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Introduction

Advanced supersonic commercial and military aircraft will in some cases require turbine engines
capable of sustaining supersonic cruise for extended time periods. This will impose severe challenges for
the high pressure compressor and turbine disks, which will operate at near maximum stress and
temperature during the entire supersonic flight. Such applications could be limited by the tensile, creep,
and dwell fatigue crack growth properties of disk alloys. These mechanical properties have been shown
to vary with both the microstructure and composition in disk alloys (1). However, no current powder
metallurgy disk alloy appears capable of simultaneously achieving sufficient tensile, creep, and dwell
fatigue crack growth properties through variations of microstructure alone (2). Therefore, disk alloys
having new compositions and careful microstructural control will be necessary to give sufficient
properties for such applications.

KM4 and SR3 are two advanced powder metallurgy disk alloys offering improved strength,
creep resistance, and fatigue crack growth properties over current production alloys (3, 4). Their
improvements were achieved using different alloy design approaches. KM4 and SR3 have significantly
different compositions, which affect y and y' phase contents and chemistries. KM4 was designed to have
a higher “cooling” y' phase content of near 55% to improve strength and creep resistance in comparison
with many current disk alloys. The y' composition in KM4 has only moderate levels of the y' solid
solution strengtheners Ti and Nb and has no other refractory additions intended for this purpose. SR3
was designed to have a y' composition with higher Ti and lower Al, and contains Hf along with Nb.
This could increase the solid solution strengthening of y' in SR3 for improved strength. The y' content of
SR3 is near 47 % which is more typical among current disk alloys and lower than KM4.

The improved strength and creep resistance of KM4 can be attributed in large part to its higher
y' content. The improved strength and creep resistance of SR3 can be attributed to the higher solution
strengthening of its y' precipitates. The microstructure-property relationships in such advanced alloys
could differ substantially from those of current alloys due to these different alloy design approaches.
Therefore, it is essential to understand the microstructure-property relationships in these advanced alloys
in order to attain sufficient mechanical properties for supersonic cruise applications.

A series of heat treatments was designed and applied to SR3 and KM4 in order to vary each
alloy’s microstructure (5). Tensile, creep, and fatigue crack growth tests have been performed for each
alloy-heat treatment combination to assess the governing microstructure-mechanical property
relationships. The objective of this study was to quantitatively characterize the y' size-frequency
distributions of SR3 and KM4 specimens given these different heat treatments. The y' sizes and volume

fractions of each specimen were related to the heat treatments, and correlated with the mechanical
properties.

Experimental Procedure

Alloy Compositions And Heat Treatments

The actual compositions of SR3 and KM4 argon-atomized powder from Homogeneous Metals
Inc. are listed in Table 1 (6). Table 1 also contains the solvus temperatures for each alloy. The SR3 and
KM4 power was screened, hot compacted, and extruded into three inch diameter billets. The billets were
forged to yield one inch thick by seven inch diameter pancakes.
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Heat treatments were chosen using a Taguchi L8 matrix varying grain size, y' size, y' volume
fraction, and stabilization heat treatment cycle (5). The heat treatment matrices for SR3 MS series and
KM4 MK series are listed in Table 2. Table 2 also includes the ASTM grain size numbers previously
reported by Pratt & Whitney (6). The various steps in the heat treatment are listed in the format of
temperature in degrees Fahrenheit/time in hours. Hence, 2140/1 means 2140°F for 1 hour. Specimen
blanks were first subjected to a grain size coarsening heat treatment of 2130°F (1166°C) to 2180°F
(1193°C) for 2 to 3 hours. Grain size increased with higher temperature and duration in the grain
coarsening treatment. Cooling y' content was controlled by solution heat treatments between 2045°F
(1118°C) and 2140°F (1171°C) for 1 hour in SR3, and 2060°F (1127°C) to 2150°F (1177°C) for 1
hour in KM4. Increasing amounts of y' were dissolved with increasing temperature in this step. The
dissolved elements were then available for precipitation as cooling y' during the quench from the
solutioning temperature. The size of this cooling y' was controlled by the cooling rate from the solution
temperature. Cooling rates were varied from 70°F (39°C)/min to greater than 300°F (167°C)/min using,
in order of increasing cooling rates, insulated air cooling, air cooling, fan air cooling, and oil quenching.
Cooling v' size increased with decreasing cooling rate.

Selected specimens were subjected to carbide stabilization heat treatments following the solution
heat treatment quench. The stabilization heat treatments were intended to encourage M,,C, carbides to
nucleate and grow at the grain boundaries. Such heat treatments also would be useful in production disks
to allow relief of residual stresses generated during the quench from solution heat treatments. The SR3
experimental matrix was used to assess the effects of including a 1550°F (843°C)/4 h stabilization heat
treatment on microstructures and mechanical properties. The KM4 experimental matrix was employed to
compare the microstructures and mechanical properties of alternative stabilization heat treatments,
1550°F/4 h and 1600°F (871°C)/2 h. All specimens were given a final aging heat treatment of 1400°F
(760°C)/8 h.

Transmission Electron Microscopy

Specimens for transmission electron microscopy (TEM) were prepared normal to the loading
axis of grip sections of tensile specimens and from coupons. TEM foils were thinned in a twin-jet
Tenupol-3 electropolisher using a solution of 10% perchloric acid and 90% methanol cooled to 32°F
(0°C). An applied potential of 20 to 25V with a corresponding current of 10 to 15 mA produced electron
transparent foils. The foils were lightly ion milled to remove electropolishing contamination and
examined in a Phillips 400T TEM operating at 120 keV. Energy dispersive spectroscopy was performed
with an integrated EG&G detector. A minimum of three foils was examined from each alloy specimen.
Typical representative areas were selected for detailed evaluations. Microbeam electron diffraction
(MBED) patterns, selective area diffraction (SAD) patterns, and energy dispersive X-ray (EDX) analyses
were employed to determine the chemistry and crystal structure of different particles and phases. At
least five particles of each type observed were identified and measured to obtain particle size ranges.

Image Analysis

Size And Shape Measurements

TEM dark field negatives showing y' precipitates in a < 100> orientation were digitized using a
Relisys 9612 flatbed scanner equipped with a transparency adapter. A minimum resolution of 300 dots
per inch (dpi) was used for all scans. Most scans were conducted at 400 or 600 dpi. The resolutions
were sufficient to give an average number of pixels per precipitate greater than 50 pixels for the aging y'.
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SigmaScan' image analysis software was used to determine the sizes of the y' precipitates. Due
to differences in the supersolvus and subsolvus heat treatments, the size of each type of y' (secondary,
cooling or aging) varied, but for all samples the precipitates could be classified in three classes based on
size. The first class contained large (greater than 600 nm), irregularly shaped precipitates. These were
secondary y' precipitates, and this class will be referred to as coarse. This class of y' appeared only in
the samples receiving a supersolvus heat treatment. The second class consisted of intermediate size (100
nm to 600 nm) y' precipitates. These could be either cuboidal or an irregular, dendritic shape. These
precipitates were cooling y' in samples given a supersolvus solutioning heat treatment or secondary y' in
samples given a subsolvus solutioning heat treatment. This class will be referred to as medium y'. The
third and final class of y' precipitates were the very fine (less than 100 nm), spherical precipitates. These
were generally aging y' precipitates, but subsolvus solutioned samples also had cooling y' precipitates
included in this size range. This class will be referred to as fine y'. Figure 1 shows the generally
observed ranges for the three different types of y' present in the alloys and the overlap between the
various types.

To determine the edge of each precipitate, the typical grayscale intensity of the interior of the
precipitate and the immediate surrounding matrix were determined. The intensity threshold for the
precipitate edge was set at the average of these two values. The image analysis program automatically
selected all pixels within the precipitate that were below the threshold value.

Once each precipitate was filled, the compactness, feret diameter, major axis, minor axis, and
shape factor were calculated by the program. The major axis was the maximum length chord connecting
pixels on the perimeter of the precipitate. The minor axis was the maximum length chord perpendicular
to the major axis connecting pixels on the perimeter of the precipitate. The feret diameter is the diameter
of a circle with an area equal to the measured area of the precipitate. The software examined all pixels
on the perimeter rather than examining the image at preset angular intervals. These chords generally fell
within the precipitate image, but in the case of some irregular precipitates go outside the boundary of the
precipitate perimeter.

The compactness is defined as

Perimeter®
Compactness = ——— [1]
Area

Compactness is a measure of how close the precipitate image is to a perfect circle. The minimum value
is 4n (12.5664) for a perfect circle. As the value increases, the measured object tends away from a
circle.

The shape factor is defined as

41 Area

Shape Factor = 2]

Perimeter?

The shape factor is a measure of how close the object is to a perfect circle or other regular polygons. A
perfect circle has a shape factor of 1, and a line a shape factor of 0. While the theoretical maximum
value of the shape factor is 1, very small objects, typically consisting of 25 or less pixels, can break this

! SigmaScan Version 3.0 is produced by Jandel Scientific Software, P.O. Box 7005, San Rafael,
CA 94912-7005
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rule and have a shape factor greater than 1. For reference, the shape factor of a pentagon is 0.86, a
square is 0.79 and an equilateral triangle is 0.61.

After measurements were completed, the aspect ratio of each precipitate was calculated. The
aspect ratio is defined as

y ¢ Rati Minor Axis -
spect Ratio=——""—
P Major Axis

Values of the aspect ratio range from 0 for a line to 1 for a circle, square or other shape with equal
“length” and “width”.

The average, standard deviation, minimum and maximum value for each measured and
calculated quantity were computed. In the case of feret diameter, histograms of the various y' classes
were generated. The feret diameter was chosen since it is shape independent. As such, y' from the three
classes and the different samples could be compared even though they did not have the same morphology.

Volume Fraction

The volume fraction of the coarse and medium y' classes were determined using the point count
method (7). In this method, a grid is overlaid on the image, and the number of intersections falling on
the y' type of interest is counted. This number is divided by the total number of grid intersections to get
the area fraction. Since the coarse and medium y' extend through the foil thickness, the area fraction is
equal to the volume fraction. The process was repeated for at least five views from each sample.

The volume fraction of the fine y' could not be directly measured because more than one aging
y' precipitate could be stacked through the thickness of the foil. Instead, the MS and MK series samples
were examined via the TEM to see if any of the samples had no fine y'. In both alloys there existed heat
treatment conditions where most if not all the y' was present as medium y'. After measuring the volume
fractions for these samples, the total amount of y' in all samples of a given alloy was assumed to be the
average amount of medium y' measured. The fine y' for the other samples was calculated by subtracting
the measured amount of medium and coarse y' from the total amount present.

For samples MK7 and MKS, very large primary y' was present in the samples. While these
large precipitates do not contribute to strengthening the samples, they do account for a fraction of the y'
that cannot be used in coarse, medium or fine y' which could strengthen the samples. It also affects the
calculations of the volume fraction of fine y' precipitates. Additional 1000X optical micrographs were
taken of etched pieces of MK7 and MK8. The etching clearly revealed the primary y'. These
micrographs were digitized, and the volume fraction determined by the point count method as with the
coarse and medium y' classes. The volume fractions of the fine y' precipitates was calculated by
subtracting the primary, coarse and medium y' fractions from the total y' in these samples.
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Results and Discussion
Microstructural Characterization

General Microstructures
SR3

SR3 Overview

The general microstructures and phases identified in the SR3 specimens are compared in Figure
2. The grain sizes (6) are listed in Table 2. MSI through MS8 had average grain sizes ranging from 34
to 170 um (ASTM 2.1 to 6.7). The microstructures consisted of assorted coarse y', medium y' and fine
y' precipitates in a y matrix. Primary y' precipitates were not observed in any of the SR3 specimens.
Minor phases observed within the grains and at grain boundaries are listed in Table 3. SAD patterns and
corresponding EDS spectra of each minor phase were the same as those observed previously for the
baseline SR3 sample (8). All specimens contained a comparable number of equiaxed (Ti,Nb)C carbides
200 to 800 nm in diameter within the grains, as identified in Figure 2. A similar number of finer
(Hf,Zr)O, oxide particles were also present. Each SR3 TEM foil also contained several (Ti,Mo)sC
carbide needles, about 300 to 500 nm wide and 1000 to 2000 nm long. In general, the minor phases
observed in these SR3 specimens compared closely with the morphology to those found in the evaluation
of the baseline SR3 sample (8).

