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FOREWORD

This final report summarizes the work done under the U.S. Army Contract DAAJ02-73-C.0106 during
July 1973 and August 1976.
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all supervision for this work. The responsible engineer, Dr. J.L. Bartos, contributed to the testing and evalua-
tion and is the coauthor of this repurt.

The technical direction for the program was provided by Mr. G. Easterling (in the first half) and Mr. J. Lane
(in the second half) of the U.S. Army Air Mobility Research and Development Laboratory, Eustis Directorate.
Dr. R.L. Dreshfield of NASA Lewis Research Center provided helpful and timely technical assistance. Their
help and cooperation is greatly appreciated.

The guidance and encouragement of Mr. J.1. Hsia, Manager Technical Resource Operation, is gratefully
acknowledged.

The diligent work, patience and enthusiasm of personnel at Crucible Materials Research Centur and Carpenter
Techiology Corporation Research and Development Center were key factors in the success of this program.

This project was accomplished as part of the U.S. Army Aviation Systems Command Manufacturing Tecluiol-
ogy program. The primary objective of this program is to develop, on a timely basis, manufacturing processes,

-f techniques, and equipment for use in production of Army material. Comments are solicited on the potential
- - utilizition of the information contained herein as applied to present and/or future production programs.

Such comments should be sent to: U.S. Army Aviation Systems Command, Attn: AMSAV-Ext, P.O. Box 209
* St. Louis, Missouri 63166.
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INTRODUCTION

Rene' 95 is a highly alloyed, precipitation-strengthened, Nickel-base superalloy, which is used to make two
turbine disks and the four turbine cooling plates of the T'700 engine.

The current method of manufacturing Rene' 95 turbine hardware is comprised of forgings made from powder
compacts or the cast ingot. Because of high alloy content, and thus the strength, Rene' 95 is difficult and
expensive to produce by these conventional methods. The largest cost element is the forging cycle itself. The
development of a successful, forgeless, hot isostatic pressing (HIP) process has a significant cost savings
potential and could also develop properties comparable to forging with more homogeneity and reproducibility.
This work, performed under U.S. Army Contract DAAJO2-73-C-0106 (Phase II), was directed
toward this goal. The objective was to develop a reliable, low-cost, reproducible, powder metallurgy produc-
tion process for manufacturing premium quality hot isostatically pressed (As-HIP) T700 engine turbine
hardware.

The program consisted of the following five tasks:

Task I Process Refinement 'Definition
Task 11 Fabrication and Evaluation of Lab Test Specimens
Task III Fabrication of Engine Test Hardware
Task IV Test and Evaluation
Task V Technical Data Package

An additional task, Task VI - Heat Treat Study, was added to the program but will be a separate report.

Two vendors, A and B, were selected to participate as the subcontractors to supply the material to develop
the shape-making technology and institute quality control procedures.

The objective of Task I, comprised of three subtasks (IA, IB and IC), was to define a process for the production
of hot isostatically pressed (As-HIP) turbine disks and cooling plates to a shape near the ultrasonic inspection
envelope.

The specific objective of Subtask IA, HIP Process Definition, was to determine processing parameters including
powder mesh size, HIP compaction parameters and heat treatment necessary to produce mechanical properties
equivalent to those of current HIP + forge hardware. The property goals were as follows:

Tensile Properties

"0 Stress-Rupture
Room Temperature 1200 F 1200'F/I50 ksi

0.2% YS UTS EL RA 0.2% YS UTS EL RA life EL
(ksi) (ksi) (%) (%) (ksi) (ksi) (%) (%) (hr) (%)

180 230 10 12 167 207 8 10 50 3
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Subtask IB, Shape Definition, was directed toward developing a process to manufacture As-HIP T700 turbine
disks and cooling plate shapes. It included the identification of powder treatment, container material, shape-
making process and container filling and evacuation procedures.

The objective of Subtask IC. Complete Process Definition, was to incorporate the processing parameters
and quality consideration of Subtasks IA and IB into a complete manufacturing process definition.
Task II was aimed at conducting a more detailed mechanical property evaluation of the limited turbine

hardware (disk and cooling plates) made in accordance with the production process established in Task I.

In addition, it included plans to conduct four overspeed spin pit burst tests to determine the integrity and
predictability of As-HIP Rne' 95 hardware.

The objective of Task III was to fabricate several lots of disks and cooling plates by each vendor in a pilot
production program using previously established processing parameters and quality control procedures.
Extensive mechanical and metallurgical evaluation of the hardware was planned, along with a rigorous non-
destructive inspection in order to insure conformance to the material release criteria for a new turbine disk
material. A complete set of turbine hardware (two disks and four cooling plates) was then to be machined
to final part configuration. These parts were to be submitted for test and evaluation during scheduled engine
test of the UTTAS engine development program in Task IV.

Upon completion of all the testing and inspection, a technical data package (Task V) was to be prepared and
submitted to the contracting officer.
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TASK I - PROCESS REFINEMENT DEFINITION

INITIAL STUDIES

An initial study designed to define process parameters and to provide direction for Task I was completed by
both the vendors. Independent studies were conducted at two vendors (A and B) to investigate the effect of
hot isostatic pressing (HIP) compaction parameters (compaction cycle, pressure, temperature, and the solution
treatment temperature) on the microstructure, density, and mechanical properties of powder metallurgy
Rene' 95. Each vendor used powder of the same mesh size and particle size distribution as to be used for Task I
studies.

Two compacts, 2% inches in diameter and 15 inches long, of each mesh sie/HIP temperature combination were
prepared by Vendor A according to the plan given in Table 1,using an autoclave; compacts, prepared using addi-
tional cold wall compaction techniques, were added to the study to determine if this technique had potential
for producing As-HIP engine hardware. Density measurements of the As-HIP compacts, given in Table 2,
indicate that all compacts achieved approximately 100 percent density. Chemistry variations are believed to be
responsible for the lower densities of the -200 mesh compacts, since the two mesh size powders were atomized
from different alloy heats.

The effect of compaction temperature on microstructure for the As-HIP conditions presented in Table I is
shown in Figures I and 2. Prior particle outlining is very evident in the 19500 and 2000°F compacts. Consolida-
tion at these temperatures apparently results in preferential precipitation of y/ at the highly mismatched prior
particle surfaces. Although most particles have recrystallized to a very fine grain structure (ASTM 8 to 10), a
nmbir of particles retain the dendritic structure inherent in argon-atomized powders. Consolation at 2050°F
eliminated most of the prior particle outlining. A few particles recrystallized during compacit, into a
relatively small number of large grains, making them easily identifiable in the fine-grained isi, .. Tl',
phenomenon appears slightly more pronounced in the material compacted by cold-wall comp, ! Also,

zthe uniformly finer microstructure of -200 mesh powder reflects the finer particle size.

- Following compaction, 3-inch-long sections were cut from the compacts and heat treated u!Iizing kle standard
'Rene' 95 heat treatment.* Tensile and stress-rupture properties are presented in Tables 3 and 4. Ro'ni tem-
1perature tensile properties increased with decreasing HIP compaction temperature in -60 mesh romp, ts,
although no compact achieved the program goal. Two of the four -200 mesh compacts cracked du;r;,g iat
treatment, leaving only the 2050 material available for evaluation. The room temperature property &.,a. was
achieved by the finer mesh size compact prepared in the autoclave, while the compact prepared by the cold-wall
technique exhibited low ductility, which reduced the ultimate strength significantly.

Tensk,. properties at 1200°F showed the same general trends as those at room temperature, with the -200 mesh
comp - , t p repared in the autoclave achieving program goal properties.

Tensile propertic. ..; "be -60 mesh compacts were generally lower than those required. This is believed to be
heat treat section size effect, since the data for proposed goals were obtained using specimens heat treated as
small (5/8inch diameter) blanks. The heat treat section size used in the initial study could again result in lower
mechanical properties, since the 2 -inch-diameter samples represent a larger section size than the actual engine
hardware.

