shah and Duhl (ref. 3) are at least 10 percent
higher at all temperatures, while those of Heredia and Pope (ref. 5) are sig-.
nificantly lower in the temperature regime of peak strength found by others.
The higher strengths shown by Shah and Duhl may be explained by their having
been able to fully dissolve all the y*' prior to aging, and/or a somewhat
finer y' size after aging. Complete dissolution of the y' requires precise
temperature control since the difference between the vy' solvus and solidus
temperature is small for PWA 1480, and commercial heat treaters apparently do
not risk melting parts. The commercially produced PWA 1480 crystals studied
herein contained approximately 1.5 vol % of y' present in undissolved
eutectic nodules. The micrographs shown by DeLuca and Cowles, and Swanson, et
al. exhibit ' eutectic nodules like those present in the crystal studied
here, however neither Shah and Duhl nor Heredia and Pope present any
micrographs.




Differences among investigations may also arise from differences in the
size of the vy' precipitates. Shah and Duhl showed that for temperatures
below about 700 °C, yield strength increases dramatically with decreasing
v' size. The most comparable data from their work correspond to a y' size
of 0.5 uym which is s1ightly finer than the 0.6 um size in the crystals studied
here. Heredia and Pope, however, report an even finer +y' size, and their
crystals were the weakest of all. Of the two studies showing yield strengths
similar to those reported here, Deluca and Cowles show what appears to be a
comparable y' size, but Swanson, et al. report a very large y' size,

0.9 um.

The temperature dependence of the flow stress of PWA 1480 is typical of
superalloys containing a high volume fraction of the y' phase (ref. 2). At
temperatures up to 600 °C, the flow stress appears nearly constant. However,
Shah and Duhl also tested at 400 °C and found a dip in the flow stress at that
temperature (ref. 3). For temperatures above about 600 °C the flow stress
jncreases with temperature, reaches a peak at about 700 °C, and then decreases.
The increasing flow stress with increasing temperature is attributed to ther-
mally activated locking of the a/2 <110> dislocation pairs which must shear
the ordered +vy' phase. For crystal orientations other than [001], the peak
in flow stress may be explained by the onset of primary cube slip. However,
for [001]-oriented crystals the resolved shear stress on the primary cube
planes is very low, and the peak in flow stress is more likely explained by a
‘saturation stress' concept (ref. 2). At low temperatures the strength of the
locking mechanism is very great but only a small fraction of the dislocations
are immobilized. Flow stress increases with temperature due to the decreased
fraction of mobile dislocations. However, the strength of the locking mecha-
nism decreases with temperature, and above some temperature it no longer influ-
ences the flow stress.

The elongations to fracture of the crystals studied here, figure 2, are
the same at room temperature and temperatures around 1000 °C as those reported
by others (refs. 8 and 9). However, elongations are reported for the regime
of 700 to 800 °C which are about twice those measured here. The reason for
this difference in behavior is not known.

TENSION/COMPRESSION ANISOTROPY

It is important to note in figure 4 that flow stress strongly depends on
the sense of applied stress for [001]-oriented specimens in the vicinity of
700 °C with the tensile flow stress exceeding the compressive flow stress.
The tension/compression anisotropy has been explained by the model of Lall,
Chin, and Pope (refs. 2 and 6) and its refinement in terms of dislocation core
dissociation in the +y' phase by Paidar, Pope, and Viteck (refs. 2 and 25).
The temperature at which the flow stress reaches a peak value is also
influenced by the sign of the applied stress. It is clear in figure 4 that
the peak stress temperature for tension was lower than that for compression.
A similar observation was made by Heredia and Pope (ref. 5) and by Ezz
(ref. 26) for [001]-oriented single crystal Niz(A1,Nb).




STRAIN-RATE EFFECTS ON FLOW STRENGTH

In figure 5 two types of behavior can be observed for the strain-rate
dependence of the flow stress. A strain rate 1ndependent flow stress was
found at 700 and 760 °C in the strain range of 6x10-%4 to 2x10-1 sec-1, and a
strain rate dependent flow stress at 800 °C and above. Leverant, et al.

(ref. 7) determined the temperature and strain rate dependence of the compres-
sive 0.1 percent offset yield stress in [001]-oriented Mar-M 200 single crys-

tals as shown in figure 15. PWA 1480 and Mar-M 200 behave almost identically,
except that the transition temperature is lower in PWA 1480.

Note that for both Mar-M 200 and PWA 1480 at high strain rates, flow
stress peaks at some temperature greater than 760 °C, and the increase in flow
stress above that at 760 °C increases with increasing strain rate, at least
until some 1imit is reached. It is also apparent that the range of tempera-
tures over which the flow stress exceeds that for 760 °C increases with increas-
ing strain rate.

Leverant, et al. summarized the microscopic evidence on the deformation
mechanisms of Mar-M 200 follows. The low temperature, strain rate independent
flow stress is controlled by diffusionless shear of the ' precipitates by
a/2 <110> dislocation pairs in coarse planar bands. The high temperature,
strain rate dependent flow stress is controlled by a more homogeneous distri-
bution of dislocations both of the a/2 <110> and a/3 <112> type which shear
the y' by a diffusion controlled viscous glide process.

Though the lTow temperature shearing mechanism by as/2 <110> dislocation
pairs is strain rate independent, increasing strain rate does increase the
upper temperature 1imit to which it operates. Also, as the upper temperature
1imit increases so does the strength at that temperature because of the ther-
mally activated strengthening mechanism. Thus, both the peak strength and
corresponding temperature increase with increasing strain rate. Decreasing
strain rates have the opposite effect by lowering the temperature at which
diffusion controlled glide mechanisms begin to operate.

