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INTRODUCTION

Gas turbine engines for future subsonic transports will probably have higher pressure ratios which will
require nickel-base superalloy disks with 1300 to 1400°F temperature capability. Several advanced disk
alloys are being developed to fill this need. For large disks, residual stresses generated during cooling from
solution temperatures may require a stabilization heat treatment to relieve these stresses, this is undoubtedly
more critical for higher cooling rates achieved with oil quenching. The reduction in residual stress levels
lessens distortion during subsequent machining operations and therefore decreases disk cost.

The purpose of this study is to estimate the magnitude of the residual stresses generated upon cooling from
solution temperature for an advanced, nickel-base disk alloy at several cooling rates. The disk alloy studied
was developed in NASA’s HSR and AST Programs. Both analytical and experimental techniques were
employed to generate residual stress estimates as a function of cooling rate. In addition, experimental data
were also generated to estimate the magnitude of stress relief achieved for various stabilization heat

treatments.

MATERIAL & PROCEDURES

The composition of the nickel-base disk alloy studied is presented in Table I and is representative of the
next generation disk alloy for advanced turbine engines. In this study, the alloy was used in the as-extruded
plus heat treated condition. As with most high strength, nickel-base disk alloys, argon atomization was
employed to produce powder which was subsequently compacted and extruded to 3” diameter billet. The
billet was then cut to length, machined to the specimen configuration shown in Figure 1, and heat treated
according to the conditions outlined in Table II. Note that both supersolvus and subsolvus solution heat
treatments were employed to produce coarse grain, about ASTM 6, and fine grain, about ASTM 11,
microstructures respectively. Three cooling rates designated, oil quench, air cool, and blanket cool, were
employed in the study. Selected specimens were given a solution-only heat treatment while others were
solutioned, stabilized, and aged. For supersolvus oil quenching, specimens were first air cooled from

2155°F to 2080°F and then oil quenched to prevent cracking.

Residual stress levels in the heat treated specimens were measured at the top-center and top-edge locations,
shown as 0.040” deep holes in Figure 1, using the center-hole-drill technique (Ref. 1). The method consists
of applying a strain gage rosette to the area of interest and drilling out a small core of material at the center
of the rosette thereby relieving the strain. The strain is recorded and is used to calculate residual stress as a
function of depth. In this study stress measurements were made at 0.0050” increments to a depth of
0.0200” followed by additional measurements at depths of 0.0300” and 0.0400”.

Residual stresses were also calculated using a finite element method for each of the three cooling rates
employed in the solution heat treatments. This analysis provided a complete picture of the stress
distribution in the specimens after the solution heat treatment and also served to corroborate the
experimental stress measurements. To calculate the residual stresses, a commercial finite element package
from Algor was utilized with a “first order approximation” of the thermal and mechanical properties for the
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disk alloy. The first step in this analysis involved constructing a 2-D axisymmetric model of the specimen.
The finite element model and mesh are shown in Figure 2. Note that the center of the specimen is located at
the lower left-hand corner of the model. Before the stresses can be calculated, a thermal analysis was run to
generate the temperature profile throughout the part on cooling from 2100°F. For this part of the analysis a
thermal conductivity of 1.0BTU/HR-IN-°F, a density of 0.3LB/IN® and a heat capacity of 0.12BTU/LB-°F
was employed with the appropriate heat transfer coefficient for the cooling rate in question. The validity of
the heat transfer coefficients and the resulting temperature profiles were checked against actual cooling rate

“data recorded at the top-center location. Using the temperature profiles as input, a thermoplastic stress
analysis of the specimen was then run using the mechanical properties shown in Table III assuming a stress
free state at 2100°F. These data provide a simple, piecewise linear approximation of the mechanical
properties for this class of alloy. The resulting hoop stress profiles at room temperature were then plotted
for each of the three cooling rates studied.