SR3 Grain Boundaries

Grain boundaries were characterized for each specimen, and those having the highest densities
of minor phases are compared in Figure 3 and Table 3. The grain boundaries had a high number density
(90%) of fine (Cr,Mo),;C¢ carbides. Small numbers of larger equiaxed (Ti,Nb)C carbides (5%) and
elongated (Mo,Cr);B, borides (5%) were also present at grain boundaries. The frequency of carbides at
the grain boundaries was variable and generally low for specimens not subjected to the carbide
stabilization heat treatment (MS1, MS4, MS4F, MS6, and MS7). The grain boundaries of specimens
subjected to the stabilization heat treatment (MS2, MS3, MS5, MSSF, and MS8) had a more consistent
carbide density, which was significantly higher than unstabilized specimens. The grain boundaries of all
specimens were serrated to an amplitude varying between O and 1 um by the localized coarsening of
some y' precipitates along the grain boundaries. This was most pronounced in MS4F and MSSF,
apparently due to enhanced coarsening along the grain boundaries of remnant cooling y' during the
solution heat treatment.

In summary, SR3 grain boundaries predominantly contained (Cr,Mo),;Cs carbides. The
frequency and consistency of these carbides increased in specimens subjected to a stabilization heat
treatment.

KM4

KM4 Overview

The general microstructures and minor phases identified in the KM4 specimens are compared in
Figure 4. The grain sizes are listed in Table 2. MK1 through MK8 had average grain sizes of 32 to 78
um (ASTM 4.4 to 7.0). The microstructures again predominantly consisted of assorted coarse, medium
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and fine y' precipitates in a y phase matrix. Primary y' precipitates (1000 to 5000 nm diameter) which
were not dissolved during the heat treatment of MK7 and MK8 were also present. Minor phases observed
within the grains and at grain boundaries are listed in Table 4. SAD patterns and corresponding EDS
spectra of each minor phase were the same as those reported previously for the baseline KM4 sample (8).
All KM4 specimens contained a comparable number density (60%) of (Ti,Nb)C equiaxed carbides 200 to
800 nm in diameter as identified in Figure 4. The KM4 specimens contained a smaller number (30%) of
finer AL,O; and ZrO, oxides. A small number (5%) of (Mo,Cr);B, borides 500 to 1,500 nm in
diameter were also present in the grains. Each KM4 TEM foil contained several (Ti,Mo),C carbide
needles which were 300 to 500 nm wide and 1,000 to 2,500 nm long. Overall, the minor phases
identified in these KM4 specimens were quite comparable in composition and morphology to those found
in previous evaluations of KM4 (3,8). KM4 and SR3 had similar minor phase morphologies and
compositions, although (Hf,Zr)O, oxides formed in SR3 rather than the Al,0, and ZrO, oxides of KM4.

KM4 Grain Boundaries

Grain boundaries having the highest densities of minor phases are compared in Figure 5 and
Table 4. The KM4 grain boundaries had a high number density (90%) of fine (Cr,Mo),,C, carbides.
Smaller numbers of larger (Ti,Nb)C carbides (5%) and elongated (Mo,Cr),;B, borides (5%) were also
present. All KM4 specimens were subjected to carbide stabilization heat treatments of either 1550°F/4 h
or 1600°F/2 h. These stabilization heat treatments gave comparable (Cr,Mo),,C¢ carbide frequencies and
sizes in MK1 through MK7. The KM4 carbide frequencies were similar to those of stabilized SR3
specimens, but were higher and less variable than the unstabilized SR3 specimens. Continuous carbides
films or layers were not observed in any specimens. MKS8 had a significantly lower frequency of
carbides at the grain boundaries. This was probably caused by the finer grain size of MK8 compared to
other specimens which increased the total grain boundary surface area available for carbide precipitation

9).

In summary, MKI1 through MK7 had comparable frequencies and size distributions of
(Cr,Mo),,C, carbides at the grain boundaries, due to the stabilization heat treatments. MKS8 had a lower
frequency of these carbides, probably due to its finer grain size.

7' Distributions

SR3

A wide variety of y' distributions were produced by the heat treatments on SR3. Typical
micrographs of the y' distributions of SR3 specimens are compared in Figure 6. The y' size distributions
are described by the histograms in Figure 7. y' sizes and shapes are compared in Table 5. Primary y'
was not observed in any of the SR3 specimens, indicating the grain coarsening and solution heat
treatment temperatures applied were high enough to dissolve all primary y'. Most of the SR3 specimens
had only medium y' and fine y' precipitates of varying morphologies and volume fractions. However,
MS4F and MSSF also had coarse y' precipitates. Similarities and variations in the y' distributions of the
specimens were apparent which could be related to the heat treatments applied to each specimen. The
specimens will be grouped according to morphology of the medium y' for description purposes.

MS1, MS3, MS7, MS8: Cuboidal Medium v’

MS1, MS3, MS7, and MS8 had similar cuboidal medium y' morphologies. These specimens
were subjected to two subsolvus temperature solution heat treatments with varying solution cooling rates,
so the cuboidal shape and size of this medium y' are apparently associated with the subsolvus solution
heat treatment temperatures and time rather than the solution quench cooling rate. This cuboidal medium
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y' was apparently remnant “cooling” y' formed during the grain coarsening heat treatments. Such
cooling y' would not all dissolve during the subsequent subsolvus solution heat treatments. Rather, some
would be expected to remain and coarsen as previously observed in René 95 (9). This gave similar sizes
of medium y' in MS1 and MS3 which were subjected to the same subsolvus solution heat treatment
temperature but different cooling rates. MS7 and MS8 were solution heat treated at a higher subsolvus
temperature where more coarsening of remnant y' would be expected. This evidently accounted for the
larger size of cuboidal medium y' in MS7 and MS8. The size of the cuboidal medium y' did not seem to
be a strong function of the different solution quench cooling rates in these specimens.

In summary, MS1, MS3, MS7, and MSS8 had similar cuboidal medium y', apparently grown
during the subsolvus solution heat treatments.

MS1, MS3, MS7, MS8: Comparison Of Spherical Fine y’

The fine y' in MS1, MS3, MS7, and MS8 could form during the subsolvus solution heat
treatment quench, the stabilization heat treatment, and the aging heat treatment. It can be postulated that
nucleation of the fine y' preferentially occurred during the quench, and growth occurred during the
stabilization and aging heat treatment. However, microstructural evaluations after each heat treatment
step would be required to substantiate this sequence. The lower subsolvus solution temperatures of MS1
and MS3 would be expected to give lower nucleation and growth rates of fine y' during the solution
quench than in MS7 and MS8. This produced smaller fine y' sizes after stabilization and aging heat
treatments in MS1 and MS3. MSI1 had the smallest fine y' size, partly due to its fast solution heat
treatment quench and the lack of a stabilization heat treatment. MS3 had a larger average fine y' size
than MS1, due to a slower solution quench cooling rate and the stabilization heat treatment cycle before
aging. MS7 was quenched from a higher subsolvus solution temperature at an intermediate cooling rate
with respect to MS1 and MS3 and was not subjected to the 1550°F/4h stabilization heat treatment before
aging at 1400°F/8h. This produced a larger size and wider size range of fine y' in MS7 than in MS1 and
MS3. MSS8 was quenched from the same higher subsolvus solution temperature at a faster cooling rate
than MS7 and did receive the stabilization heat treatment before aging. This produced in MS8 the largest
size and widest size range of fine y' among this group of SR3.

In summary, the fine y' in MS1, MS3, MS7, and MS8 apparently nucleated and grew during the
solution quench, stabilization, and aging heat treatments.

MS2, MS6, MS4F, MS5F: Dendritic Medium '

Branched, dendritic medium y' was observed in MS2, MS6, MS4F, and MS5F. This
apparently formed during quenches from solution heat treatment temperatures near the solvus at cooling
rates less than 300°F (167°C)/min. MS2 and MS6 were quenched from the same near-solvus solution
temperature (2140°F) at comparable cooling rates of 120 and 164°F/min (67 and 91°C/min) and have
similar dendritic medium y' sizes. The volume fraction of medium y' was higher in MS6 than in MS2,
for unclear reasons. MS2 and MS6 had no evidence of remnant cooling y' from the grain coarsening
heat treatments, indicating that all y' precipitates had been dissolved during their solution heat treatments.
However, MS4F and MSSF subjected to the same solution heat treatment temperature and higher quench
cooling rates had a small volume fraction of cuboidal coarse y' precipitates along with the branched,
dendritic medium y'. The cuboidal coarse y' appeared to be coarsened remnant cooling y' from the grain
coarsening heat treatments which survived the 2140°F solution heat treatment of these specimens. This
suggests the solvus temperature of SR3 is very close to 2140°F and was within the temperature tolerance
of the furnace. Based on this, the full solutioning of the y' precipitates at the nominal temperature of
2140°F could not be assured.
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In summary, MS2, MS6, MS4F, and MSS5F had similar dendritic medium y' formed during the
quench from the supersolvus solution heat treatments.

MS2, MS6, MS4F, MS5F: Comparison Of Fine '

The fine y' in MS2, MS6, MS4F, and MSS5F could form during the solution quench,
stabilization, and aging heat treatments. Although MS2 and MS6 had comparable solution temperatures
and quench cooling rates, MS6 was not subjected to the stabilization heat treatment of MS2 before
aging. This gave MS6 the smallest size of fine y' among this group of specimens, while MS2 had larger
fine y'. This confirmed that the stabilization heat treatment could strongly influence the fine y' size in
SR3 by encouraging nucleation and growth of fine y' during the higher temperature stabilization heat
treatment. The fine y' in MS4F and MSSF was relatively large with wider size distributions than for
MS2 and MS4. This wider size distribution of fine y' could not be attributed to the effects of a
stabilization heat treatment since one was not applied to MS4F. In these specimens, it is likely that some
of the larger fine y' formed during the solution quench. As in MS7 and MS8 which also contained
cuboidal remnant y' from the grain coarsening heat treatment, quenches of these microstructures from
high subsolvus solution temperatures can encourage the precipitation of fine y'. Additional precipitation
and growth of fine y' could occur during subsequent heat treatment steps, to produce the wide size range
of fine y' size in MS4F and MS5F.

MS4 AND MS5: Irregular Cuboidal Medium v', Variable Fine y'

MS4 and MSS had irregular cuboidal medium y' which was intermediate between the cuboidal
and dendritic morphologies previously described. This morphology was apparently due to oil quenching
at cooling rates greater than 300°F/min applied to these specimens from near solvus solution heat
treatments. This fast quench apparently did not allow the favored dendritic morphology observed in
other specimens sufficient time to occur. No evidence of remnant cooling y' from the grain coarsening
cycle was observed in these specimens, indicating full solutioning of all y' precipitates did occur during
the solution heat treatments.

The insertion of the stabilization heat treatment between the solution and aging heat treatments
affected the size distributions and volume fractions of both medium and fine y' precipitates in these oil
quenched specimens. The stabilization heat treatment applied to MS5 gave a significantly larger size and
volume fraction of medium y' as compared to MS4. This suggests the medium y' precipitates produced
during the solution heat treatment quench coarsened during the stabilization. The stabilization also gave a
larger average size of fine y' while reducing its volume fraction to about 1% in MS5. The increase in
fine y' size could be attributed to earlier nucleation and growth of fine y' in MS5 during the stabilization
heat treatment. The higher volume fraction of medium y' in MS5 could be related to the interactions of
the rapid solution quench cooling rate and the stabilization heat treatment.