Stress-rupture properties became more erratic and exhibited lower ductility at lower compaction temperatures.
The -60 and .200 mesh coff.,acts prepared in the autoclave at 20500F and the -60 mesh compact prepared by
*1650 0F14 hours, 2000°1/1 hour/OQ, + 1400°F/16 hours/AC.
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TABLE 1. INITIAL STUDY CONDITIONS EVALUATED BY VENDOR A

HIP
______________Temperature (OF)

Type 1950 J 2000 2050

Powder Mesh Size
I Autoclave compacted

-60 X X x

-200 x X X

Cold-wall compacted

-60 -- Xf -200 -- x

- 21



TABLE 2. AS-HIP DENSITIES OF INTIAL STUDY COMPACTS
FROM VENDOR A

H IP Temperatu re (F)

Powder Autoclave Compacted Cold Wail Compacted
Mesh
Size 1950 2000 2050 2050

-60 0.2986* 0.2984 0.2985 0.2985

0.2984 0.2985 0.2985

-200 0.2977 0.2976 0.2977 0.2974

0.2976 0.2977

*All densities expressed as lb/in.3
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TABLE 3. TENSILE PROPERTIES OF INITIAL STUDY
COMPACTS - VENDOR A

RT Tensile

HIP Temperature (-F)

Autoclave Coldwall
Powder Program

Size 1950 2000 2050 2050 Goals

-60 177 174 170 168 180 YS (ksi)

236 234 228 233 230 TS (ksi)

14 14 13 15 10 El (%)

19 18 18 20 12 RA %)

-200 - - 180 177 180 YS (ksi)

- 231 204 230 TS (ksi)

11 4 10 El (%)

- 15 11 12 RA (%)

1200°F Tensile

HIP Temperature ('F)

Autoclave Coldwall
Powder Program

Size 1950 2000 2050 2050 Goals

-60 169 161 - 155 155 167 YS (ksi)

210 208 209, 209 209 207 TS (ksi)

7 10 11, 15 14 8 El (%)

9 11 16, 17 18 10 RA (%)

-200 - - 170 161, 166 167 YS (ksi)

- 214 162", 212 207 TS (ksi)

- 10 1", 14 8 El (%)

- 15 4, 17 1C RA(%)

'Specimen cracked

Heat Treatment -(2-1/2 x 3 in. blanks) 1650°F/4 h. 2000°F/1 hr/O0 + 1400 0F/16 hr/AC
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cold wall compaction mei the stress-rupture -life -goal-butfell short of the desired elongation. This lack of stress-
rupture ductility, which 'nerally indicates-marginallow-cycle-fatigue resistance, was considered the primary
problem to be faced in, Task IA.

The examination of the As-HIP microstructures-andcmechanical properties indicates that retention of prior
particle identity may have a deleterious effect on-ductility. Prior powder particle outlining with resultant lack
of ductility is thus an undesirable condition- and-should be avoided. A thorough evaluation of its impact, how-
ever, was not the goal of this program. The grain growth-across prior particle boundaries decreased the tensile
properties slightly in the .60 mesh compfacts, but the-associated ductility improvements more than compensate
for this strength loss.

These results suggested that a 2050°F compaction temperature -should be used on both -60 and -200 mesh
powder. The "cold wall" process appears to-have-potential -and should be investigated further.

To investigate the effect of increased solution treatment-temperature (above 2000°F) on microstructure and
mechanical properties, a higher solution temperature-was considered-to be potentially useful, since studies* have
indicated a y' solvus temperature of 21250 through-21500 F for -As-HIP powder metallurgy Rene' 95. This is
significantly higher than the-20750 through 209 0OF solvus-temperature generally observed for cast + wrought
Rene' 95.

Three mesh size/compaction-temperature combinations-were-exposed at 20000 and 2100°F solution annealing
temperature followed by a 1400°F/16-hour/AC-aging-heattreatment prepared by Vendor A.** Test results
given in Table 5 indicated that the 2100 0F solution-treatment improved room temperature tensile and 1200°F
stress-rupture properties in the -60 and -200 mesh-powdercompacts. The improvement in tensile properties is
more pronounced in the -60 mesh powdercompacts. With-the 21000F solution annealing temperature, the
effect of mesh size on tensile properties is greatly reduced.

Stress-rupture results, also shown in-Table-5 ,indicated-a-significant improvement in rupture life of the -60 mesh
compacts with no loss of rupture ductility. The increased-solution-temperature appears to have reduced the
average rupture life of -200 mesh powder compacts slightly with-no- apparent effect on ductility.

The effect of solution temperature-on microstructure-ofthethreecompacts investigated is illustrated in Figures
3,4, and 5. The behavior of -60-mesh-compact consolidated at-20000 F in an-autoclave was typical of that
observed in all compacts (Figure 3). The-large-quantityof very-coarse, unsolutioned 7' present after the 2000°F
treatment was reduced substantially by the 210001Fexposure. The-absence of grain growth and the presence of a
few large, agglomerated y' particles afterthe-highersolution-treatment verify that the -' solvus temperature is
above 21000F. The dendritic structure-retained during-the 2000OF compaction cycle was reduced but not quite
eliminated by the 21000F treatment. Grain size-appears to-range from ASTM 8 to 11 independent of solution
temperature.

The beneficial effect of the 2100°F solution treatment-was-more-obvious in -the 60 mesh compact consolidated
at 2050 0F (Figure 4). The dendritic structure has-been eliminated by the higher consolidation temperature. As
in Figure 3, the 2100°F treatment reduces-the amount-of coarse y' without increasing the grain size. Both
samples appear to contain essentially the-same grain size-noted-in Figure 3 (ASTM 8 to 11), although most grain
boundaries are covered by '), particles after-the 2000 F-solution. The-sub stantial- improvement in tensile and
stress-rupture properties of this compact-after the-21000 F treatment-is primarily-due to the increased quantity
of solutioned 'y' available for precipitation during-the-subsequent aging treatment. The increased volume

*Private Communication Vendor A.
"Heat treat section sIze was 2% Inches In dibmeter-by3-inches long.
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fraction and decreased interparti,.le spacing of y' precipitated during aging after the 21000F solution produced
the observed increase in mechanial properties.

The reaction of the -200 mesh compact consolidated at 2050"F to the solution treatments was virtually
identical to that of the -60 mesh compact. The principal difference in the compacts was the finer grain size
inherent in -200 mesh powder. The grain size of the -200 mesh compacts, shown in Figure 5, is ASTM 10 to 13
after either solution treatment. The presence of a considerable amount of intermediate size y' particles after
the 2100*F solution was unexpected, since they were not detected in the -60 mesh compact after the 2100OF
treatment (Figure 4).

It can be concluded that a 2100*F/l-hour/OQ solution treatment improved room temperature tensile prop.
erties significantly relative to the standard 2000*F/l-hour/OQ treatment currently applied to wrought Rene'
95. This conclusion applies to -60 mesh powdei consolidated at 20000 or 20500F and -200 mesh powder con-
solidated at 2050"F. Stress-rupture lives of the -60 mesh compacts were also improved by the higher solution
temperature, whereas the life exhibited by the -200 mesh material appeared to be degraded slightly.

Vendor B investigated the effects of HIP compaction temperature and pressure on density, microstructure and
mechanical properties.

One compact, 3 inches in diameter and 6 inches long, of each HIP temperature/pressure combination described
in Table 6 was filled with -60 mesh powder and compacted. Following compaction, specimen blanks 3 inches
long and 5/8 inches in diameter were cut and subjected to the standard Rene' 95 heat treatment. The larger
section size of engine hardware would, however, require faster quench rates to achieve similar properties.

Results of density'measurements on As-HIP plus heat treated samples are presented in Table 7. It appears that
several samples, compacted primarily at the lower temperature, deviate by maximum of ±0.01 percent from
this heat's assumed theoretical density of 0.2995 ±1.0001 pound/inch I (typical measuring accuracy).

The effects of compaction temperature and pressure on microstructure for the HIP conditions presented in
Table 6 are shown in Figure 6. Photomicrographs of the -60 mesh compacts appear in Figure 6. Consolidation
at lower temperature produceod the same type of prior particle outlining observed in the Vendor A compacts.

Tensile properties of the heat-treated compacts, shown in Table 8, seem to indicate no significant effect of
compaction temperature variation. Increasing compaction pressure seems to improve properties slightly.
Nearly all specimens achieved the program goals at room temperature, but several exhibited low ductility at
1200 0 F.

Results of the stress-rupture testing at 1200 0F/150 ksi are presented in Table 9. The data indicates the same
erratic behavior and low rupture ductility as seen in the Vendor A compacts. The problem appears somewhat
more severe in the Vendor B samples, since rupture lives as well as ductilities are very low in many cases.

In order to further investigate the effect of HIP cycle parameters on microstructure and mechanical properties,
six additional 3-inch-diameter compacts were fabricated. Compacts containing -60 mesh and -100 mesh
powder were consolidated using the following three different HIP cycles.

Cycle 1: Alumina grain fill used as insulation in HIP chamber. Very low pressure (500 psi) initially applied
at room temperature and maintained until temperature stabilizes at 20500F and then pressurized as rapidly
as possible to 15,000 psi, held for 2 hours, and then the temperature and pressure are reduced as quickly as
possible.
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TABLE 6. INITIAL STUDY CONDITIONS EVALUATED
BY VENDOR B

iPs

rsue (7ksi)

HIP

Temperature (OF) 15 ksi 30 ksi

1900 X X

- 1950 X

2000 X X

2050 X
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TABLE 7. AS-HIP DENSITIES OF INITIAL STUDY COMPACTS
OF VENDOR B

HIP Compaction Temperature (OF)
HIP Compactio~n

Pressure (ksi) 1900 1950 2000 2050

15 0.2991 0.2991 0.2996

tI

30 0.2992 0.2995 0.2993

'All densities expressed as lb/in.3
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Cycle 2: Same procedure as Cycle I without alumina grain ill.