RESULTS AND DISCUSSION

The analytical and experimental cooling curves at the top-center location of the specimens are presented in
Figures 3, 5, and 7 for the oil quenched; air cooled, and blanket cooled material, respectively. For the oil
quench, a constant heat transfer coefficient of 1.0BTU/HR-IN?-°F was found to give good agreement
between experiment and analysis above 750°F and reasonable agreement below 750°F. Since analysis
indicated that most of the residual stress is generated at the upper end of the cooling curve, the
aforementioned choice of heat transfer coefficient appears to be justified for a “first order approximation™
of the cooling stresses. A similar philosophy was employed to estimate the heat transfer coefficient for the
air cooled and blanket cooled solution heat treatment. In these cases, a value of 0.1 and 0.012 BTU/HR-
IN?-°F were used respectively. As temperature differentials within the body at any given time drives stress
‘buildup, it is instructive to look at temperature maps after a short period of time when a majority of the
specimen is still hot. In Figures 4, 6, and 8, the temperature distribution is plotted at 0.01HR for the oil
quench, 0.05HR for the air cooled, and 0.60HR for the blanket cooled specimens respectively. Note that the
center temperature is about 1500°F in each case but the range of temperatures is approximately 800°F for
the oil quench, 150°F for the air cooled, and only 15°F for the blanket cooled specimen. As one would
expect, these temperature differentials suggest the oil quenched specimen will have dramatically higher
cooling stresses than the air cooled specimen, while the blanket cooled specimen will generate very little
stress on cooling.

Room temperature, hoop stress plots from the finite element analysis are presented in Figures 9,10, and 11
for the three cooling rates. Hoop stresses are presented as they are the most important, i.e. largest, stresses
in the body and are, perhaps, most intuitive from a human perspective. As expecteded, the oil quenched
specimen shows the highest residual stress levels, -140 to -190KSI compression near the surface and about
200KSI tension at the center. At these levels it becomes important to examine the Von Mises stress to
check for yielding. This data is presented in Figure 12 and clearly shows that yielding has occurred on the
surface and the center as the Von Mises stress exceeds 150KSI at these locations. While the surface stresses
are highly compressive at room temperature, during the oil quench a stress inversion occurs. Shortly after
the onset of cooling a tensile stress state exists on the surface which is balanced by subsurface compression.
This reaches a peak analytically at 0.0017 hours into the quench, Figure 13, then decreases and eventually
goes over to a compressive surface stress balanced by a subsurface tensile stress producing the distribution
observed at room temperature. A similar scenario produces the room temperature stress distribution for the
air cooled specimen, Figure 10. However, the magnitude of the stresses are significantly less as expected,
about 30 to ~40KSI compression at the surface and 35KSI tension at the center. For the blanket cooled
specimen, the absence of any significant thermal gradient during cooling produces a residual stress state
which is essentially zero at room temperature, Figure 11.

A comparison between analysis and experiment can be made by comparing the data presented in Table IV
with the stress plots previously presented in Figures 9, 10 , and 11. The experimentally determined data
presented in Table IV, describe the residual stress state at the two Jocations shown in Figure 1. At the edge
location the hoop stress dominates as the radial stress approaches zero, and at the center location the hoop
and radial stress are essentially identical. While stress measurements were taken at various depths there
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were in general no significant trends over the range of depths investigated and therefore only one stress
value is presented in the Table IV for each location and condition. One can think of that value as a near
surface number, less than 0.05” deep. With this information in mind, the following comparisons can be
made. First, the cooling stresses associated with oil quenching run about —140 to ~190KSI along the top
surface of the finite element model. Experimentally these numbers range from —125 to —230KSI in this
region, combining the subsolvus and supersolvus data. Numbers at or beyond the yield point of the material
have a high degree of experimental uncertainty associated with them and probably overestimate the actual
stress levels as the center-hole-drill technique assumes elastic response. However, both analysis and
experiment indicate the surface stresses for oil quenching are comparable to the yield strength of the disk
alloy. In comparison, the air cooled material show surface stresses peaking at 60 KSI experimentally, and
about —40KSI analytically. In this case the experimental numbers are clearly within the elastic bounds of
the center-hole-drill technique and this discrepancy is more likely to result from the limitations of the finite
element analysis. First, the physical and mechanical constants employed were “first order approximations”
and, second, a thermoplastic analysis was employed which ignores any creep interactions that become more
important with slower cooling rates, i.e. air cool versus oil quench. For the blanket cooled material it is
clear that the residual stresses are negligible, experimentally and analytically, and this results from the
minimal temperature differential within the body on cooling, Figure 8.

The stresses produced on cooling from the solution heat treatment, both subsolvus and supersolvus, were
clearly significant on oil quenching and air cooling. To reduce these stresses several stabilization heat
treatments were tried at temperatures between 1425°F and 1575°F. The results of these treatments are
summarized in Table IV. The 1425°F stabilization appears to reduce stresses for oil quenching to ~90KSI
while the 1575°F stabilization appears to reduce the stress to —40KSI. For the air cooled cases stabilization
at 1500°F appeared to achieve a modest reduction in residual stresses from about ~60KSI to —40KSI after
stabilization. Obviously, stabilization had negligible effect on blanket cooled specimens as stresses were
low before and after stabilization. While no finite element analysis of the stabilization treatments were run,
as that would require a viscoplastic code, comparison with relaxation data for this alloy (Ref. 2) supports
the post stabilization data from the center-hole-drill experiments in Table IV. The stress relaxation data ,
shown in Figure 14, indicates that exposure at 1400°F relaxes stresses from 140KSI to about 90KSI after
several hours while exposure at 1600°F relaxes stresses to about 30KSI after several hours. These stresses
are about the same level as that observed after stabilization at 1425°F and 1575°F respectively for oil
quenched material.