It can be postulated that the fast solution heat treatment cooling rates of MS4 and MS5 did not
allow the equilibrium content of medium “cooling” y' to nucleate and grow to uniform size. This could
have left the y matrix in a supersaturated state. The subsequent aging heat treatment of MS4 at 1400°F
promoted the nucleation and growth of ample fine y'. However, the intervening stabilization heat
treatment of MS5 could have promoted enhanced nucleation and more rapid growth of additional y' at the
higher temperature of 1550°F. The size of these precipitates could approach the medium y' size. Only a

small population of fine y' appeared to remain in such conditions after the stabilization and aging heat
treatments.
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In summary, the irregular cuboidal medium y' of MS4 and MSS5 was attributable to the fast oil
quench from the solution heat treatment of these specimens. Subsequent insertion of the stabilization heat
treatment after this quench apparently promoted enhanced nucleation and growth of additional y', with
only a very small population of fine y' remaining after the aging heat treatment in MSS.

KM4

Typical micrographs of the y' distributions in KM4 specimens are compared in Figure 8. The 7'
size distributions are described by the histograms in Figure 9. y' sizes and shapes are compared in Table
6. Primary y' was only observed in MK7 and MKS8. This was due to their subsolvus grain coarsening
and solution heat treatments, neither of which dissolved these large y' particles formed during the powder
solidification. MKI1 through MK6 had only medium and fine y' of varying morphologies and volume
fractions. Variations and similarities were apparent in the y' distributions of KM4 specimens and were
related to the individual heat treatments as in SR3. The specimens will again be grouped according to
medium y' morphology for description purposes.

MK1, MK3, MK6, MK8: Cuboidal Medium v'

MK1, MK3, MK6, and MK8 had generally similar cuboidal medium y' morphologies that
generally corresponded to the heat treatments as in SR3 specimens. The cuboidal medium y' appeared to
be remnant “cooling” y' formed during the supersolvus grain coarsening heat treatments of these
specimens as observed in SR3 specimens MS1, MS3, MS7, and MS8. This accounted for the
comparable sizes of medium y' in MK1 and MK3 even though they were subjected to the same solution
heat treatment temperature but differing solution cooling rates. The medium y' size in these specimens
again was related to the subsolvus solution heat treatment temperature and time rather than the differing
solution cooling rates. This is also consistent with the smaller volume fraction and larger size of the
medium y' in MK6 and MK8 which were solutioned at a higher subsolvus temperature. This higher
subsolvus temperature would allow a smaller volume fraction of cooling y' to survive, but would also
promote more coarsening of these remaining precipitates.

In summary, MK1, MK3, MK6, and MK8 had similar cuboidal medium y', again formed during
subsolvus solution heat treatments as in SR3.

MK1, MK3, MK6, MK8: Comparison Of Fine v'

The fine y' in these specimens formed during the solution heat treatment quench, stabilization,
and aging heat treatments. As suggested in SR3, nucleation may predominate during the quench, and
growth may largely occur during stabilization and aging heat treatments. Unlike SR3, the stabilization
heat treatments did not seem to invariably produce large average sizes of fine y' in KM4. This may be
due to slower y' nucleation and growth rates in KM4 related to differences in the y' compositions of KM4
and SR3. MKI1 and MK3 had small average sizes of fine y', despite their stabilization heat treatments.
The lower solution heat treatment temperatures in MK1 and MK3 would be expected to allow less
nucleation and growth of the fine y' during the solution quench than in MK6 and MK8. Therefore, a
large portion of the fine y' in MK1 and MK3 may have been formed during the stabilization and aging
heat treatments. This gave smaller sizes of fine y' in these specimens. Conversely, a larger portion of
the fine y' in MK6 and MK8 may have been formed during the quench from their higher subsolvus
solution heat treatments. This gave a larger average fine y' size and produced skewed or multi-modal
fine y' size distributions. The finey' size distribution in MK6 was shifted to larger sizes, while that of
MKS possessed two identifiable peaks.
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In summary, the fine y' in MK1, MK3, MK6, and MK8 apparently nucleated and grew during
the solution quench, stabilization, and aging heat treatments as in SR3. However, the fine y' sizes after
stabilization heat treatments were generally smaller in KM4 than in SR3.

MK2, MK4, MK5: Dendritic Medium v', Variable Fine y'

MK2, MK4, and MK5 had dendritic medium y', which varied in morphology as a function of
heat treatment in a manner similar to SR3 specimens. The supersolvus solution heat treatments in MK2,
MK4, and MKS5 apparently dissolved all y'. The dendritic medium y' shape is preferred (10) in
nucleation and growth during the solution quench. MK2 had a lower volume fraction of dendritic
medium y', but it was larger in size than MK4 and MK5. The slower solution heat treatment cooling rate
of MK2 would be expected to produce a larger average dendritic medium y' size than MK4 and MK5
during these solution quenches. MK4 and MKS5 both had high volume fractions of smaller dendritic
medium y' and very low volume fractions of fine y' precipitates. As in the SR3 specimen MSS, the fast
cooling rates produced by oil quenching may have not allowed the equilibrium content of medium
“cooling” ' to nucleate and grow to uniform size. This could have left the y matrix in a supersaturated
state. The subsequent stabilization heat treatments would have promoted enhanced nucleation and growth
of additional y' with many of the new precipitates approaching the medium y' in size. Only a small
population of fine y' appeared to remain under these conditions after the heat treatments for MK4 and
MKS.

In summary, MK2, MK4, and MKS5 had similar dendritic medium y', apparently formed during
the quenches from their solution heat treatments. MK4 and MKS had very low volume fractions of fine
y', apparently due to the combination of a supersolvus solution treatment, oil quench, and stabilization
heat treatment as in the SR3 specimen MS5.

MK7: The Most Diverse y' Microstructure

MK7 had the most diverse y' microstructure of all SR3 and KM4 specimens, containing primary
y', coarse y', dendritic medium y', and very small fine y'. The primary y' was not solutioned during the
subsolvus grain coarsening and solution heat treatments. The small amount of coarse y' appeared to be
remnant “cooling” y' left from grain coarsening heat treatment. It grew considerably during the high
subsolvus solution heat treatment of MK7, as described for MK1, MK3, MK6, and MKS8. The dendritic
medium y' apparently formed during the quench from the solution heat treatment, as discussed for MK2,
MK4, and MK5. The fine y' appeared to form during the subsequent stabilization and aging heat
treatments.

Image Analysis

The results of the size and shape measurements for the SR3 MS series are summarized in Table
5. Table 6 summarizes the results for the KM4 MK series. In both tables the average, standard
deviation, minimum and maximum values for the six measured and calculated quantities are listed. For
comparison, the corresponding results for both baseline alloys were also included.

Figure 7 shows the size distributions for the various observed classes of y' in the SR3 MS series.
Figure 9 shows the distributions for the KM4 MK series. The histograms show the size distributions of
the y' as measured by the feret diameter. The feret diameter was chosen for these size distributions since
it is shape independent. As such, the size of the dendritic y' can be directly compared to the square and
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circular y'. To better characterize the SR3 MS and KM4 MK 7' size distributions, the data was analyzed
using PeakFit’ peak analysis software to deconvolute the observed peaks. One of two types of peaks
were fitted to the data. Most of the peaks were fitted with a Gaussian amplitude peak which is described
by the mathematical formula

I{x—q ’
Yy =a,€xp —5 [4]

where
a, = maximum peak amplitude (%)
a, = center of the peak (nm)
a, = half height peak width (which is also equal to the standard deviation) (nm)
y = amplitude of the peak at a given x (feret diameter) (%)
x = feret diameter (nm)

For several of the peaks, there was a distinct tail at higher values of the feret diameter. This is
most likely caused by coarsening of the y' precipitates. To describe these size distributions, a log normal
function which allows for accurate fitting of curves to the tailed distributions was used. The
mathematical formula for the log normal function is

(3]

where
3, = maximum peak amplitude (%)
a, = peak center (nm)
a, = half height peak width (nm)
y = amplitude of the peak at a given x (feret diameter) (%)
x = feret diameter (nm)

The results of the analysis are presented in Table 7.

In general, an attempt was made to fit the size distributions with a single peak based on the
expectation that the size classes were from y' that formed at about the same time. In some cases the peak

fitting revealed the strong probability of a second peak. In Table 7 additional information is given if the
peak fitting indicated that alternative fits were possible.

The volume fraction for each of the three classes of y' are listed in Table 8 for the MS series
and Table 9 for the MK series. The values for total and fine y' assume that the total amount present in
all samples of a given alloy was constant. In the case of the SR3 MS series this value was the average of
samples MS5 and MS6 or 60.4%. For the KM4 MK series the total amount was the average of the
medium y' in samples MK4 and MKS5 or 64.3%.

? PeakFit Version 4.0 is produced by Jandel Scientific Software, P.O. Box 7005, San Rafael,
CA 94912-7005

NASA/TM—2004-213140 11



Correlation Of y' Volume Fractions And Sizes To Mechanical Properties

The detailed microstructural quantification of the y' precipitates and the corresponding
mechanical test matrices of the materials allow for a chance to correlate and compare the effects of
microstructure on mechanical properties. In particular, the detailed quantification of the aging '
reported in this work is unique in the authors’ knowledge.

Examination of the microstructures and the heat treatment histories lead to the exclusion of
certain samples. Specimens containing only medium and fine y' were selected for correlations. From
the KM4 MK series, samples with the MK7 and MK8 heat treatments were excluded since the subsolvus
solutioning heat treatments lead to the presence of significant amounts of primary y'. From the SR3 MS
series, samples MS4F and MS5f were excluded due to the presence of very coarse cuboidal y'. The
grain coarsening heat treatment of certain samples produced either finer or coarser grained materials. It
was decided for this correlation that grain size effects such as Hall-Petch strengthening would not be
considered. The size range was therefore limited to a range in ASTM grain size number of 1.5 or less.
This gives a change in the average diameter of less than a factor of 2. Based on this criteria, samples
MS1, MS2, MK7 and MK8 were excluded from the correlations.

To determine if a correlation was significant, the values for R? and adjusted R* were examined.
Correlations were not considered significant if the value of R* was less than 0.3. A correlation was
considered of increasing significance for R? greater than 0.3 and less than 0.5. In these cases the
adjusted R? values were also examined, where R? is adjusted for the number of variables (11). If the
adjusted R? values were below 0.3 the correlation is probably not significant. For R? values greater than
0.7, the correlation was considered very significant. In correlations of a response with a single variable
using 12 data points, R*=.30 implies a correlation is statistically significant at a probability of 51% (11).
The t values of the coefficients and constants are also reported, and were greater than 1.5 unless
otherwise noted. In most cases the t values for the coefficients were greater than 2.5 for cases where the
R? values indicated a significant correlation. The major exceptions were for the correlations where R’
was less than 0.3 and in the two variable cases. In correlations of a response with a single variable using
12 data points, t=2.5 implies a correlation is statistically significant at a probability of 98.5%.

The cross-correlation factors for the two variable cases are not reported, but all two variable
models reported passed tests to determine that the independent variables were truly independent and the
models could be improved through the addition of a second variable. Examination of the t values for
certain cases does indicate that additional independent variable has a marginal value and additional testing
should be conducted.

1200°F Tensile Strength

The first attempted correlation was between the volume fraction of the medium and fine y' and
the 1200°F (649°C) tensile strengths of the alloys. Since the total volume fraction of each sample was
equal to the sum of only the medium and fine y' classes and the total amount in each sample was fixed at
a single value, the variables for the two volume fractions are not independent. As a result, the slopes are
identical in magnitude but opposite in sign. However, for completeness and a check on the statistical
analysis, the analysis was extended to include both classes instead of just one. For the statistical analysis,

SigmaStat® statistical analysis software was used for linear and multiple linear regression as well as best
subset regression.