The lack of strain rate sensitivity for the low temperature shearing mech-
anism in the +y' appears to be inconsistent with the cube cross s1ip locking
mechanism of Takeuchi and KXuramoto (ref_ 27) incorporated into subsequent
models (refs. 6 and 27), since a higher strain rate requires a higher disloca-
tion velocities and therefore allows less time for the formation of cross
slipped segments. Pope and Ezz (ref. 2) propose that this inconsistency can
be resolved if it is assumed that dislocations can also penetrate the obsta-
cles at cross-slipped segments by a thermally activated process. The strain
rate sensitivity is then the sum of a negative term representing the formations
of cross-slipped segments, and a positive term representing the thermally acti-
vated penetration of the segments. Thus the sum of these two terms yields a
small positive strain rate sensitivity.

CREEP BEHAVIOR OF PWA 1480
For the stress levels employed, PWA 1480 did not exhibit an incubation

period for creep either at 1050 or 850 °C (figs. 7(a) and (b)), respectively.
At temperatures below about 800 °C, an incubation period for creep is common



for single crystal superalloys (refs. 10, 14, and 15), however at about 850 °C
and above observation of incubation periods are rare (ref. 16). The incuba-
tion period has been tied to the low initial density of dislocations, and high
drag stress in the single crystal superalloys (ref. 10). The disappearance of
the incubation period at higher temperatures can be attributed to the reduc-
tion in drag stress, increasing dislocation velocity, and possibly to the
punching out of additional dislocations at the y-y' 1interface in alloys with
large lattice parameter mismatch between vy and y' (ref. 16).

GAMMA PRIME STABILITY

The high temperature creep resistance of some single crystal superalloys
is greatly increased by the coarsening of the y' to form continuous lamellea,
or "rafts." Under tensile creep loading these rafts form perpendicular to the
stress axis if the lattice parameter of the +y' is less than that of the 1y
phase, which 1s defined as negative mismatch. Recent studies have shown that
creep resistance 1s maximized by the development of fine, perfectly continuous
v' vrafts (refs. 15 and 18). Rapid development of such fine, highly perfect
rafts early in second stage creep is promoted by large negative y-y' lattice
mismatch at the temperature of creep exposure (ref. 20), and a fine initial
y' size (ref. 18).

The ' rafts developed in the PWA 1480 studied here were not as perfect
as those shown in some other alloys (refs. 16 to 20). The vy-y' lattice para-
meter mismatch of PWA 1480 has not been measured, but appears to be close to
zero (ref. 28), although the orientation of the rafts indicates that the mis-
match is negative at the testing temperature.

SUMMARY OF RESULTS

Tensile and compression tests at temperatures from room temperature to
1200 °C at various strain rates and constant load creep tests at 850 and
1050 °C were performed on single crystal of the nickel-base superalloy PWA
1480 with [001] orientation. Tensile/compressive yield strengths were compared
with respect to their dependence on temperature and strain rates. Creep
behavior of PWA 1480 were studied in terms steady state creep rate, time to
rupture and microstructural features. The following results were obtained:

1. The flow stress of [001]-oriented PWA 1480 increased with increasing
temperature above ambient but began to decrease markedly above 760 to 800 °C.
For temperatures less than about 760 °C, flow stress was insensitive to strain
rate and the tensile flow stress markedly exceeded that for compressive flow
at 700 and 760 °C.

2. At 800 °C and above, the flow stress of [001]-oriented PWA 1480
decreased continuously with decreasing strain rate. However, at the highest
strain rates the fiow stress continued to increase with temperature to about
800 °C, and particularly the compressive flow stress, which became higher than
the tensile flow stress. At lower strain rates and higher temperatures the
tension/compression anisotropy diminished.




3. The steady state creep rate and time to failure exhibited power law

dependencies on applied stress. The stress exponents were 7.2 and 12.2 for
1050 and 850 °C, respectively.

4. During creep at 1050 °C, directional coarsening of y' was very promi-

nent for all stress levels, however directional coarsening of y' was not
evident in the specimens crept at 850 °C. Considerable surface oxidation was
observed on the long lived specimens tested at lower applied stresses.

10.
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(B) DETAIL SHOWING COARSENED Y’ IN INTERDENTRIDIC AREA CONTRASTED WITH “NORMAL” Y’.
FIGURE 1. - MICROSTRUCTURE OF PWA 1480.
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FIGURE 11. - SEM MICROGRAPH OF PWA 1480 SPECIMEN FRACTURED AT 410 MPA AND 850 o,
ILLUSTRATING MULTIPLE INTERNAL CRACK INITIATION AT MICROPORES.



FIGURE 12. - OPTICAL MICROGRAPH OF LONGITUDINAL SECTION OF PWA 1480 SPECIMEN TESTED AT 1050 “C
AND 68 MPa, INDICATING THE HEAVILY OXIDIZED SURFACE.
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FIGURE 13. - LONGITUDINAL MICROSTRUCTURES OF SAMPLES TESTED AT 1050 Oc
AND 126 MPa. (STRESS AXIS IS HORIZONTAL)
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FIGURE 14. - GAMMA PRIME (Y’) DIRECTIONAL COARSENING IN PWA 1480 SPECIMEN FAILED AFTER 5800
HOURS AT 1050 °C AND 68 MPa. (STRESS AXIS IS HORIZONTAL)
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