SUMMARY & CONCLUSIONS

The effects of solution cooling rate and stabilization treatments on residual stresses in an advanced, nickel-
base disk alloy were studied using a relatively small cylindrical specimen. Stresses generated by oil
quenching, air cooling , and a slow blanket cool were measured experimentally with a center-hole-drill
technique and calculated using a finite element method. The oil quench was found to produce compressive
surface stresses over -150K.SI while the air cool was found to produce compressive surface stresses peaking
at about —60KSI. In both cases these stresses were balanced by tensile stresses on the interior. Reasonable
agreement between analysis and experiment enhanced the credibility of the residual stress numbers.

Experimental measurement of residual stress levels after stabilization indicated that temperatures above
1500°F reduced oil quench surface stresses from over —150KSI to more manageable levels around —40KSI
after several hours. These results agree with stress relaxation data at equivalent temperatures for this disk

alloy.
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- TABLE L. ALLOY COMPOSITION.

COMPOSITION OF DISK ALLOY IN W/O

Co Cr Mo w Nb Ta Al Ti B C Zr Ni
20 13.1 3.8 1.9 1.1 225 | 3.45 3.6 0.03 0.04 0.05 BAL
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TABLE II. HEAT TREAT MATRIX.

1D HEAT TREATMENT
D1-39|  SUPERSOLVUS/OIL QUENCH
Ci1-42 SUBSOLVUS/OIL QUENCH
G2-40 SUPERSOLVUS/AIR COOL
Qi-43 SUBSOLVUS/AIR COOL
Fi41| SUPERSOLVUS/BLANKET COOL
Gi1-44|  SUBSOLVUS/BLANKET COOL
D2-51 SUPER/OQ+1425F/8HR+AGE
C2-46 SUB/OQ+1575F/2HR+AGE
N1-47]  SUPER/OQ+1575F/8HR+AGE
H1-49 SUPERJ/AC+1500F/5HR+AGE
H2-50 SUBJAC+1500F/5SHR+AGE
F2-52 SUB/BC+1425F/8HR+AGE
H3-48 SUB/BC+1575F/8HR+AGE
G3-45 SUPER/BC+1575F/2HR+AGE
NOTE SUPERSOLVUS=2155F/3HR

SUBSOLVUS=2080F/1HR

AGE=1400F/8HR
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TABLE [II. MATERIAL CONSTANTS.

TEMPERATURE DEPENDENT MATERIAL PROPERTIES

TEMPERATURE| MODULUS EXPANSION YIELD
® Sl) | COEFFICIENT(F") [STRENGTH(PS)
0 3.00E+07 6.00E-06 150000
1200- 3.00E+07 6.00E-06 150000
1800 | 2.00E+07: 1.20E-05 10000
2200 2.00E+07 1.20E-05 10000
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FIGURE 3. OIL QUENCH COOLING CURVES.
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FIGURE S. AIR COOL COOLING CURVES. |
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FIGURE 7. BLANKET COOL COOLING CURVES.
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TABLE IV. RESIDUAL STRESS DATA.

RESIDUAL STRESSES VIA THE CENTER-HOLE-DRILL TECHNIQUE
D HEAT TREAT HOOP STRESS(KS) @ EDGE | STRESS(KS!) @ CENTER
D1-39 SUPER/OQ 455 -154
c1-42 SUB/OQ -233 124
G2-40 SUPERJ/AC -60 49
Q1-43 SUB/AC -68 -59
F1-41 SUPER/BC -9 2
Gi-44 SUB/BC A2 8
D2-51 | SUPER/OQ+1425F/8HR -105 -85
C2-46| SUB/OQ+1575F/2HR -36 -39
N1-47 | SUPER/OQ+1575F/8HR 43 ~40
H1-49 | SUPER/AC+1500F/5HR -35 -46
H2-50| SUB/AC+1500F/5HR -33 25
F2-52 | SUB/BC+1425F/8HR -9 -2
H3-48| SUB/BC+1575F/8HR K 6
G3-45 | SUPER/BC+1575F/2HR -10 11
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