C'ycle 3: Alumina grain fill is not used. Maximum pressure (15,000-psi) at room temperature-is-applied -and
then heated as rapidly as pessible to 2050 0F, maintaining 15,000 psi pressure at all-tinmes'by-bleeding off
gas as the temperature increases. Compacts are held for 2 hours aftr stabilizing at 20500F, and-then-the
temperature and pressure are reduced as quickly as possible.

Density results of consolidated samples presented in Table 10 indicate that thecompacts consolidated using
HIP Cylces I and 3 were essentially fully dense, while compacts from Cycle 2 contained-a very slightLamount
of porosity (0.1 percent). Thermally induced porosity (TIP) testing to determine theamount of argon-gas
remaining revealed that the -60 mesh compact from Cycle I contained large amounts of argon. The-remaining
compacts contained acceptably low quantities of argon.

Tensile properties, given in Table 11, were obtained at room temperature-and 1200°F on-heat-treated' -60-and
-100 mesh compacts. Tensile strengths are lower than those obtained in-the previous compacts; a-contributing
factor may be the larger section size of the heat treat specimen. The 3-inch-diameter HIP cycle study compacts
were heat treated prior to machining the spccimens, whereas-0.625-inch.diameter machined-specimen blanks
were treated and tested initially. The data indicate that powder mesh-size-Iias-little effect on room temperature
strength. Various HIP cycles appeared toproduce similar results, although-the-ductility of-Cycle 3 was-marginal.

Stress-rupture results, presented in Table 12, indicate very low ductilities-and-only onezacceptablelifevalue-for
all cycles and powder mesh sizes. Thus no conclusions could be reached foran acceptable-cycle. The variables
investigated in the three cycles appear to have little effect-on-the heat-treated- nicrostructure-shown in
Figure 7. The only microstructural feature that would-be interpreted as varying withl-iP cycle is-the-amount
of residual dendritic structure in the -60 mesh compacts. Heating- to-the-HIP-temperature with-insulation
before pressurizing (Cycle 1) seems to reduce the quantity of dendritic structure-retained-from the:atomized
powder relative to Cycles 2 and 3, which probably is-a measure of the- total temperature/t ine-exposure.

Initial studies thus indicated that 2050°F is the recommended compaction-temperature andtthecompaction
pressure of 15 ksi should be adequate. The HIP cycle does not seem-to have-any conclusive effect However,
Cycle 2 should be avoided. A higher solution temperature treatment (2100 -versus-20000 F)-improved mechan-
ical-properties-and should be further investigated. The-lack-of adequate -stress-rupture-ductillty, -however,
remains the problem to be faced in Task IA.

*Heat Treatment - 1650 0F/4 hours/AC + 20000 F/1 hour/OQ + 1400Fr/16 hours/AC.
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TABLE 10. EFFECT OF HIP CYCLE ON -DENSITY OF COMPACTS - VENDOR B

Density

HIP Cycle* PowderMesh As After T IP%
No. Size -Consolidated Exposure"* Change

1 -60 0,2988 0.292 1 -2.24
-100 0.2990 0.2986 -0.13

2 -60 0,2986 0.2984 -0.07
-100 0.2987 0,2985 -0.07

3 -60 0.'2989 0.2984 -0.17
-100 0.2988 0.2986 -0.07

A ~1 -Pressurized at temperature -- use-insulating material
2 - Same as (1) wlo-insulating material
3 - Same as (2)-butpressurized-atuRT

*TIP (Thermal I ndu ced -Porosity)- Exposure- -22000 F/4 hr/AC
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HIP Cycle #1

VVI

1 QOX -600 Mesh 500X

Figure 7. Effect of HIP Cycle on Microstructure of Vendor B Initial Compacts
(Cycle#1 I Pressurized at 2050*F with Insulating Material)
(Sheet 1).
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HIP Cycle #2

A1

4W4

1 OOX -60 Mesh 500X

boxolOOX 500X
-100 Mesh

Figure 7. Effect of HIP Cycle on Microstructure of Vendor B Initial Compacts

(Cycle #2 - Pressurized at 2050'F with Insulating Material)
(Sheet 2).

46



HIP Cycle #3

Rx.

&&,

~X -

10OX -600 Mesh 5O

47



TASK IA - HIP PROCESS DEFINITION

The primary objective of Task IA was to develop the processing parameters necessary to produce the program
goal properties in As-HIP Rene' 95. Each of the powder vendors addressed the problem, utilizing the flow
diagram shown in Figure 8.

Master powder blends of each of the two mesh size powders selected by the vendor were prepared. Vendor A
used -60 and .200 meh powder,while Vendor B selected -60 and -100 mesh powder for evaluation. Certified
chemical analyses of powders from both vendors are presented in Tables 13 and 14.

The scanning electron micrographs shown in Figures 0) and 10 indicate that the -60 mesh powders from Vendors A
and B are virtually identical in size, shape and sateilite formation. Other than the expected lack of large par.
ticles in the finer mesh powders, the morphologies of Vendor A's -200 mesh and Vendor B's -100 mesh
powders are very similar to their -60 mesh products.

Each powder vendor fabricated hollow cylindrical billets from -60 mesh and their finer mesh powders. The
powders were encapsulated in mild steel and hot isostatically pressed at 2050 0F. Final dimensions of the
cylinders were approximately 6.5 inches outside diameter by 2.75 inches inside diameter by 20 inches in
length. Compacted cylinders, when cut into 2-inch-thick slices, were prototypes of the cooling plate shapes.

Density and thermally induced porosity (TIP) measurements were completed on billets A and B from Vendor
B and billets B107 and BI I I from Vendor A to determine the relative amount of entrapped argon in each
compact. The determinat.on consisted of density measurements on slimples in the As-HIP and As-HIP + heat
treated'(22000 F]4 hours) (.onditions. The observed decrease in density is proportional to the quantity of
argon remaining in the compact. Results, given in Tables 15 and 16, indicate that all areas of both vendor's
billets conform to GE's specification C50TF64, Paragraph 3.6, requirements (0.2 percent change
maximum).

All the As-HIP compacts were subjected to metallographic examination. Microstructure of Vendor A's.60 mesh
and -200 mesh billets (BI11 and B1 07 respectively) confirmed the desired fine grain structure (Figures 11 and
12). Vendor B's billet A (Figure 13) has a uniform microstructure suggesting uniform heating. The micro-
structure of billet B (Figures 14a and 14b) showed increased grain size and preferential precipitation of large
-t' at prior particle boundaries near the top of the compact indicating'possible overheating in this region. To
determine the longitudinal penetration of overheating, two slices (2 inches thick) were cut from the top of
compact B. Optical metallography of samples (Figure 15) from top and bottom of these slices suggested that
less than 2.5 inches of the total length was overheated. Only the material cut from below the overheated
section of billet B was used in Task IA.
SCREENING TEST EVALUATION

A number of 2-inch-thick slices from -60 mesh powder billets were prepared for the heat treatment study. The
plan for the heat treatment study is described in Table 17. The two principal variables in this study were
solution temperature and aging treatment. The hollow cylinders were quartered after solutioning so that four

j different aging treatments could be examined on each cylinder. A typical slice is shown in Figure 16 after it
-I .had been solutioned and sectioned into quarter segments prior to application of the experimental agingtreatments.

Each vendor solution treated two cylinders (I and 2) using the standard (wrought) Rene' 95 solution tempeia.
ture (2000 0F) and applied eight different aging treatments to the quarter sections. In addition to establishing
a reference condition of the standard heat treatment with the 1400 0F]/16-hour age, several overaging treatments
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TASK I

POWDER SOURCE AB

PRODUCE RENE' 95 POWDER PRODUCE RENE' 95 POWDER

PREPARE VARIOUS PREPARE VARIOUS
MESH SIZES MESH SIZES

SUBTASK IA SUBTASK IB

HIP TO
HOLLOW CYLINDRICAL PREPARE CONTAINERS

COMPACTS

CUT AND HEAT TREAT FILL, EVALUATE, AND HIP

SCREENING TEST INSPECT, HEAT TREAT,
EVALUATION EVALUATE

DETAILED TEST EVALUATION 2ND ITERATION

ACHIEVE MECHANICAL 3RD ITERATION

PROPERTY GOALS WITH
EACH POWDER SOURCE

DEFINE SHAPE-MAKING
PROCESS FOR EACH

POWDER SOURCE

! suBTAsKic J

DEFINE MANUFACTURING PROCESS TO PRODUCE
COOLING PLATE AND TURBINE DISK PARTS FOR
EACH POWDER SOURCE.