? SigmaStat Version 2.0 is produced by Jandel Scientific Software, P.O. Box 7005, San Rafael,
CA 94912-7005
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Figure 10 shows the dependency of the 1200°F yield and ultimate tensile strengths on the
volume fraction of each class of y' for both the SR3 MS series and the KM4 MK series. Table 10 gives
the statistical analysis of the fit of the data.

In both cases, there was a good correlation between the volume fractions of the y' and the
strength of the alloys. The analysis corroborates the previously observed trend of larger volume fractions
of medium y' giving higher strengths. The interdependency of the medium and fine y' volume fractions
leads to the opposite trend of lower volume fractions of fine y' giving higher strengths. However, the
direct correlation of strength with volume fraction of medium y' is more physically realistic.

Figure 11 shows the dependency of the 1200°F yield and ultimate tensile strengths on the
average size of each y' class for both the SR3 MS series and the KM4 MK series. In this case, the major
axis was used for both plots since it gave a better fit for the regression. The average sizes of the various
classes of y' are independent of each other, so the size variables are fully independent.

The results of the statistical analysis of linear regression of the data are presented in Table 11.
Strength increased with decreasing size of medium y' and increasing size of fine y'. The results for both
feret diameters and major axes are presented. The trend for each was the same, but for the tensile
strengths the major axis gave higher values for R?. The independence of the variables also allowed for
multiple linear regression of the data using both the fine and medium y' sizes as the independent variables
versus either the yield or ultimate tensile strength as the dependent variable. The results showed that
both the R? and adjusted R? values increased above the values for either size class alone. This indicates
that using both values in the correlation gives a better fitting model. Analysis also indicated that the two
variable cases were marginal improvements over the one variable cases. The t value for the fine vy’
coefficients in the SR3 models were lower than desirable, but the KM4 t values are sufficiently large to
warrant further examination of the two variable models.

Figure 12 shows the results for plotting the model generated using both the fine and medium y'
sizes as the independent variables. A contour plot was used to present the three dimensional space. The
lines indicate combinations of medium and fine y' sizes that give the strength indicated by the value
associated with each line.

The two variable model uses the limited number of points in the test matrix to generate a large
space. However, the trends do appear to be consistent with previous and expected results. Decreasing
the medium y' sizes increases the strength of the samples as would be expected from strengthening
models such as the Ashby-Orowan (12) or similar models. Increasing the fine y' sizes increases the
strength. The effects of the fine y' has not been reported previously to the authors’ knowledge.

Examination of the model indicates that there may be an optimum size of between 60 and 200 nm for all
of the y' to give maximum strengthening.

Figure 13 gives a comparison between the actual values of the tested samples and the predicted
values. In the best case where the values predicted by the two variable model exactly matches the
experimental data, the points will fall on a line with a slope of 1, and the R? value for a linear regression
through the data points will be 1. Deviations from the ideal plot indicates how well the two variable
model describes the strength of the alloys.

Examination of results in Figure 13 for the SR3 MS series shows that the slope of the line is
very close to 1, but the R* values are low (R? < 0.4326). Looking at the data points, the strength of the
MS3 samples was the lowest of the MS samples, but the y' sizes were in the middle of the MS series size
range. The MS3 data points may be outliers, but the small number of data points precludes the exclusion
of the two results. Nonetheless, examinations of the plots and the goodness of fit of the data when the
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MS3 data points are excluded leads to the conclusion that the two variable model accurately predicts the
strengths of SR3.

In the case of the KM4 MK series, the yield data gives excellent results with a very high R?
value and a slope very close to 1. The slope and the R? values for the UTS are not as good, but are close
enough to the ideal values that, given the small number of data points, the two variable model can be
considered valid and capable of predicting the KM4 UTS.

Further analysis was done trying to fit the results to a simple models combining size and volume
fraction. The results did not show any good correlation between the models and the results for either
alloy and are therefore not presented here. Additional attempts were made to correlate the strength with
subsolvus and supersolvus heat treatments. The strong correlation between y' size and heat treatment
appear to fully confound the statistical analysis. Therefore no results are presented here. An analysis
was also done to correlate the strength with stabilization for the SR3 samples. The results showed no
correlation between the strength and stabilization.

1200°F Time To 0.2% Creep

In the regression of the data for the time to 0.2% creep and crack growth rates, analysis was
done using both the measured values and the common (base 10) logarithm of the measured values. These
two models will be referred to as the linear and logarithmic models respectively. The determination of
which gave a better fit was again based on the R? values. When a difference was observed it tended to be
distinct.

The time to 0.2% creep was plotted against the y' volume fractions in Figure 14. Time to 0.2%
creep increased with increasing volume fraction of medium y' in SR3. Both the actual creep rate and the
common logarithm of the creep rate were used in analyzing the best fit of the data. Table 12 shows the
results of the statistical analysis of the fits. In the case of the SR3 MS series, the linear model using the
actual creep rate gives a significantly better fit (R*> = 0.675 vs. R* = 0.345). A similar increase was
observed in the adjusted R? values. For the KM4 MK series, both models gave only a marginal fit. The
R? values for the logarithmic model were slightly higher than the linear model, but both were only just
above 0.3. Based on this result, either model could be used, but neither indicates a strong correlation
between the y' volume fraction and the KM4 creep rate. The low correlations in KM4 appear related in
part to the small range of times to 0.2% creep observed (300 to 850 hours).

The dependency of the time to 0.2% creep was plotted against the major axis sizes for the MS
and MK series in Figure 15. Time to 0.2% creep linearly increased with increasing size of medium y'
and decreasing size of fine y' in SR3. The statistical analysis presented in Table 13 indicated that the
major axis values gave a better fit than the feret diameters for the data based on the R? values. Table 13
also shows that, in the case of the SR3 MS series, the best results.in fitting the data are obtained using
the unmodified time as the dependent variable instead of the common logarithm of the time. The
increase in the fit as measured by the R* values is very large. Since the test conditions were held constant
at 1200°F and 115 ksi, the testing actually measures the variation in the creep life at a given condition
caused by changes in the microstructure. As such, it does not have to follow a logarithmic relationship
such as those observed for Hall-Petch, power law creep and other logarithmic models. It is therefore

probably most appropriate to use the best fitting model, in this case the linear models, for the SR3
correlations.

The SR3 results were also analyzed to determine if the stabilization and solution heat treatments
were contributing factors to the observed trends. Statistical analysis showed that there was no statistically
significant correlation between the observed times to 0.2% creep and stabilization. However, inspection
of Figures 14 and 15 suggests this lack of correlation is due to confounding of stabilization and solution
heat treatments in this limited data set. Stabilized specimens consistently had lower creep resistance than
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unstabilized specimens after either supersolvus or subsolvus heat treatments. This was consistent with
previous observations (5). The other factor examined was the role of the solutioning heat treatment on
the time to 0.2% creep. The results appear to be confounded by the strong correlation of the y' size with
the solution heat treatment. As such, no correlation is reported for the solutioning heat treatment.
However, inspection of the Figures 14 and 15 indicated supersolvus solution treated specimens have
longer creep lives.

For the SR3 samples, the statistical analysis shows that the inclusion of a second variable in the
model increases the R? and adjusted R* values. For the logarithmic value, the correlation remains
marginal (R* < 0.387), and the t values for some of the coefficients are lower than desirable. In the
linear case, the two variable models have t values for the coefficients greater than 2.40. This is a very
strong indication that the two variable linear model is a significant improvement over the single variable
model. The linear two variable model for the major axis was used to generate the contour plot shown in
Figure 16. The model for the feret diameter shows the same trends and has the same R? value. The
trend observed is somewhat contradictory in that the model shows increased times to 0.2% creep when
the medium y' size increases but the fine y' size decreases. The reason for this is unclear, but could
involve deformation mechanisms involving movement of dislocations through regions of fine y' by
particle shearing combined with the effective pinning of dislocations by the medium y' to produce
Orowan looping. It also points to a minimum y' size being required to get improvements in the creep life
of SR3. The detailed analysis of the dislocation/y' precipitate interactions is beyond the scope of the
present study. However, the operative deformation mechanisms do govern these correlations.

Figure 17 compares the actual and predicted values for the creep lives of the SR3 samples. As
with the two variable tensile models, the plots should generate a line with a slope of 1 and an R? value of
1 if the model accurately describes the actual data. The results do show that the criteria are met.
However, the plot also shows that while the statistics of the model are very favorable, the predicted times
to 0.2% creep for some of the samples are actually negative. Reviewing the groupings of the data in
Figure 17, the values tend to be either very high or very low. Under these conditions the regression
would automatically tend to R? values near 1. The slope of the line is essentially 1, though, indicating
the trend is correct in direction and magnitude. The small number of data points in the data set and the
manner in which they are grouped at two extremes are probably causing the coefficients to be slightly
incorrect, resulting in the negative values. If additional data points are generated, the model may be
improved to eliminate the negative values. Until that time, the best way to view the model is there is a
strong probability that both the fine and medium y' sizes affect the creep lives of SR3 according to the
indicated trends, though the magnitude of each coefficient in the model could change with additional data.

In the case of the KM4 specimens, neither the linear nor logarithmic models showed significant
correlation (R* < 0.238) using either the feret diameters or the major axes. From this the conclusion is
that there is no correlation between y' size and the time to 0.2% creep in these KM4 specimens.

Limited attempts were made to correlate the time to 0.2% creep with some combination of
volume fraction and size. The results did not indicate any strong correlations for simple models such as
the summation of each volume fraction times the average size. It was felt that further work and analysis
of theoretical models was required, so no correlations of this type are presented.

1200°F Hold Time Fatigue Crack Growth Rates

Both 1200°F and 1300°F (704°C) hold time fatigue crack growth tests were conducted on the
SR3 MS series. Of those samples tested at 1200°F with data available, only four were from samples that
met the other criteria for inclusion in the analysis. The previous analysis (5) employed a multiplication
factor of 0.05 on 1300°F dwell fatigue crack growth rates to approximate 1200°F dwell fatigue crack
growth rates. To minimize complications to the analysis of the data, the decision was made not to
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convert the 1300°F data. Without those additional data points, it was felt that an insufficient number of
tests were run on the SR3 MS series to give meaningful results. As a result, the 1200°F hold time
fatigue crack growth rate analysis is limited to the KM4 MK series.

The crack growth rate was plotted against the y' volume fraction in Figure 18. As with the
creep data, the crack growth rate was analyzed as both the common logarithm of the crack growth rate
and the crack growth rate itself. Table 14 presents the statistical results of the analysis for both the linear
and logarithmic models. The logarithmic model did not give a significant correlation (R*> = 0.210), but
the linear model did give a marginal correlation (R> = 0.424). The linear case should be treated with
caution, though, as the adjusted R? value was only 0.180.

Examination of the plots of the plots of the data show that the results are strongly influenced by
the highest medium y' data point. Without that point there would be no significant correlation observed
for the data. Based on this analysis of the data and the statistical analysis leads to the conclusion that
there is probably no strong dependence of the 1200°F hold time fatigue crack growth rate on the volume
fractions of the medium and fine y' for the KM4 specimens.

There was a strong correlation observed between the heat treatment and the crack growth rate.
Figure 19 shows plots of the crack growth rate dependency on the heat treatment. The strongest
correlation (R? = 0.9972) was determined to be the natural logarithm of the crack growth rate versus the
type of heat treatment, subsolvus or supersolvus. A weaker but still very statistically significant
correlation (R* = 0.8787) was observed between the natural logarithm of the crack growth rate and the
solutioning heat treatment temperature. The observation that the crack growth rate for the intermediate
solution temperature specimens did not differ significantly from the lower temperature solution heat
treatment tends to reinforce the importance of the solutioning heat treatment temperature relative to the
actual solvus temperature of the alloy as opposed to simply the absolute temperature.