Figurc 8. Flow Chart for Task I.
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1 lox -60 Mesh 1 QooX

liox -200 Mesh 11 QOX

Figure 9. Scanning Electron Micrographs of Powder Used in Taisk I -Ve~ndor A.
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1 fox -60 Mesh 11oox

, a /

1l0X -100 Mesh 11ooX

Figure 10. Scanning Electron Micrographs of' Powder Used in Task I - Vendor B
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TABLE 15. THERMALLY INDUCED POROSITY MEASUREMENTS ON
TASK IA BILLETS - VENDOR A

Density (lb/in.3 )
Powder - Density

J_ Billet No. Mesh Size As-HIP TIP* Change (%)

B107 -200 0.2981 0.2974 0.23

B107 -200 0.2983 0.2975 0.28

B111 ,-60 0.2982 0.2975 0.21

Bill -60 0.2983 0.2975 0.29

'TIP Treatement - 22000 F/4 hr/AC
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TABLE 16. THERMALLY INDUCED POROSITY MEASUREMENTS-ON
TASK IA BILLETS - VENDOR-B

Billet As-HIP TIP* -Density
-Billet End Location Density (lb/in.3 ) Density (lb/in.3) _Chahge-(%)-

A Top 01)(1) 0.2992 0,2989 0;A11
Top Mid Radius 0.2991 -0.2990 -0.05

Top 11)(2 ) 0.2992 0.2992 -0.00-

Bottom 0.0. 0,2992 0.1984 -0.24-

Bottom Mid Radius 0.2992 0.2986- -0.19

Bottom I.D. 0.2992 0.2986 -0A9_

*B Top 0.0. 0.2991'-, 0,2989 __0.09-

Top Mid Radius 0.2992 -0.2990 -0.-09-

Top 1.0. 0.2993 -0.2989 -0.13-

Bottom 0.0. 0.299 1 0.98 ;-018

Bottom Mid Radius 0.2991 0.2985 -0.21-

Bottom .0. 0.2992 0.2985 -0.23-

'P Treatment - 22000F14 hr/AC

-- )O -_ _ Ousdedamtr fholw yine

(1 )0D InOside diameter of hollow cylinder
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1 OOX

P~ 1000X

Figure 11. Microstructure of Task-IA -60-Mesh BillettB 1 1t - Vendor A.
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Figure 12. Microstructure-of Tas&1A-2OO Mesh -Billet B 107 - Vendor A.
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1 QOX 500X

a) Top Surface at Inside Diameter
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1 QOX 500X
b) Top Surface at Outside Diameter

Figu~re 13. Metallographic Survey of Task IA .60 Mesh Billet A - Vendor B (Sheet 1).
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c) Bottom Surface at Inside Diameter
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d) Bottom Surface at Outside Diameter

Figure 13. Metallographic Survey of' Task IA -60 Mesh Billet A - Vendor B (Sheet 2).
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R~ M -1

NA

10o 50X
a) Top Surface at Inside Diameter

4- -

b0ox 500X
b) Top Surface at Outside Diameter

Figure 14. Metallographic Survey of Task IA -60 Mesh Billet B - Vendor B (Sheet 1).
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Figure 15. Microstructure Samples of Task IA -60 Meshi Billet B - Vendor B.
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Task IA
Vendor B Heat Treat Study

Figure 106. Typical I llow Cylindrical Slice Used in Task IA Screening Test Evaluation.
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at 14000. 1500" and 1600'F were evaluated. Two double ages were also included to determine if a I 2000 F/
24-hour treatment after an initial overage has any beneficial effect on mechanical properties. Tite aging treat-
mert for the undesignated quarter segment was to he based on information generated by the first seven
segments.

rhe potential of higher solution temperatures was further investigated on cylinders 3 and 4 by Vendor A. In
the initial study it was indicated that higher temperatures would tend to increase the y' in solution prior to tile
quenching cycle. The two vendors used different solution temperatures, sile the initial studies indicated that
their I)' solvus temperatures differed by 200F. The aging treatments were identical to those evaluated with the
20000 F solution temperature.

The possibility of encountering quench cracking during oii quenching was the primary rea-son for employing a
1000 0 F salt quench on hollow cylinders 5 aa.d 6. The solution temperatures and aging treatments %%ere similar
to those used on cylinders 3 and 4.

Cylinders 7 and 8 were used to determine the effect of solution treating at a temperature above the I' solvus.
This procedure could produce grain growth, along with dissolution of all large y' formed during consolidation.
Since oil quenching from these temperatures (21650 to 2185 0F) could result in severe quench cracking, two
slower cooling treatments were used. Cylinder 7 was quenched into I 5000 F salt and held for 4 hours. This
condition was evaluated, along with two secondary aging treatments designed to produce much finer precipi-
tates. Cylinder 8 was rapid air cooled from the same solution temperature as cylinder 7. A I 5000 F/4-hour age
was then applied to one segment to compare with the as-quenched segment from cylindel 7. The other two
aging treatments were also included for comparative purposes. One segment from each cylinder remained
undesignated pending analysis of the planned data. Each vendor kept the undesignated cylinder 9 for further
optimization of the best of the initial planned heat treatments.

The heat-treated compact: were subjected to optical metallography, tensile, and stress rupture testing. Test
specimens used for the evaluation are shown in Figure 17. Specimen locations from each quarter section are
illustrated in Figure 18. In addition to the tangential specimens, one specimen in the axial orientation was
machined from several quarter sections to determine mechanical property isotropy. Healt-treat section size
was maintained at 2 inches during all solution treatment.

Test results from both vendors are tabulated, along with appropriate heat-treat conditions, in Tables 18 and
19. Typical microstructures produced by each of the solution treatments are shown in Figures 19 and 20.
Differences due to the various aging treatments could not be discerned using optical metallography.

The standard 20000F/I hour/OQ solution treatment produced a fine grained structure with a large quantity
of coarse, unsolutioned y' remaining after solutioning (Figures 19a and 20a). Mechanical property results
from both vendors indicated the tensile yield strength to be slightly below program goals, although ultimate
strengths and ductilities were excellent at both test teniperatuie,,. Stress-rupture ductilities were generally
low for all aging treatments.

The 2075 0 F/l hour/OQ solution applied to Vendor B material produced the best combination of properties

observed to date in As-HIP Rene' 95. Ail test points exceeded program goals in quarter sections A.3C and

A4C. Properties of A4A were also excellent with the exception of slightly low stress rupture ductility. The
microstructure produced by this solution treatment, shown in Figure 20b, had approximately the same grain
size as the 2000F/il hour/OQ material but the quantity of undissolved -" was significantly reduced. The
2100*F/ l hour/OQ so!ution applied to Vendor A material produced even higher tensile yield and ultimate
strengths than those observed in the Vendor B specimens. These high-tensile properties were P,enerally
accompanied by somewhat lower stress rupture ductilities than previously obtained in the Vendor B material

solutioned at 20750/1 hour/OQ. The microstructure, after 2100 0 F/I hour/OQ, shown in Figure 19b, indicates
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0.61 0.64 0.50
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0.20 MAX. DEPTH
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Figure 17. Smooth Bar Specimen Used for Task IA Screen Evaluation - Tensile
and Stress-Rupture Tests.
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A1

TRANSVERSE
SPECIMEN

SPECI'MENS

__II
SPECIMENS3&4

CONTAI NERMATERIAL

A

A) TOP VIEW

..... .....

A A1

B) VIEW A-A 1

SPECIMEN TYPE LOCATION

ROOM TEMP. TENSILE 3 & 5
1200°F TENSILE 4,6, & 7
1200OF/150 KSI STRESS RUPTURE 1 & 2

Figure 18. Test Specimen Location for Task IA Heat-Treatment Screening
Evaluation.
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1 OOX1 lo~ox
a) 1650'F/4 hr-2QOO0F/1 hr/Oil Quench

1 QOX 1 OQOX

b) 1650'F/4 hr-*2100'F/1 hr/OiI-Quench

i~ox 1 OOOX
Ic) 1650 Ff4 hr-*21000 F/1-hr/1 0000 F -Salt Quench=

Figure 19. 'rypicail Microstructtures of Task IA IniitialI-I-cat-Treat-1-valIuation -of
Quarter Sections After S(,lution Treatment -Vendor A=F(Shcct I).