The correlation observed between the crack growth rate and the type of solutioning heat
treatment is consistent with the failure mode of the samples previously observed (6). Inspection of Table
2b indicated the grain sizes varied among the regressed samples by only 1 ASTM grain size number
(ASTM 4.4-5.4). However, for the six heat treatments used in this correlation, subsolvus heat treated
samples failed by intergranular crack propagation while supersolvus heat treated samples failed by either
mixed mode or transgranular crack propagation. This suggests the crack propagation mode was sensitive
to microstructural parameters other than grain size, which varied with solution heat treatment
temperature. Insufficient information was available on the crack growth modes to meaningfully correlate
the crack growth rate and the degree of transgranular cracking or similar characteristics of the cracks.

Table 15 presents the statistical results of the analysis for both the linear and logarithmic models
of crack growth dependency on y' size. Crack growth rate decreased with decreasing size of medium 7v'.
In the case of the crack growth rate data, the statistical analysis indicated that the feret diameter gave a
better fit for the data. The logarithmic model gives a very good fit to the feret diameter data (R* >
0.815) and the major axis data (R* > 0.691). However, the linear model using the feret diameter
increases R? to 0.932, a value improved even beyond the logarithmic case. The same trends are true for
the adjusted R? values. Given the high values of R* in both cases, the final choice of which model to use
should be determined based on metallurgical principles rather than statistics.

Figure 20 shows the crack growth rate plotted against the average feret diameters for the
medium and fine y' classes. Both the logarithmic and linear models are presented. The observation must
be made that the results tended to be grouped into two extremes that were dependent on the type of
solutioning heat treatment used. These groupings will significantly improve the fit of the models to the
data. The grouping were most likely related to the change in crack growth mode from intergranular in
inferior specimens to mixed or transgranular modes in specimens having slow crack growth rates (6).
The groupings and overlap of the data lead to questions regarding the form of the function. It may be
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that the results indicate a step function or some other discontinuous function instead of the presented
linear functions. Without intermediate data the question cannot be fully resolved.

Table 15 also includes an analysis of the two variable case using both the fine and medium y'
sizes. The value of R? is high for both the feret diameter and major axis cases. Analysis of the adjusted
R? and t values indicates the inclusion of a second term in the model has marginal benefits at best. In
particular, the low t values for the fine y' coefficients indicates a one variable model would probably be
preferable for the crack growth. Based on this no contour plots were generated for the crack growth
models.

Comparison To Previous Results

The previous analysis (5, 6) of the microstructure-property relationships in these SR3 and KM4
specimens also included data from a broad range of alloys including IN100, 456, René 88DT, and CH98,
with varied compositions and microstructures. This was necessary to provide guidance for the design of
compositions and microstructures which could improve mechanical properties for supersonic cruise
applications. It also did not always include all measurements of fine y' distributions, since these data
were not available for all the alloys and conditions examined. The major factors affecting strength, creep
life and crack growth were determined to generally be related to the chemistry and the medium y' size.
By focusing the present analyses on constant SR3 and KM4 compositions and limiting the microstructural
variables to only the y' sizes and volume fractions, a more focused evaluation of the effects of the y'
distribution on mechanical properties was possible.  The single variable microstructural trends
determined here for the SR3 and KM4 specimens are presented in Table 16. For comparison, the
microstructural results from the previous study are also presented (5). Microstructure-property
relationships reported significant in both analyses tended to be consistent. In two cases there is no
reported correlation for the present analysis, where a correlation was observed in the previous analysis.
In these cases, the values of R? were below the threshold of 0.3 deemed to be significant in the present
study. For example, in the case of the hold time fatigue crack growth rate, a correlation was previously
reported for the fine y', but the correlation was only at a value of R* = 0.23. This falls below the level
chosen for significance in the current study. The advantages of eliminating compositional and grain size
variables allow for the determination of y' size and volume fraction effects that could have been
previously masked by other effects. Therefore, the present observations act to supplement the previous
analysis and give information on desirable microstructural changes that could be useful for current and
future alloys.

As part of this supplementary analysis, y' volume fraction and size correlations were assessed
separately, rather than simultaneously. This allowed unfettered evaluations of which types of y' had
potential relationships with mechanical properties, using either volume fraction or size as indicators.
Statistical forward or reverse selection processes among all of these variables have been used to select the
best linear correlation of mechanical properties with these variables (5,6). However, constitutive models
usually do not relate mechanical properties to linear combinations of volume fractions and sizes of
different strengthening precipitates. Such constitutive models usually employ functional relationships
using precipitate volume fraction and size to relate mechanical properties to deformation mechanisms,
e.g. interparticle spaces available for unimpeded dislocation motion, total particle area which must be
sheared by dislocations, and the critical radius a dislocation must bend to loop around a particle (1). In
future work, the KM4 and SR3 microstructure and mechanical property data will be evaluated using these
constitutive models to relate both volume fraction and size of different types of y' to mechanical
properties.

The microstructure-property relationships observed here agreed with some empirical trends

previously reported for other disk alloys. The increase of strength with y' content, and inverse
dependence of strength with medium y' size is well-documented (1). The correlations of fine y' size and
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content with strength and creep resistance have not been widely reported to the authors’ knowledge.
Relationships of dwell crack growth rates with grain boundary serration amplitude and carbide density
have been suggested throughout the general literature, due to the predominantly intergranular crack
growth mode often observed in these conditions. However, dwell crack growth rates were correlated in
the present study only for stabilized KM4 specimens, which had comparable carbide densities and similar
serrations at the grain boundaries. Therefore, such relationships could not be assessed here.

The correlations of KM4 y' microstructures with properties may be considered representative of
disk alloys in this general composition class having near 55% medium y' content, which are subjected to
current stabilization heat treatments. These trends indicate tensile strength and dwell fatigue crack
growth resistance can be strongly affected by changing y' distributions. This should be of use in
optimizing heat treatments, and should also be considered when heat treating large disks. For example,
slower cooling rates or lower solution temperatures in the interiors of thick disks could induce
significantly different microstructures from surface locations. This could produce lower strengths and
faster crack growth rates at these interiors than at surface locations. However, 0.2% creep resistance is
relatively low for all KM4 microstructural variations tested, with no strong y' microstructure-creep
correlations observed. This was apparently due to the stabilization heat treatments applied to all KM4
specimens. Judging from the trends observed in SR3, this appears related in part to the effects of the
stabilization heat treatment on fine y' size. It appears that alternative stabilization heat treatments and
altered compositions (5, 6) will be necessary for improved creep resistance.
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Summary and Conclusions

The y-y' microstructures of two advanced powder metallurgy disk alloys, KM4 and SR3, were
quantified after a series of heat treatments using transmission electron microscopy and image analysis.
Generally three size classes of y' were observed in the samples. Large (600 nm or greater), irregularly
shaped y' were classified as the coarse y' precipitates. Cuboidal or irregularly shaped y' precipitates
between 100 nm and 600 nm were classified as medium y' precipitates. Spherical y' precipitates less than
100 nm were classified as fine y' precipitates. Relationships between the heat treatments and the
resulting y' distributions were evaluated. Statistical correlations between the sizes and volume fractions
of y' and the reported tensile strengths, creep resistances, and dwell crack growth resistances were
separately assessed for each alloy.

m  Subsolvus solution heat treatments produced varying quantities of cuboidal medium y' which
were apparently remnant “cooling” y' medium from the previous grain coarsening heat
treatment.  Supersolvus solution heat treatments produced dendritic medium y' which
apparently formed during the quench from the solution treatment. Faster cooling rates
produced finer dendritic medium y'. This is consistent with the supposition.

m  Spherical fine y' formed during the solution quench, stabilization, and aging heat treatments.
The insertion of stabilization heat treatments before aging heat treatments consistently gave
larger fine y' sizes in SR3, but stabilization produced varying fine y' sizes in KM4.

m In both alloys, yield and tensile strength increased with increasing volume fraction of
medium y'. Strengths also increased as the size of the medium y' decreased and the size of
the fine y' increased.

m  Time to 0.2% creep in SR3 increased with increasing volume fraction and size of medium
y', and decreasing size of fine y'. However, 0.2% creep time was not clearly correlated
with the y' microstructures of KM4 specimens. It appears the effects of the stabilization

heat treatments on KM4 were a greater influence than the other variables assessed in this
study.

m  Dwell fatigue crack growth rate decreased with increasing volume fraction of medium 7',
indicating more medium y' is beneficial. The crack growth rate also decreased with
decreasing y' size, indicating finer y' is better. A correlation also was observed between the

crack growth rate and the type of solutioning heat treatment, and it is probably interrelated
with the y' size.

m In alloys similar to KM4 subjected to the present stabilization heat treatments, tensile
strength and dwell crack growth resistance can be affected by y' microstructural
modifications. However, the 0.2% creep resistance does not strongly respond to y'
variations, and may vary more with composition.
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Table 1 -

Nominal Compositions Of SR3 And KM4

Element SR3 KM4
Al 26 4.0
B 0.015 0.030
(o 0.030 0.030
Co 11.9 18.0
Cr 12.8 12.0
Hf 0.20
Mo 51 40
Nb 16 2.0
Ni Bal. Bal.
Ti 49 4.0
Zr 0.030 0.030
Solvus 2140°F 2140°F
(1171°C) (1171°C)

All values are in weight percent
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Table 2a -
Heat Treatment Matrix For SR3 MS Series

Average Grain |
Cooling ASTM Grain Diameter
MS | Grain Coarsening Solution Rate Stabilization Aging Size (mm)
1 | 2070/1 +2180/3 + AC | 1975/1 + AC | 190°F/min 1400/8 + AC 3.2 0.119
2 | 2070/1 +2180/3 + AC | 2140/1 + IAC | 120°F/min | 1550/4 + AC | 1400/8 + AC 2.3 0.162
3 | 2075/1 + 2160/12 + AC | 1975/1 + IAC | 70°F/min 1550/4 + AC | 1400/8 + AC 6.0 0.045
4 | 2075/1 +2160/2 + AC | 2140/1 + OQ | >300°F/min 1400/8 + AC 6.5 0.038
4F | 2075/1 + 2160/2 + AC | 2140/1 + FAC | 250°F/min 1400/8 + AC 5.9 0.047
5 | 2075/1 +2160/2 + AC | 2140/1 + OQ | >300°F/min | 1550/4 + AC | 1400/8 + AC 6.7 0.035
5F | 2075/1 + 2160/2 + AC | 2140/1 + FAC | 280°F/min | 1550/4 + AC | 1400/8 + AC 5.8 0.048
6* 2140/2 + AC 2140/1 + IAC | 130°F/min 1400/8 + AC 6.0 0.045
7* | 2075/1 + 2160/2 + AC | 2045/1 + IAC | 164°F/min 1400/8 + AC 58 0.048
8 2140/2 + AC 2045/2 + FAC | 250°F/min | 1550/4 + AC | 1400/8 + AC 6.6 0.037

*MS6 and MS7 reflect the actual heat treatments of the samples (see text)

AC - Air cooled (medium cooling rate)

IAC - Insulated air cooled (slow cooling rate)

FAC - Fast air cooled (fast cooling rate)
0OQ - Oil quench (very fast cooling rate)
All temperatures in degrees Fahrenheit and times in hours

Table 2b -
Heat Treatment Matrix For KM4 MK Series

Average Grain
Cool Rate | Cool Rate ASTM Diameter
MK | Grain Coarsening Solution (1600°F) | (1000°F) [ Stabilization Aging Grain Size (mm)
1 [2070/1 +2180/3 + AC | 1990/1 + FAC | 780°F/min | 350°F/min | 1600/2 + AC | 1400/8 + AC 4.4 0.078
2 | 2070/1 +2180/3 + AC| 2150/1 + IAC | 110°F/min | 85°F/min | 1550/4 + AC | 1400/8 + AC 46 0.073
3 | 2075/2 + 2160/2 + AC | 1990/1 + IAC | 68°F/min | 68°F/min | 1550/4 + AC | 1400/8 + AC 5.3 0.057
4 |2075/2 +2160/2 + AC | 2150/1 + FAC | 611°F/min | 338°F/min | 1600/2 + AC | 1400/8 + AC 5.4 0.055
5 |2075/2 +2160/2 + AC| 2150/1 + FAC | 367°F/min | 288°F/min | 1550/4 + AC | 1400/8 + AC 5.2 0.059
6 | 2075/2 + 2160/2 + AC| 2060/1 + IAC | 85°F/min | 68°F/min | 1600/2 + AC | 1400/8 + AC 5.1 0.061
7 12075/2 +2130/2 + AC| 2130/1 + IAC | 113°F/min | 84°F/min | 1600/2 + AC | 1400/8 + AC 5.9 0.047
8 |2075/2 +2130/2 + AC | 2060/1 + FAC | 3067°F/min| 815°F/min | 1550/4 + AC | 1400/8 + AC 7.0 0.032

AC - Air cooled (medium cooling rate)

IAC - Insulated air cooled (slow cooling rate)
FAC - Fast air cooled (fast cooling rate)

All temperatures in degrees Fahrenheit and times in hours
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Table 5a -
Summary Of Image Analysis Results For SR3 MS Series - Coarse y'

MS4F MS5F
Precipitates Measured 142 118
Major Axis Average 1231.47 1564.46
(nm) o 200.86 290.51
Minimum 204 47 968.12
Maximum 171417 2407.48
Minor Axis Average 1043.22 1135.96
(nm) c 232.62 370.92
Minimum 275.93 396.27
Maximum 1507.71 2256.56
Feret Diameter Average 925.66 1108.81
(nm) c 140.34 200.86
Minimum 276.93 631.00
Maximum 1280.59 1721.36
Aspect Ratio Average 0.84 0.71
o 0.10 0.14
Minimum 0.56 0.39
Maximum 1.00 0.98
Compactness Average 26.57 31.94
o 11.16 19.43
Minimum 14.00 18.77
Maximum 88.92 170.49
Shape Factor Average 0.52 0.46
c 013 0.13
Minimum 0.14 0.07
Maximum 0.90 0.67
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Table 5b -
Summary Of Image Analysis Results For SR3 MS Series - Medium v'

As-Rcvd | MS1* | MS2 | MS3* | MS4 | MS4F | MS5 | MS5F | MS6* | MS7 | MS8*

Precipitates 144 130 500 231 153 439 163 284 134 71 301
Measured

Maijor Axis Average 312.39 397.42 | 44123 | 347.41 | 14158 | 33559 | 18660 | 52593 | 340.44 | 55751 | 539.60

(nm) G 146.12 8251 | 17988 | 20406 | 2451 | 14338 | 3299 | 18422 | 8945 | 9236 | 111.68

Minimum 80.33 21617 | 11958 | 3286 | 6498 | 7630 | 11161 | 12493 | 151.38 | 36250 | 257.19

Maximum 634.09 64071 | 96858 | 721.38 | 217.91 | 796.97 | 28863 | 112922 | 52529 | 829.41 | 1013.47

Minor Axis Average 233.44 32505 | 32636 | 23355 | 11548 | 258.88 | 14535 | 381.81 | 254.22 | 46186 | 447.48

(nm) o 126.12 8224 | 15793 | 15840 | 2447 | 11671 | 3157 | 14880 | 8286 | 10491 | 131.95

Minimum 37.87 15352 | 8309 | 1298 | 5280 | 5290 | 7493 | 107.05 | 9876 | 20401 | 114.02

Maximum 498.28 51625 | 91286 | 56265 | 16525 | 607.33 | 236.12 | 80464 | 42430 | 670.21 | 90557

Feret Average 24377 34599 | 34422 | 27241 | 12122 | 27081 | 157.35 | 39881 | 271.30 | 470.26 | 450.18

Diameter o 107.28 7356 | 13213 | 167.09 | 2073 | 10502 | 2608 | 121.64 | 6952 | 49.26 | 100.04

(nm) Minimum 56.94 19308 | 10551 | 2597 | 60.05 | 70.63 | 90.03 | 12264 | 12654 | 297.67 | 19210

Maximum 47159 49951 | 73871 | 55173 | 179.26 | 59769 | 22593 | 73242 | 398.33 | 65225 | 873.03

Aspect Ratio | Average 073 0.82 0.74 0.67 0.81 0.78 0.78 0.73 0.75 0.83 0.82

c 013 0.12 015 0.18 0.10 013 0.11 0.14 0.14 0.12 0.14

Minimum 0.41 0.32 0.30 0.20 0.55 0.36 0.49 0.38 0.40 0.49 0.35

Maximum 098 0.99 0.99 098 0.9 1.00 097 0.99 0.98 098 099

Compactness | Average 21.35 1982 | 2535 | 2561 | 2521 | 2088 | 2035 | 2890 | 2278 | 1921 | 2275

c 8.08 794 | 2037 | 1480 | 1401 715 6.30 14.14 9.17 7.82 9.40

Minimum 13.66 1420 | 1359 | 1455 | 1398 | 1298 | 1393 | 1414 | 1409 | 1444 | 1451

Maximum 67.59 6096 | 23862 | 117.21 | 9946 | 6858 | 47.36 | 10215 | 7501 | 67.03 | 7695

Shape Factor | Average 0.65 070 0.61 0.58 0.60 065 066 0.51 0.61 071 0.62

o 018 017 020 0.18 022 0.16 0.15 0.18 017 0.15 017

Minimum 019 0.21 0.05 011 013 018 0.28 0.12 017 0.19 0.16

Maximum 0.92 0.89 0.92 0.86 0.90 097 090 0.89 0.89 0.87 0.87

*These samples were given a subsolvus solutioning and may contain secondary and cooling '
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Table 5¢-
Summary Of Image Analysis Results For SR3 MS Series - Fine y'

As-Revd | MS1* | MS2 | MS3* | MS4 | MS4 | MS5 | MS5 | MS6* | MS7 | MS8*
F F

Precipitates 283 345 568 366 137 778 91 241 233 33 653
Measured

Major Axis Average 26.00 3051 [ 4819 | 4783 | 1848 | 5049 | 4200 | 7384 | 1945 | 5745 | 6530

(nm) o 12.39 1136 | 1744 | 1630 6.12 2772 | 1512 | 3802 8.58 271.38 | 3490

Minimum 25 6.00 575 1452 8.17 1160 | 1307 | 2170 6.33 14.62 9.28

Maximum 85.15 7208 | 18893 | 14405 | 4178 | 177.70 | 8421 | 23464 | 5048 | 139.33 | 247.56

Minor Axis Average 18.12 2474 | 3798 | 37.02 | 1398 | 3853 | 3355 | 5733 [ 1290 | 4745 | 51.80

(nm) o 9.59 9.21 13.50 0.00 444 2255 | 1240 | 2787 456 2261 | 28.00

Minimum 0.00 3.00 0.00 90.12 5.05 0.00 1054 | 1446 392 8.23 0.00

Maximum 5243 57.37 | 14492 | 1245 | 3366 | 141.02 | 6567 | 191.08 | 2836 | 12073 | 174.88

Feret Average 23.58 2130 | 4445 | 4064 | 1692 | 4522 | 3736 | 6499 | 1529 | 5104 | 57.12

Diameter P 9.64 9.75 1427 | 1282 5.02 2312 | 1302 | 3021 5.00 2397 | 2907

(nm) Minimum 399 5.87 9.17 13.78 7.74 1180 | 1319 | 2235 577 1313 9.46

Maximum 63.21 6262 | 14322 | 8524 | 3798 | 14711 | 7006 | 20516 | 3031 | 12663 | 204.84

Aspect Ratio | Average 072 0.82 0.80 078 077 076 0.80 079 0.70 0.84 0.80

o 0.22 0.10 013 013 013 0.14 0.50 0.13 0.16 0.09 012

Minimum 0 0.44 0.00 0.00 033 .00 1.00 0.39 0.29 0.42 0.00

Maximum 1.00 0.99 1.00 1.00 1.00 1.00 0.10 1.00 1.00 1.00 1.00

Compactness | Average 15.26 1599 | 1601 | 2407 | 1401 | 1611 | 1716 | 1656 | 2439 | 1969 | 19.06

o 4.25 4.89 4.40 12.35 1.37 404 5.07 5.40 1450 6.26 7.22

Minimum 8.00 1243 8.00 9558 | 11.14 9.77 1249 | 1139 | 1264 | 1237 | 1036

Maximum 39.46 5542 | 4147 | 1112 | 2108 | 5883 | 4077 | 5348 | 8716 | 7315 | 80.18

Shape Factor | Average 087 0.83 0.83 0.59 0.90 0.82 078 0.81 0.64 0.68 072

o 0.19 0.14 017 018 0.08 0.16 0.16 0.16 0.24 0.14 017

Minimum 032 0.23 0.30 0.13 0.60 0.21 0.31 023 0.14 017 016

Maximum 1.57 1.01 1.57 1.02 113 1.29 1.01 1.10 0.99 1.02 1.21

*These samples were given a subsolvus solutioning and may contain aging and cooling y'
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Table 6a -
Summary Of Image Analysis Results For KM4 MK Series - Coarse '

MK7
Precipitates Measured 77
Major Axis Average 756.75
(nm) c 127.65
Minimum 477.73
Maximum 1003.68
Minor Axis Average 627.17
(nm) c 170.28
Minimum 243.60
Maximum 977.98
Feret Diameter Average 584.28
(nm) c 98.47
Minimum 362.47
Maximum 763.95
Aspect Ratio Average 0.82
c 0.14
Minimum 0.45
Maximum 1.00
Compactness Average 26.61
c 13.94
Minimum 17.94
Maximum 116.76
Shape Factor Average 0.53
c 013
Minimum 0.1
Maximum 0.70
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Table 6b -
Summary Of Image Analysis Results For KM4 MK Series - Medium '

As-Revd | MK1* | MK2 | MK3* | MK4 | MK5 | MK6* | MK7* | MK8*
Precipitates 38 256 471 229 176 352 321 268 269
Measured
Major Axis Average 393.80 40880 | 34665 | 381.37 | 27310 | 24058 | 51489 | 28310 | 493.64
(nm) c 127.24 8448 | 14408 | 9277 70.41 54.19 98.38 72.29 96.00
Minimum 130.58 12210 | 8698 | 1415 | 87.70 9.36 | 28212 | 12128 | 244.70
Maximum 758.90 608.91 | 72538 | 62303 | 45056 | 43587 | 79099 | 49581 | 726.99
Minor Axis Average 31859 35159 | 22392 | 32441 | 20179 | 16314 | 44175 | 21767 | 429.45
(nm) c 114.28 87.36 | 11916 | 10044 | 6432 5364 | 11546 | 6619 | 107.48
Minimum 95.48 10236 | 36.30 96.52 57.86 5722 | 12947 | 7758 | 151.23
Maximum 597.86 54222 | 590.77 | 59848 | 34567 | 32357 | 73716 | 40504 | 687.91
Feret Diameter | Average 317.36 35573 | 25861 | 32818 | 21912 | 186.88 | 43333 | 23088 | 424.24
(nm) G 90.48 7399 | 10888 | 8274 5475 43.90 84.36 54.94 83.58
Minimum 111.40 11325 | 60.22 | 12315 | 67.37 8573 | 21399 | 11298 | 201.23
Maximum 535.94 52453 | 54291 | 54486 | 35935 | 32555 | 64886 | 38294 | 63076
Aspect Ratio Average 0.81 0.86 063 0.84 0.74 0.68 0.85 077 0.86
c 0.12 01 0.15 0.12 0.14 0.15 0.12 013 0.10
Minimum 045 046 0.27 0.48 036 0.28 043 0.35 0.53
Maximum 098 1.00 0.97 1.00 097 0.99 1.00 1.00 0.99
Compactness Average 19.29 16.53 235 18.55 19.95 20.97 17.35 20.52 17.38
c 498 336 8.14 3.96 6.32 5.79 3.09 6.82 3.40
Minimum 14.39 13.54 14.07 1433 13.95 14.16 1420 14.25 14.26
Maximum 3275 3895 95.05 45.44 58.23 50.12 4113 71.08 3513
Shape Factor Average 0.69 0.78 0.61 0.70 067 0.64 0.74 065 0.74
G 0.14 0.10 0.15 0.10 0.15 0.14 0.09 013 011
Minimum 038 0.32 013 0.28 022 025 0.31 018 0.36
Maximum 0.87 0.93 0.89 0.88 0.90 0.89 0.88 088 0.88