72



~4 4

4~A4

b O X A -l6 500 F4 h r --2 17 E M 1/ h r i 5O F -Ls alt/4 h r/A C

F ig r e 9 -ymic z i ro s tr u c t u e o f T a s k I A n it ia l e itr Ao fe e )

rSure r9Sectioflal A t r Solution Treatm e t - V end rA ( h e )

73



'IZ'

1o aO ) 1650uF/4 hr-2OO0F1hr/Oil Quench bOQOX

l'

74'4



d) 1650 1F/4 hr- 21650F/1 hr/Rapid Air Cool

b0ox b0oox

e) 1650*F/4-hr- 21650F/1 hr -~1500'F Salt Q/4 hr/AC

4 Figure 20. Typical Microstructures-of Task IA Initial -Heat-Trcat Evaluation of Quarter
Sections After Solution-Treatment - Vendor-B-(She-et 2).
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that more recrystallization and a reduced- amount ofundissolved y' were-produced relative-to the Vendor B
2075*Fl-hoiirOQ treatment. Of all the aging treatments applied after-the 2100 0F/l -hour/OQ, only the
1400°F/644iour/AC-produced tensile-and rupture properties exceedingthe program goals. All specimens-for
quarter sections 3C, 3D, and 4G were-machined in the-transverse (axial) orientation due-to material cracking
during the oil quench-from 2100 0 F.

Mechanical properties-after solutioning the Vendor B-material at 20750 F/1 hour and quenching into IO000 F
salt-were lower than-the oil quench values. This was expected since-the-slower cooling rate-does not retain-as
much 7' in solution-as the faster oil-quench thereby reducing the quantity available for subsequent- aging at
lower temperatures. This is illustratedin Figure 20c. Although tensile properties and stress rupture lives were
reduced, the stress rupture ductilities were generally greater than those-observed after the-2075F/1- hour/OQ
solution treatment. The-primary purpose of investigating the salt quench-was to provide-an alternate'20750 F
solution treatment in-the event the oil quench produced-quench cracking in the turbine-disk shapes. Resulting
properties after solutioning the Vendor A material-at 2100°F/I hour[10000 F salt quench were somewhat
lower-than the corresponding oil quench values, but significantly higher-than the VendorB material solutioned
at 20750 F/I hour/10000 F salt quench. The microstructure, shown-in Figure 19c, reveals-approximately-the

same grain size and-degree of recrystallization as observed in the oil quench sample. -However, as in the
Vendor B material, a-greater amount-of-intermediate y'-was present due-to the slower cooling rate produced
by the 10000 F salt-quench. The slower-quench rate -reduced the tensile-strengths slightly while generally
improving stress rupture ductilities.Oneiheat treatment, quarter section-6H, exceeded-all program goal while
asecond, quarter section 6F, met all-goals except-room-temperature yield strength.

Solution -treatments-above the y' solvus-produced some-grain growth-to-ASTM 5-6 in Vendor B material,-as
shown- in Figures 20d and 20e, and-alarger quantity-of y' precipitated during cooling from the solution
temperature due to'theslower quenching rates. Rapid-air cooling and- quenching into 15000 F-salt appeared-
to produce approximately equivalentbackground '" sizes-and distributions. Tensile strengths were degraded
significantly by these-solution treatments, but tensile-and-stressrupture ductilities were-excellent. Vendor-A's
solution treatments-above the 7' solvus-resulted in slightly finer grain=sizes (ASTM 57) than-the corresponding
Vendor B material. The Vendor A cooling rate from 21750 F appearedato be-somewhat higher than Vendor B's,
based:on the reduced zbackground 7' sizes shown in Figures 19d and 19e. -Rapid air cooling and quenching-into
1-500OF salt and holding for 4 hours produced approxiniately equivalent background sizes and distributions. As
with the Vendor B-material, tensile strengths were degraded significantly by-these solution- treatments, but
tensile-and stress rupture-ductilities-were excellent. The-extremely high-room temperature-tensile strengthiof
qu-ter section 8Ezremains an anomaly. Metallographic examination-ofthe fractured specimen indicated-that
the microstructure was-consistent with-that shown in-Figure 19d. Basedfon these results, several additional
heat treatments -were -specified for-the-undesignated Task IA material.-One.quarter section-from the VendorA
2100°F/I hour/10000 1F salt quench material was aged at! 4000F/64 hours/At + 1200F/24 hours/AC in=an
effort to improve-yield-strength. Thezremaining undesignated -60 mesh-hollow cylindrical-slice was solutioned
at 21000 F/I hour-and- quenched into 500F salt to provide a slightly faster cooling rate-than the 10000FPsalt
quench. Aging -treatments evaluated included 1400 0F/64-hours/AC, 100°F/64 hours/AC + 1200*F/24hours/

AC,-1500 0 F/4 hours/AC + 1200 0F/24-hours/AC, and ' 600°F/I hour/AC + '1200°F/24-hours/AC. In addition,
three-200 mesh-slices were solution-treated at: (1) 2I0 0 F/I hour/10OOF salt quench; (2) 21000 F/1 hour/
500°F-salt quench;-and (3) 2075°Ffl hour/OQ and-aged-using the same four treatments identified for-the-60
mesh slice solutioned-aU2100 0 F/lhour/5000 F salt-quench. Results of the tensile and-stress.rupture evaluation
ofthe-additional -Vendor-A aging- treatments are presented in Table 20.

The-5000 F salt quench-was applied-to-Vendor A -60 and -200 mesh material to provide a-cooling rate between
a-very-fast oil quench-and the slightly-slower 1000 0 F-salt quench, both-of-which were -applied to -60 mesh
material in the initial heat-treat evaluation. The microstructure of the-60-mesh material=shown in Figure-21a,
is virtually identical-to=the oil quenched-and 10000F-salt quench materials shown in Figure 19. The differences
in"' size of quenched-material cannot be detected -by-optical metallography. Mechanical-properties of the-.60
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~O -

1 OX -200 Mesh Material 1 OQOX

c) 1650'F/4 hr - 21000 F/i hr/10000 F Salt Oijenrh

1 OX 200 Mesh Material 1 000XI d) 16500'F/4 hrs - 10750 F/i hr/OQ

f ~Figure 2 1. Typical M icrostruct tres of Vendor A Task IA Additional Hleat-Treatmnent
Quarter Sections After Solution Treatment (Sheet 2).



mesh material, when compared to those given in Table 18, indicate that yield and tensile strengths for the
500°F salt quench are slightly below those after oil quench and approximately equivalent to those after
1000°F salt quench. Stress rupture lives and ductil'ties are generally higher than after oil quenching but again
virtually coincident with those obtained after 10000 F salt quenching. The conclusion derived from these data
is that the sample size used for this evaluation can be adequately quenched in IO00°F salt and retain sufficient
7' in solution to develop near-maximum properties in subsequent age. The 5000 F salt quench develops similar
properties for this size bar but may be most useful in developing full properties in heavier sections. For this
evaluation, on vendor A material, the I 0000 F salt quench appears to be near optimum quench rate.

Application of the 500°F salt quench to -200 mesh powder resulted in the same microstructure (Figure 21b)
observed in the .60 mesh material. Tensile and yield strengths were somewhat higher than those obtained on
the -60 mesh material. No explanation is currently available for the one very low RT yield strength of disk
22H. The stress rupture properties were approximately equivalent to the .60 mesh material.

The 2100 0 F/I000'F salt quench was also applied to Vendor A -200 mesh powder material to compare with
previously obtained results on -60 mesh material. The microstructure, shown in Figure 21c, is very similar to
that of the 500OF salt quench material (21b). Tensile properties of the IO00°F salt quench samples were
slightly lower in some cases than corresponding data from the -200 mesh 5000 F salt quench material. This
difference is most noticeable when 1200°F yield strengths are compared. Again, no reason is available for the
one very low room temperature yield strength value in disk 21 F. Stress rupture lives appear to be slightly
lower than corresponding 5000 F salt quench material, while ductilitieswere at least equivalent to, or,in the case
of disk 21 H, significantly better than, corresponding disk 22H. Tensile properties of the -200 mesh 10000 F
salt quench material were generally equivalent to those obtained on similarly heat treated .60 mesh material
(Table 20). Stress rupture lives were slightly *lower, while ductilities, except for disk 21H, were equivalent to
the .60 mesh material.

One Vendor A -200 mesh hollow cylindrical slice was solution treated at 2075OF/1 hour/OQ to compare with
the initial heat treatment evaluation data on -60 mesh Vendor B material (Table 19). The microstructure after
quenching, shown in Figure 21d, was uniformly finer than the -60 mesh Vendor B material (Figure 22a) but
ontained essentially the same 7' size and distribution. Tensile properties of the -200 mesh Vendor A material

were approximately equivalent to those of the -60 mesh Vendor B material. There seems to be a tendency for
somewhat lower tensile ductilities in the -200 mesh samples which, in disk 23J, apparently reduced room
temperature tensile and yield strengths substantially. Stress rupture properties were very erratic in the -200
mesh material and generally lower than the initial Vendor B -60 mesh data (Table 21). Some of the data
scatter in, the .200 mesh samples may have been caused by quench cracks. Some cracking was noted visually
in one quarter section and, although efforts were made to avoid these areas, some specimens could have
contained fine cracks prior to testing.