*These samples were given a subsolvus solutioning and may contain secondary and cooling y'
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Table 6¢ -
Summary Of Image Analysis Results For KM4 MK Series - Fine y'

As-Revd | MK1* | MK2 | MK3* | MK4 | MK5 | MK6* | MK7* [ MK8*
Precipitates 77 313 626 261 153 352 590 438 618
Measured
Major Axis Average 4152 50.43 33.62 2565 4314 3076 69.06 4273 7176
(nm) o 17.42 15.27 9.56 8.63 17.23 8.85 31.30 17.47 37.08
Minimum 9.81 13.44 9.43 5.62 953 9.93 15.90 17.85 12.93
Maximum 83.75 10378 | 90.30 5026 | 11762 | 6599 | 189.05 | 126.08 | 162.59
Minor Axis Average 3376 41.56 2242 2175 32.18 3076 56.26 35.29 55.23
(nm) o 15.39 13.82 6.73 7.58 12.41 8.85 26.10 15.01 29.35
Minimum 8.34 7.29 0.00 503 7.01 9.93 9.47 94 7.01
Maximum 69.91 93.46 50.98 4324 73.31 6599 | 17415 | 11290 | 13377
Feret Diameter | Average 4273 45.95 29.58 24.48 3175 35.04 64.28 40.10 63.02
(nm) o 15.73 13.70 7.01 7.74 13.56 9.26 27.10 15.30 31.12
Minimum 9.81 13.26 10.65 7.50 11.78 1378 15.86 16.69 11.19
Maximum 73.12 97.43 63.16 41,7 82.02 7020 | 17730 | 109.09 | 14073
Aspect Ratio Average a7 0.82 0.67 0.85 0.76 0.80 0.82 083 0.78
G 12 0.10 0.13 0.09 0.15 0.1 0.1 0.10 0.12
Minimum 43 0.51 0.00 050 0.25 0.46 0.36 045 0.28
Maximum 96 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Compactness Average 1471 16.29 14.46 14.24 16.45 14.64 1477 14.85 16.62
o 113 4.06 234 246 590 234 270 262 329
Minimum 12.90 1253 10.99 10.29 1222 12.35 10.29 11.49 11.08
Maximum 19.41 45.73 45.77 35.17 49.79 32.28 30.87 32.85 33.85
Shape Factor Average 0.85 0.80 0.88 090 0.82 087 0.87 087 0.78
o 0.07 0.13 0.10 0.1 0.17 010 0.13 0.12 0.14
Minimum 0.65 027 027 0.36 0.25 0.39 0.4 0.38 037
Maximum 097 1.00 1.14 1.22 1.03 1.02 1.22 1.09 113

*These samples were given a subsolvus solutioning and may contain aging and cooling y'
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Table 7a -
SR3 MS Series y' Size Distribution Fitted Curves

Sample | y' Class | Peak Type Of a, a, a, R?
Curve
MS1 Medium 1 Gaussian 12.4683 | 354.9554 82.9117 | 0.8854
Fine 1 Gaussian 22.5243 27.4277 8.7820 0.9390
MS2 Medium 1 Log Normal | 7.4828 281.7680 0.4541 0.9072
1 Gaussian 7.6924 248.6565 64.2772 | 0.9580
2 Gaussian 5.6105 4455340 86.9776
Fine 1 Log Normal | 16.8854 41.9960 0.2697 0.9920
MS3 Medium 1 Gaussian 12.4259 417.8938 73.1812 0.6649
1 Gaussian 10.1600 | 419.2817 102.1043 | 0.9959
(FFT Filter)
Fine 1 Gaussian 15.5556 41.7731 12.8575 0.9689
MS4 Medium 1 Gaussian 42.7195 135.6756 20.7148 0.9751
Fine 1 Gaussian 48.6128 18.4137 3.9019 0.9943
MS4F Large 1 Gaussian 8.9761 894.8847 77.4302 | 0.7597
2 Gaussian 49042 | 1098.5884 | 49.7574
Medium 1 Gaussian 7.5889 185.5089 47.2897 | 0.9330
2 Gaussian 7.7315 331.3429 79.9952
1 Log Normal | 9.1757 220.2185 0.4710 0.8818
1 Gaussian 9.3007 262.5617 107.7951 | 0.8561
Fine 1 Log Normal | 13.7377 33.8766 0.3579 0.9594
MS5 Medium 1 Gaussian 38.2255 | 165.8659 25.6576 | 0.9906
Fine 1 Log Normal | 16.6022 34.6953 0.3242 0.9588
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Table 7a (Continued) -
SR3 MS Series y' Size Distribution Fitted Curves

Sample | y' Class | Peak Type Of a, a, a, R?
Curve
MS5F Large 1 Gaussian 9.4848 1124.4956 | 214.1227 | 0.7919
Medium 1 Gaussian 6.4765 279.0555 441569 0.8748
2 Log Normal | 7.1939 4447944 0.2246
1 Gaussian 7.3699 408.9530 141.7007 | 0.7846
Fine 1 Log Normal | 10.2401 52.0079 0.3319 0.9475
MS6 Medium 1 Gaussian 6.2463 179.4832 34.4922 | 0.9402
2 Gaussian 16.6235 308.4372 46.1234
Fine 1 Log Normal | 44.7756 16.3503 0.2739 0.9821
MS7 Medium 1 Gaussian 11.4780 | 490.1741 86.1590 | 0.9772
(FFT Filter)
1 Gaussian 6.0354 385.4232 41.7101 0.6906
2 Gaussian 19.0387 | 505.7411 32.9604
1 Gaussian 13.6293 | 488.6875 74.2807 | 0.6246
Fine 1 Log Normal | 9.6071 38.9594 0.4836 0.9224
MS8 Medium 1 Gaussian 9.6779 463.5395 106.2913 | 0.9242
Fine 1 Log Normal | 9.5069 42.6679 0.4427 0.9530
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Table 7b -
KM4 MK Series y' Size Distribution Fitted Curves

Sample | y' Class | Peak Type Of a, a, a, R?
Curve
MK1 Medium 1 Gaussian 14.2531 | 376.0416 | 68.5616 | 0.9767
Fine 1 Gaussian 15.5659 | 46.3639 | 12.3375 | 0.9142
MK2 Medium 1 Gaussian 7.4460 154.0401 42.067 0.9383
2 Gaussian 7.2801 324.6491 | 97.0168

1 Log Normal 8.5060 199.0795 0.5559 0.8247

Fine 1 Gaussian 28.9954 | 31.3807 6.8733 0.9956

MK3 Medium 1 Gaussian 4.8974 | 247.5705 | 52.6088 | 0.8986
2 Gaussian 14.6362 | 370.8001 | 44.2572

1 Gaussian 14.4123 | 359.4994 | 60.5255 | 0.8426

Fine 1 Gaussian 24,5968 | 27.0859 8.1926 | 0.9954

MK4 Medium 1 Gaussian 17.3124 | 230.6250 | 58.3039 | 0.9857

Fine 1 Gaussian 14.5618 39.5704 13.8887 | 0.9134

MK5 Medium 1 Log Normal | 21.1829 | 187.6796 | 0.2493 | 0.9562

Fine 1 Gaussian 22.8513 | 35.9400 8.2377 0.9750

MK6 Medium 1 Gaussian 11.6900 | 448.9910 | 85.4157 | 0.9309

Fine 1 Log Normal | 9.9855 51.4845 0.3430 | 0.9226
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Table 7b (Continued) -
KM4 MK Series y' Size Distribution Fitted Curves

Sample | y' Class | Peak Type Of a, a, a, R?
Curve
MK7 Large 1 Gaussian 18.9633 | 623.8193 | 108.1253 | 0.9692
Medium 1 Gaussian 17.4178 | 243.5435 58.0967 0.9794
Fine 1 Log Normal | 18.8359 | 36.1016 0.2686 0.9832
MK8 Medium 1 Gaussian 5.0462 | 326.4586 | 354643 | 0.9133
2 Gaussian 12.8780 | 460.4450 | 61.6735
1 Gaussian 12.3886 | 454.7014 | 74.2010 | 0.8568
Fine 1 Log Normal 9.1231 29.2851 0.2951 0.9233
2 Log Normal 6.1448 81.3356 0.2011
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Table

8 -

SR3 MS Series y' Volume Fractions

Sample

MS1 | MS2 | MS3 | MS4 | MsaF | Ms5 | mssF | Mse | Ms7 | mss
fotal Area 60.4% | 60.4% | 60.4% | 60.4% | 60.4% | 60.8% | 60.4% | 60.0% | 60.4% | 60.4%
Coarse (>600 nm)
Volume Fraction 28.0% 25.0%
Vodum (109-5000m) | 37.0% | 56.0% | 45.4% | 49.0% | 18.0% | 59.2% | 20.0% | 60.0% | 40.9% | 42.8%
pne (<100 nm)Volume | 23.4% | 4.4% | 15.0% | 11.4% | 14.4% | 1.6% | 15.4% | <1% | 19.5% | 17.6%
* Assumed based on average of MS5 and MS6
MS5 and MS6 are direct measurements

Table 9 -
KM4 MK Series y' Volume Fractions
Sample
MK1 MK2 MK3 MK4 MK5 MK6 MK7 MKS8

irtivhe 64.3% | 64.3% | 64.3% | 67.6% | 61.0% | 64.3% | 64.3% | 64.3%
Primary (>1 um) 3.8Y% 5.9%
Volume Fraction 070 '
Coarse (>600 nm) o
Volume Fraction 22.6%
Medium (100-600 nm) o o o | a ro o o o
Vem t199-30: 57.1% | 52.1% | 54.3% (~67.5%| 59.3% | 53.2% | 29.5% | 31.3%
pine (<100 nmyVolume | 7 29 | 12.2% | 10.0% | «1% | 16% | 11.1% | 8.4% | 27.0%

* Assumed based on average of MK 4-1 and MK 5-1
MK4 and MKS5 are direct measurements
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Table 10a -
SR3 MS Series 1200°F Tensile Strength Versus y' Volume Fraction Curve Fit

o= bO + blf Medium + beFine

1200°F Yield Strength
Independent . . 2 . 52
Variables Medium Fine Constant R Adj. R
0.861 105.0
1 (1.536) (3.729) 0.208 0.12
-0.861 157.1
! (-1.536) | (20.589) 0.208 0.12
1200°F Ultimate Tensile Strength
Independent . . 2 . 52
Variables Medium Fine Constant R Adj. R
0.705 179.2
1 (2.517) (12.739) 0.413 0.348
-0.705 221.9
1 (-2.517) | (58.009) 0.413 0.348

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R? value

Values in parentheses are the t values for the constants
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Table 10b -
KM4 MK Series 1200°F Tensile Strength Versus y' Volume Fraction Curve Fit

o= bO + blf Medium + b2f Fine

1200°F Yield Strength

Independent . . 2 . 2

Variables Medium Fine Constant R Adj. R
0.802 93.6

1 (3.854) (7.827) 0.598 0.557
-0.802 147.8

1 (-3.854) | (61.388) 0.598 0.557

1200°F Ultimate Tensile Strength

Independent . . 2 . o2

Variables Medium Fine Constant R Adj. R
-1.160 210.8

1 (4.084) (8.107) 0.625 0.588
1.160 132.4

! (-4.084) | (64.124) 0.625 0.588

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R? value

Values in parentheses are the t values for the constants
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Table 11a -
SR3 MS Series 1200°F Tensile Strength Versus y' Size Curve Fit

o= bO + bl dMedium + bZ d]*'ine
1200°F Yield Strength
Feret Diameter Major Axis
Independent . . 2 L2 . . 2 L2
Variables Medium Fine | Constant R Adj. R Medium Fine | Constant R Adj. R
-0.0655 167.7 -0.0602 170.0
! (-2.038) (15.746) 0.316 0.240 (-2.314) (16.312) 0.373 0.303
-0.0964 0.361 163.4 -0.0847 0.306 165.7
2 (-2.084) | (0.934) | (13.983) 0.383 0.228 (-2.62) | (0.918) | (0.918) 0.433 0.291
1200°F Ultimate Tensile Strength
Feret Diameter Major Axis
Independent . . 2 L2 . . 2 L2
Variables | Medium Fine | Constant R Adj. R® | Medium Fine | Constant R Adj. R
-0.0368 225.5 -0.0336 226.7
1 (-1.943) (35.920) 0.2% 0.217 (-2.175) (36.624) 0.344 0.272
-0.0479 0.129 223.9 -0.0423 0.108 225.2
2 (-1.698) | (0.549) | (31.453) 0.321 0.151 (-1.840) | (0.530) | (31.847) 0.367 0.208

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R? value

Values in parentheses are the t values for the constants
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Table 11b -
KM4 MK Series 1200°F Tensile Strength Versus y' Size Curve Fit

o= bO + bl dMedium + b2 dFine
1200°F Yield Strength
Feret Diameter Major Axis
Independent " . 2 L2 . . 2 . o2
Variables Medium Fine Constant R Adj. R Medium Fine Constant R Adj. R
-0.0519 154.9 -0.0508 157.8
! (-4.443) (42.961) 0.664 0.630 (-5.161) (43.122) 0.727 0.700
-0.0705 0.184 153.2 -0.0689 0.189 156.2
2 (-5.277) | (2.116) | (47.614) 0.775 0.726 (-7.507) | (3.161) | (57.596) 0-870 0.841
1200°F Ultimate Tensile Strength
Feret Diameter Major Axis
Independent . . 2 L2 . . 2 Y
Variables Medium Fine | Constant R Adj. R Medium Fine Constant R Adj. R
-0.0603 216.7 -0.0613 220.9
! (-2.845) (33.136) 0.447 0.392 (-3.359) (32.523) 0.530 0.483
-0.084 0.236 214.4 -0.0847 0.243 218.8
2 (-3.104) | (1.335) | (32.882) 0.539 0.436 (-3.964) | (1.743) (1.743) 0.649 0.571

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R? value

Values in parentheses are the t values for the constants
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Table 12a -
SR3 MS Series 1200°F/115 ksi Time To 0.2% Creep Versus y' Volume Fraction Curve Fit -
Common Logarithm Model

log(Time to 0.2% Creep) = b, + b, £ iim + D2 S vine

Independent . . 2 . a2
Variables Medium Fine Constant R Adj. R
0.0647 -0.406
1 (1.921) (-0.245) 0.345 0.252
-0.0647 3.255
1 (-1.921) (4.617) 0.345 0.252

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R? value

Values in parentheses are the t values for the constants

Table 12b -
SR3 MS Series 1200°F/115 ksi Time To 0.2% Creep Versus y' Volume Fraction Curve Fit -
Linear Model

Time fo 02% Creep = bO + blfMedium + b2fFine

Independent . . . —
Variables Medium Fine | Constant R Adj. R
267.3 ~10994.3
1 (3.813) (-3.184) | 067° 0.629
-267.3 3569.9
1 (-3.813) | (1.721) | 087° | 0629

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R value

Values in parentheses are the t values for the constants
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Table 12¢c -
KM4 MK Series 1200°F/115 ksi Time To 0.2% Creep Versus y' Volume Fraction -
Common Logarithm Model

log(Tlme fo 02% Creep) = bO + b] fMedium + b2fFine

Independent . . 2 R
Variables Cooling Aging | Constant R Adj. R
0.0183 1.669
! (2.406) (3.815) 0.367 0.303
-0.0183 2.907
1 (-2.406) | (33.005) 0.367 0-303

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R* value

Values in parentheses are the t values for the constants

Table 12d -
KM4 MK Series 1200°F/115 ksi Time To 0.2% Creep Versus y' Volume Fraction -
Linear Model

Time to0 0.2% Creep = by + b, f oiiwm + 02 ine

Independent . . 2 . 2
Variables Cooling Aging | Constant R Adj. R
21.036 -648.5
1 (2.241) (-1.202) 0.334 0.268
-21.036 773.5
1 (-2.241) | (-2.241) 0.334 0.268

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R? value

Values in parentheses are the t values for the constants
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Table 13a -
SR3 MS Series 1200°F/115 ksi Time To 0.2% Creep Versus y' Size -
Common Logarithm Model

; [ —
log(Time to 0.2% Creep) = b, + b,d , 1im + 02 e
Feret Diameter Major Axis
Independent . . 2 L2 . . 2 Y
Variables Medium Fine Constant R Adj. R Medium Fine Constant R Adj. R
-0.0265 3.819 -0.026 3.957
1 (-1.348) (4.476) 0.206 0.093 (-1.456) (4.470) 0.232 0.123
0.0047 -0.0504 3.174 0.0037 -0.045 3.322
2 (1.329) (-1.945) (3.362) 0.387 0.182 (1.205) (-1.922) (3.298) 0.382 0.176
Models represent the best fit for a given number of independent variables
Best it is defined as the highest R? value
Values in parentheses are the t values for the constants
Table 13b -
SR3 MS Series 1200°F/115 ksi Time To 0.2% Creep Versus y' Size -
Linear Model
; [} —
Time to 0.2% Creep = by + bid, jyiim + 5,310
Feret Diameter Major Axis
Independent . . 2 .2 . . 2 Y
Variables Medium Fine | Constant R Adj. R Medium Fine | Constant R Adj. R
-153.4 8227.6 -142.2 8654.4
1 (-5.126) (6.345) 0.790 0.760 (-5.266) (6.461) 0.798 0.770
10.76 -208.0 6754.6 8.79 -187.9 71271
2 (2.520) (-6.656) (5.936) 0.898 0.884 (2.409) (-6.672) (5.886) 0.898 0-863

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R? value

Values in parentheses are the t values for the constants
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Table 13c -

KM4 MK Series 1200°F/115 ksi Time To 0.2% Creep Versus ' Size -
Common Logarithm Model

log(Time to 0.2% Creep) = b, + b,d,, 4,y + 0,4

Fine

Feret Diameter Major Axis
Independent . . 2 L a2 . . 2 . a2
Variables Medium Fine Constant R Adj. R Medium Fine Constant R Adj. R
-0.000856 2.972 -0.000962 2.801
! (-1.642) (18.468) 0.212 0.134 (-2.105) (18.023) 0.307 0.238
-0.0011 0.00239 2.949 -0.00128 | 0.00335 3.036
2 (-1.525) (0.509) (17.030) 0.234 0.064 (-2.159) (0.862) (17.285) 0.360 0-218

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R? value

Values in parentheses are the t values for the constants

Table 13d -

KM4 MK Series 1200°F/115 ksi Time To 0.2% Creep Versus y' Size -
Linear Model

Time to 0.2% Creep = b, + b, d ;. + D, d

Fine

Feret Diameter Major Axis
Independent . . 2 2 . . 2 L2
Variables Medium Fine | Constant R Adj. R Medium Fine | Constant R Adj. R
-0.955 839.5 -1.086 947.7
! (-1.496) (4.258) 0183 0101 (-1.924) (4.514) 0.270 0197
-1.315 3.563 805.3 -1.530 4.626 907.2
2 (-1.503) | (0.625) | (3.822) 0217 0.043 (-2.106) | (0.975) | (4.229) 0-340 0193

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R? value

Values in parentheses are the t values for the constants
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Table 14a -
KM4 MK Series 1200°F Hold Time Fatigue Crack Growth Rate Versus y' Volume Fraction -
Common Logarithm Model

log(Crack Growth Rate) = by + b, f,im + 0> S rine

Variables| Cooling | Aging |Constant| R2 Adj. R?

-0.139 1.299
1 (1.631) (-8.207) | 9210 | 0131

0.139 -8.073
1 (1.631) | (0.266) 0.210 0.131

Models represent the best fit for a given number of independent v
Best fit is defined as the highest R? value

Values in parentheses are the t values for the constants

Table 14b -
KM4 MK Series 1200°F Hold Time Fatigue Crack Growth Rate Versus y' Volume Fraction -
Linear Model

Crack Growth Rate = by + b, f, jpiim + 02 vine

Variables| Medium | Fine |Constant| R? Adj. R?

-3.71 E-7 2.56 E-5
1 (-1.479) (1.774) 0.424 0.180
1 3.71 E-7 | 5.00 E-7 0.424 0.180

(1.479) | (0.172)

Models represent the best fit for a given number of independent variables
Best fitis defined as the highest R value

Values in parentheses are the t values for the constants
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Table 15a -
KM4 MK Series 1200°F Hold Time Fatigue Crack Growth Rate Versus y' Size -
Common Logarithm Model

log(Crack Growth Rate) = b, + b,d,,pm + 02 sine

Feret Diameter Major Axis
Independent . . 2 L2 . : 2 A
Variables Medium Fine Constant R Adj. R Medium Fine Constant R Adj. R
0.0168 -11.617 0.0144 -11.845
! (6.638) : (-14.808) | 0819 0.797 (4.725) (-10.427) 0.691 0.660
0.0198 -0.0296 -11.333 0.0166 -0.0226 -11.647
2 ©.189) | (1425 | (147400 | OB49 | OB | 4183 | (0s72) | (9937) | O7'° | 065
Models represent the best fit for a given number of independent variables
Values in parentheses are the t values for the constants
Table 15b -
KM4 MK Series 1200°F Hold Time Fatigue Crack Growth Rate Versus y' Size -
Linear Model
Crack Growth Rate = b, + bd,4m + 0,d
Feret Diameter Major Axis
Independent . . 2 L2 . . 2 2
Variables Medium Fine Constant R Adj. R Medium Fine Constant R Adj. R
5.01E-8 -1.05 E-5 4.38 E-8 -1.15E-5
1 (8.137) (-5.545 0.932 0.869 (5.655) (-3.983) 0.873 0.762
489E-8 | 1.16 E-8 | -1.06 E-5 417E-8 | 221E-8 | -1.17E-5
2 (5.694) | (0.208) | (-5.146) 0.932 0.840 (3.999) | (0.324) | (-3.791) 0.765 0.712

Models represent the best fit for a given number of independent variables
Best fit is defined as the highest R value

Values in parentheses are the t values for the constants
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Table 16 -

Comparison Of Observed Trends For Current And Previous Work (5)

Dependent Variable

1200°F YS 1200°F UTS 1200° Creep 1200°F HTFCGR
Independent Al All All All
Variable MS MK | Data | MS MK | Data MS MK | Data | MS MK | Data
Y "Medium Fraction + + + + + + + NC
Y "Vedium Size - - - - - - NC - -
Y'rne Fraction - - - - - - NC
Y eine Size NC + - + - NC - - NC

NC = No good correlation (R? < 0.3)

Increasing magnitude produces:
+ Beneficial effect (higher strength, longer life, slower crack growth)
- Detrimental effect (lower strength, shorter life, faster crack growth)
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Figure 6.—Comparison of y' distributions in SR3 MS series samples MS1-MS4.
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SR3 Contour Plot Of Time to 0.2% Creep Two Independent Variable Model
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Figure 18 -
KM4 MK Series 1200°F Crack Growth Rate Versus y' Volume Fractions
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Figure 19 -
KM4 MK Series Dependency Of 1200°F Crack Growth Rate On Solutioning Heat Treatment
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