Several additional heat treatments were also specified for the undesignated Vendor B Task IA material. One
quarter section from the 2000OF/I hour/OQ and 2076°F/I hour/OQ material was aged at 1400'F/64 hours/
AC + 1200"F/24 hours/AC in an effort to improve yield strength. The 1200"F/24 hours/AC age effectively
increased strength after the 15000F/4 hours/AC and 1600°F/I hour/AC intermediate ages (quarter sections
A2A, A2C, A4A, and A4C in Table 19). An attempt was also made to improve the yield strengths of the
material solution treated above the y' solvus by employing a double solution treatment on the undesignated
hollow cylindrical slice. The initial 21650 F/1- hour/RAC was followed by a 2075OF/1 hour/OQ treatment to

A resolve most of the 7' precipitated during the air cooling from 21650 F. The primary intent here was to pro-
duce .nASTM 5.6 grain size and make a large quantity of solutioned y' available for subsequent low temper.
t'ure aging. The aging treatments evaluated include 1400°F/64 hours/AC, 1500 0F/4 hours/AC + 12000 F/

24 hours/AC, and 1600°F/i hour/AC + 12000 F/24 hours/AC. One quarter section remained undesignated
pending results of the other three sections.

8



b0OX -60 Mesh Material iooox
a) 1650'F/4 hr-o 21650 F/1 hr/RAC +20750 F/i hr/OQ

b0OX -100 Mesh Material 1 ooox
b) 16500F/4 hr-*21650 F/1 hr/RAC +2075 0 F/1 hr/OQ

1 oox 11;~ Mes Mteia
0) 1650'F/4 hr P 2075'F/i, hr/OQ10X

Figure 22. Typical MicrostructUres of 'I'ask IA Additional fleat-Treatment Quarter
Sections After Solution Treatment - Vendor B.
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Results of the double solution treatment of Vendor B -60 mesh powder are presented in Table 21. Essentially
the same grain siue observed in the previous -60 mesh specimens solutioned at 2165°F/I hour/RAC was pro-
duced. However, the y' size and distributio, was altered significantly by the second solution treatment
(2075°F/1 hour/OQ). Large t' precipitated at grain boundaries and within the grains during the 1 hour at
2075OF (as shown in Fig. 22a). Much more y'was available for subsequent aging because of the oil quench from
20750F. This increased amount of available y'resulted in increased properties, as can be seen by a comparison
of data in Tables 19 and 21. The average increase in yield strength was 20 to 25 ksi at both room temperature
and 12000 F. Ultimate strengths and stress rapture lives also improved substantially, while tensile and stress
rupture ductilities were degraded slightly. Some quench cracking was detected in one of the quarter sections
suggesting that the oil quench may be too severe for the large-grained structure produced by the initial solution.

A 2-inch-thick slice from the -100 mesh Vendor B billet was also given the double solution treatment to deter-
mine the effect of powder mesh size. Metallographic and mechanical property evaluation indicated that the
response of the -100 mesh material was essentially identical to that of the -60 mesh material. The micro-
structure, shown in Figure 22b is very similar to ;he -60 mesh material. Mechanical properties show the same
trends as the -60 mesh, although the -100 mesh samples appear to have slightly better room temperature
tensile ductilities and less scatter in stress rupture ductility data. The double solution treatment appeared to be
a potentially attractive heat treatment, especially for Class C (slightly lower than our goal of Class B) hardware.

The most promising Vendor B solution treatment (2075°F/1 hour/OQ) identified using -60 mesh material was
also app.lied to two -100 mesh slices to determine if any mechanical property improvements could inherently
be obtained with a finer mesh size powder. Results indicated that application of the 2075°F/1 hour /OQ solu-
tion treatment to -100 mesh material p.oduced nicrostructures (Figure 22c) and mechanical properties (Table
21) similar to those observed in the -60 mesh material. The only properties significantly affected by the finer
mesh size were stress rupture lives and ductilities. These properties were improved substantially for several
aging treatments, including 1400°F/16 hours/AC, 1400 0F/32 hours/AC, 1500F/4 hours /AC and 15000F-
AC + 1200°F/24 hours/AC. Tensile strengths and ductilities deviated very little from the values determined
on the -60 mesh disk (Table 21).

DETAILED EVALUATrON

Based on the screening test results, a total of eight mesh size/heat treatment combinations (four per powder
vendor) were 3elected for detailed eva!uation. Important process parameters of these eight combinations are
presented in Table 22. The 2075°F/1hour 500°F salt quench was applied to one slice of Vendor A -60 mesh
material to investigate a more moderat, quench rate, while evaluation of the 20750 F/I hour/OQ solution
treatment on a -200 mesh slice allowed a comparison of this heat treatment on three different powder mesh
sizes (-60, -100, -200). The 2060"F/1 hour/OQ was evaluated on -60 mesh Vendor B material to determine the
mechanical property degradation 'associated with a slightly lower solution temperature. If acceptable, this
solution treatment would reduce any tendency for quench cracking and also increase the margin between the
y' solvus and solution temperatures.

Complete 2-inch-thick cylindrical slices were cut, heat treated to each of the eight conditions, and sectioned
to provide material for the detailed evaluation of low-cycle fatigue (LCF) and, in two cases, tensile specimens.
Four LCF tests were selected to characterize the properties of As-HIP material relative to conventional cast -

wrought and T700 P/M HIP + forge hardware. Important test parameters are described on page 90.

These four tests were intended to provide data at temperatures, notch conditions and strefses typical of the
actual operating environment of the T700 engine. Specimen geometries foi the four tests a-e shown in Figures
23 through 26. Specimen locations and orientations in the cylindiical slices are identified it Figure 27. Since
tensile or stress-rupture data had not been previously obtained on Vendor A disk 63H or '/.:ndor B disk B-8,
six specimens were machined in the axial oiientation as shown in Figure 27.
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TABLE 22. HEAT-TREAT CONDITIONS SELECTED FOR DETAILED EVALUATION OF
HOLLOW CYLINDRICAL SLICES

Powder
Vendor Disk Mesh Size Solution Treatment Aging Treatment

A 6H - 60 2100OF/1 hr/1000 0F Salt Q 1600"F/1 hr/AC + 12000 F/24 hr/AC

A 21H -200 2100'F/1 hr/1000OF Salt 0 1600&F/1 hr/AC + 1200'F/24 hr/AC

A 63H - 60 2075OF/1 hr/50OF Salt Q 16000 F/1 hr/AC + 1200OF/24 hr/AC

A 23H -200 20750F/1 hW/O 1600OF/1 hr/AC + 1200OF/24 hr/AC

B A4A - 60 2075OF/I hr/OQ 15000F/4 hr/AC + 1200OF/24 hr/AC

B A4C - 60 20750F/1 hr/OQ 1600OF/1 hr/AC + 120Cj 0F/24 hr/AC

B C61) 100 2075OF/I hrIOO 1600OF/I hr/AC + 1200OF124 hr/AC

B BB- 6 200 0F1 hOQ1600OF/I h. /AC + 12000F/24 hr/AC
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Temperature Test Type Stress-Ratio Notch-Severity Maximum -Altemate-Stress

900OF PSINf* A = Kt~ 1.0 150 ksi

1050OF PS/Nf A =-I Kt =1.85 80 ksi-

I1O00 0F Crack A =1 0.020 X 100 ksi
Propagation 0.060 in.

crack

1'200OF SPLCF** A I Kt =2.0 72.5 ksi

*PS --Pseudo Stress, Nj' - Number of' Cycles to-Failure.
**SPLCF - Sustained Peak Low-Cycle Fatigue which-is-an-LCF test with a superimposed hold time. An actual

test-cyclc-is 10 seconds to load to peak-stress, 90 seconds at-peak stress and 10 seconds to-unload.

Each -cylindrical- slice was examined mnetallographically after-the heat treatment to insure that-=the-proper
temiperatures-had been-attaincd. The results,zwlien-coiparedito previously heat treated quarter-sections-fromn
the-screening-test study, indicatcd that all h ad -been -processed- properly. Typical microstructures are-presented
in -Figure 28.

Thie-tensile-anid stress-ruipture results on all eigltctreatments examined in the detailed evaluation-aresummar-
ized-in Table 23.-Each data point represents the-average-of-two-test results. The overall high qualityfofthe-data
is-exemplified by the fact that only three of-the-eightyzdata-points determined failed to-mneet the program goal.

Comiposite-test results of the detailed evaluation Iowcycle~fatigue testing are given in Table 24.-All data-were
compared-to-an-average value for T700 P/M HIP+-forged- engine-liaidware to provide a-basis-for judgmbent.

Results-ofzthe 900OF LCF testing of a stnootlvbar specimien-(Kt = 1.0) indicated that- nearly allAs.HI
materials-evaluated exceeded the average-perforiiance-ofiHlP-+-forged parts. A graphical representation-of the
data, shown-in-Figure 29, suggests that the best-As.HIP-imaterials are approximately la better thanV T-0HIP
+-forge-parts.

Evaluation-of IO5OF with a notch of Kt I 1.8 5-indica ted-that- the- two best As-HIP results were equivalent-to

-HIP +-forged average curve, suggesting that As.HIP-material-can be processed by several method s-to -produce
acceptable Il 0500F LCF properties. This is sh own -graphically -in Figure 30.

prep ara tion-consisted of electrical discharge iizh-ining-(EDM)-a-0.0 l0-inch-deep by 0.040-inch-wide-slotin
tecentergof the gage section. The specimen was- then -fatigue-p recracke d until the tot al- crack-len gth- reached

approximately-0.060 inch. The number of cycles-tosfailure-of-the specimen is intimately associatediwith-the
iiilsize-of the-precracked slot. In order- to-reduce'the-ceffect of initial crack size on interpretation-ofresults,
thecyle -tofail ure have been plotted against initial-crack area-for As-HIP, HIP + forged, and-conventional
cat+wroughtwspecimens in Figure 31. Since insufficientdata-is available on T700 HIP +forged parts-to-con-
sreacurve,-previous cast + wrought results-were-used -oprovide a basis for judgment of the As-HlPniateriaI.

A-rectangle-emiclosing a11'r700 HIP + forged data was -alsoconstruc te d fcr co mpa rat ive- purposes. The-group-of
As-HIP data fall-on the lower portion of the T700 HIP'+z-forged-results and about I :l 0.-S a bekuw-thatof-theI cast- +wrought- material.
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A,~

1 QOX I QOX
Vendor A -60 Mesh Material (6H)

a) 1650'F/4 hr -2100'F/1 hr/lOOO Salt Quench + 1600'F/1 hr/AC + 12000 F/24 hr/AC

4" ;t
~'POW

U.vop

MM Aw-__XTO.V

w % .A4,7

XQO

Vendor A -200 Mesh Material (21 H)

b) 1650'F/4 hr -21 000 F/1 hr/1 000 Salt Quench + 1600"'F/1 hr/AC +1200'F/24 hr/AC

Figure 28. Typical Microstructures of-Task IA Detailed Evaluation Hollow Cylindrical
Slices After Solution and Aging Treatments - (Sheet I)
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1 OOX lOQOX
Vendor A -60 Mesh Material (63H)

c) 16500F/4 hr -2075'F/1 hr/500 Salt Quench + 16000F/1 hr/AC + 120001-/24 hr/AC

Vendor A -200 Mesh Material (23H)

d) 16500 F/4 hr -2075'F/1 hr/Oil Quench + 16000 F/1 hr/AC + 12000 F/24 hr/AC

Figure 28. Trypical Microstructures of Task IA Detailed Evaluation Hollow Cylindrical
Slices After Solution and Aging Treatments - (Sheet 2).
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1 oox Vendor B -60 Mesh Material (AA) 1 00OX

e) 16500'F/4 hr -2075'F/1 hr/Oil Quench + 15000 F/1 hr/AC + 12000 F/24 hr/AC

1 toox Vendor B -60 Mesh Material (A4C) 1IQOOX

f) 1650OF/4 hr -2075-F/1 hr/Oil Quench + 1600'F/1 hr/AC + 1200'F/24 hr/AC

Figure 28. Typical Microstructures of Task IA D~etailed Evaluation If ollow Cylindricali
Slices After Solution and Aging Treatments -- (Sheet 3).
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1 OOX Vendor B -100 Mesh Material (C6D) 1 000X

g) 1650'F/4 hr --- 2075'F/1 hrOil Quench + 1600'F/1 hr/AC + 12000 F/24 hr/AC

~~ '*g 'F

1-&1 M_

w,

'I5%

11M1

1 OOX Vendor B -60 Mesh Material (B8I) 1iQOOX

h) 1650" F/4 hr -2060' F/i hr/OilI Quench 4- 16000 F/1 hr/AC +- 1200' F/24 hr/AC

Figure 28.,Typical M icrosturct tres of T'ask IA D~etailed Evaluation Hollow Cylindrical
Slices After SolutionI and Aging Treatmnents - (Sheet 4).
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900°F PS/Nf LOW-CYCLE FATIGUE A = 1 Kt = 1-0

300
O VENDOR-A .60 MESH (6H)
* VENDOR A -200 MESH (21H)

250 0 VENDOR B .60 MESH (A4A)
O VENDOR B .60 MESH (A4C)

T700 * VENDORzB .100 MESH (C6D)
HIP + FORGE 13 VENDOR B -60 MESH (88)

A vENDOR-A -60 MESH (63H)
200 AVERAGE A VENDOR A -0-MESH (23H)

ALTERNATING

PSEUDO STRESS (KSI)

100
103  2 4 6 8 10

CYCLES-TO FAILURE

Figure 29. Results of 9000 F Low-Cycle Fatigue Testing During the Detailed Evaluation
of Hollow Cylindrical Slices Compared toPMIHIP + Fotged T700
Hardware Data
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10600 F-S/Nf LOW CYCLE FATIGUE A 1 Kt =1.85

100

900

80. V 3

70 -~m

ALTERNATING 60-
STRESS _____________

KSI -VENDOR A .60 MESH (6H)
*5 -VENDOR A -200 MESH (21 H)

_O- VENDOR B -60 MESH (A4A)
* VENDOR B .60 MESH (A4C)
o -VENDOR B -100 MESH (C6D)

40. a -VENDOR-B .60 MESH (88)

A VENDOR-A -60 MESH (63H)

103 2 4 6 8 i04-

CYCLES TO FAILURE

Figure 30. Results of I O5 0 f~tow-CycFc~vFatigue Testing During the Detailed, Evaluation- of
Hollow-Cylindrical Slices Comipared -to-PM HIP + Forged T700 Hardware Data.
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10000 F CRACK PROPAGATION- 100 KSI MAX STRESS

A -1

2 CAST + WROUGHT
AVERAGE
AVE --Z

T700
HIP+ FORlGE
RANGE

RESIDUAL 6 *
CYCLIC t A
LIFE,
CYCLES

4

'~VENDOR A- -60-MESH _(6H)
*VENDOR-A -200 MESH-(21H)-

o VENDOR B -60 MESH-(A4A)-
0 VENDOR B -60 MESH-(A4C)

2 0 VENDOR B -100-MESH (C6D)-
O- VENDOR B- -60 MESH IBS)-
A VENDOR A -6OMESH-(63H)-
A VENDOR A -200 MESH-(23H)

0.5 1.0 1.5

INITIAL CRACK AREA,-I. 1N3

Figuire 31. Results of I1000'F Crack- Propagation Testing-During the Evaluation of
5 Hollow Cylindrical-Slices Compared-to -PM- HIP + Forged

T700 Hardware Data.
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The 1200°F SPLCF test was considered to be the most difficult LCF- test for the As.HIP material. The combi-
nation of high temperature, high stress, fairly severe notch, and hold time-between cycles -makes-it extremely
difficult for fine grained materials, such as the eight As-HIP conditions tested in the detailed evaluation, to per-
form as well as the coarser grained cast + wrought or T700 HIP + forged parts. Again,Fi lure 37 indicates that
insufficient lata was available for definition of a HIP + forged curve. Therefore, the cast+-wrought data was
used to provide a curve with the indication of the range T700 HIP + forged results. The wide-range of HIP +
forge data indicates the substantial scatter encountered in the SPLCF test. Results on-As-HIP-material were
clouded by the occurrence of many thread failures, which undoubtedly reduced -the -cycles- to failure. Further
investigation into this problem revealed that all As-HIP SPLCF specimens had severe notches-at the thread
root. These notches, which had Kt= 5-6, were far more severe than those-measured on-similarly machined HIP
+ forged specimens (Kt a, 3.5) and were apparently the cause of the premature failures.

In spite of the abundance of premature failures, several As-HIP materials exhibited excellent SPLCF properties.
It is conceivable that elimination of the thread failure problem would reveal -a-number-ofspecimens which
produce acceptable SPLCF properties in As-HIP Rene' 95.

A tabular listing of the tensile, stress-rupture, and LCF properties of each-of the eight detailed evaluation
materials compared to the program goals and average T700 HIP + forged'data is presented-inzTables 25
through 32. Analysis of each of these tables indicated that- the-best- combination of mechanical-properties was
produced in Vendor A disk 6H. It would appear that the same heat-treatment on VendorB disk (BSC) yielded
lower mechanical properties. The disk BSC however, was solution treated in 2075°F salt bath and-then trans-
fered to a IO00°F salt quench tank as opposed to that of Vendor A (6H),which was solution-annealed-in-air.
1 uie freezing of high temperature salt around the Vendor B disk (BSC) appears to be-responsible for-aslower
quench rate resulting in the lower properties. Note that the designated heat treatment depends on the 7' solvus
temperature of the individual powder blend. This variable solution treatment temperature was specified to
allow for heat.to-heat variations in y' solvus temperatures such as the 20OF difference-noted-between-Vendor
A (21350 F) and Vendor B (2115 0F) Task I powder blends. These parameters provide the-basic-framework-for
achievement of mechanical properties in As-HIP T700 hardware that fulfilUthe program-goal requirements.

In conclusion, the results of.Task IA revealed that an optimum combination of compaction-and-heat-treat-
ment parameters yielded desired mechanical properties and microstructure-in-Hot-Isostatically pressed Rene'

- 95 billets. The finer mesh size powder offers no advantage over the -60-mesh powderwhich-offers-ease in
handling. It confirmed 15 ksi and 2050F to be the suitable HIP parameters. The 2000'F-solution-tempera-
ture used in the heat treatment of forgings appears to-be-low for HIP compacts and higherzsolution-tempera-
ture (but below the y' solvus to avoid grain growth and low tensile properties) with- increased-7' in solution is
desirable. The goal of future work would be to achieve-similar properties-in-the compacts withlactual hardware
configuration.
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*1200'F SPLCF Kt 2.0_ A 1 10-90-10 CYCLE

CAST-+ WROUGHT
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Figure 32. Results- of '1100* F Sustained Peak-Low-Cycle Fatigue Testing
During the Detailed -Evaluation- of Hollow Cylindrical Slices
Compared -to PM- HIP-+ Forged-T700- Hardware Data.
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TABLE 25. COMPOSITE-DA-TA FROM DETAILED EVALUATION OF HOLLOW
CYLINDRICAL SLICE

Task IA_ Results-Powder Mesh Size/Heat Treatment Parameters

Powder Vendor ..... A. (6H)
Powder Mesh Size .60
Heat Treatment.......21 000F/l hr/10000OF Salt 0 + 16000F/1 hr/AC + 1200OF/24 hr/AC

Tensile Properties

_______Room-Temp 1200OF ___

0.2 YS- UTS _E L -RA 0.2 YS UTS EL RA
(ksi) (ksi)- M% % (ksi) (ksi) (% (%

181.6 -246.2 -16.9- 20.5- 170.1 224.4 13.8 16.0
______181.6 242.3 1-13.8- 14.1 171.6 225.4 16-.3 21.8

Goal 180 230 - 10- 12 167- 207 8 10

__________________Stress-Rupture Properties _________

_____________ ife -(hr) -EL M% RA N%

155.8- 4.9 6.5
_____________ 104.5- 5.8 8.3

Goal 50- 3.0

____________Low-Cycle Fatigue Properties

________LCF SPLCF Crack Propagation
900 OF 1050OF 12000 F100F

Kt = 1.0 -Kt-- 1.86 Kt = 2.0 0.021 x 0.059 in. Crack

As.'41P 10044 -9911,8'68
HIP - Forge 4500 409W70

*Thread Failure

Ji



TABLE 26. COMPOSITE DATA- FROM- DETAILED -EVALUATION OF HOLLOW
CYLINDRICAL SLICE

Powder Vendor....... A (21H-)
Powder Mesh Size...-200
Heat Treatment .... 21 000F/1 hr/1 O00 0 F Salt Q + 16000F/1- hr/AC + 12000 F/24 hr/AC

Tensile Pro )er.'ies
_____ Room Temp 120OF ______

0.2 YS UITS E L RA 0.2Y8 UTS -EL RA

179.5 244.*0 15.9 24.2 -169.5- 219.3- 11.5 18.4
1____ 183.1 245.2 15.9 24.2 167.5_ 1217.0 9.1 9.6

Goal 180 230 10 12 167- 207- 8 10

_________________ Stress- Rupture- Properties- ____________

Life (hr) -EL(%)- _RA(%

104.3 8.3 11'1_
____________ 79.3 9.0- 18.4

Goal 50 3.0

_____________ Low-CycIe-Fatigue Pro-perties____________

________LCF SPLCF Crack -Propagation

-'900
0 F 10500 F 1-200F 100OF

Kt = 1.0 Kt -1.85 Kt- =2.0- 0.022-x- 0.063 in. Crack

As-HIP 5316 4222 470%,664-- 6166
HIP +Forge 4500 4000- 900- 7400

*Thread Failure
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TABLE 27. COMPOSITE DATA FROM DETAILED EVALUATION OF
HOLLOW CYLINDRICAL SLICE

Powder Vendor.......A (63H)
Powder Mesh Size...-60
Heat Treatment .... 20750F/1 hr/500F Salt Q + 16000F/1 hr/AC +-1201f F/24-hr/AC

_____ _______Tensile -Properties

- Room Tern - 12000 F

0.2 Y(S UTS EL RA 0.2NS -UTS- E L RA

182.4 225.4 18.? 16.3 -166.9 221.1- 12.0- 18.9
_____ 1'/9.0 237.6 -12.7 18.6 173.0- 226.1 11.3 -17.8

Goal 180 230 1 12 167 27 8 -10

________ ~Stress- Ruptu re -Properties___________{Life (hr) E L N%) RA {%)-

-j____________ 62.6 3.05.

Goal so3.0_

_______________Low-Cycle fatigue Prop _eris___________

__________LCF ______SPL CF__ :Crack Propagation
9000F J10500 F 12000T l(QOF

_______Kt =1.0 Kt = 1.85 Kt = 2.0- -0-026 x-0.062 in. Crack
As-HIP 5199 1 2984 242',-785- 6694
HIP +Forge 4W4000 900 7100

*Thread Failure
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TABLE 28. COMPOSITE DATA FROM DETAILED EVALUATION OF
HOLLOW CYLINDRICAL SLICE

Powder Vendor .......... A (23H)
Powder Mesh Size ...... -200
Heat Treatment ....... 2075°F/1 hr/OQ + 16000 F/1 hr/AC + 12000 F/24 hr/AC

Tensile Properties
Room Temp 1200F

0.2YS UTS EL RA 0.2 YS UTS EL RA
(ksi) (ksi) (%) (ksi) (ksi) (% M

184.6 246.8 16.6 26.3 0* 223.6 12.3 14.0
186.5 241.8 12.2 16.4 174.3 222.1 12.8 16.0

Goal 180 230 10 12 167 207 8 10

_Stress-Rupture Properties

Life (hr) EL (%) RA (%)

38.5 2.4 7-7
r2.8 4.0 11.8

Goal 50 3.0 -

_Low-Cycle Fatigue Properties

LCF SPLCF Crack Propagation

9000 F 10,0 0 F 12000 F 10000 F
Kt = 1.0 Kt = 1.85 Kt - 2.0 0.022 x 0.063 in. Crack

As-HIP 5182'°  - 671 *,276* 5361
HIP + Forge 4500 - 800 7400

*Thread Failure
"No Data Extensometer Slipped
***T/C Weld Failure
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TABLE 29. COMPOSITE DATA-FROM DETAILED- EVALUATION OF
HOLLOW CYLINDRICAL SLICE

Powder Vendor.......B (A4A)
Powder Mnsh Size ....- 60
Heat Treatment.......2075 F/1- hr/OQ+ 15000 F/4-hr/AC + 120e F/24 hr/AC

_________Tensile Properties

______ _____ Room Temp- 12000 F ______

.2YS UTS EL RA- -0.2 YS UTS EL R

(ksi) (ksi) W% (% Aksi). (ksi) N% %

184.6 242.6 12.2 16.5 178.7 230.0 14.4 17.7
183.3 245.5 16.1- 26.8 175.1 228.7 11.9 19.0

Goal 1180 1230 110 -112 167 27 8 1

_________________Stress- R upture_-Properties

_________________Life (hr) -E L-(%)- RA(%
66.9 3.0- 7.0

107.7 2.7 7.0

Goal 50 -3.0 J
__________Low-Cycle Fatigue Properties_

________LCF SPLCF Crack Propagation

9000 F 1050OF 1200-0F 10000 F

Kt = 1.0- Kt = 1-.85- -Kt-= 2.0 -0.023 x 0.059 in. Crack
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TABLE 30. COMPOSITE-DATA FROM DETAILED EVALUATION OF
HOLLOW CYLINDRICAL SLICE

Powder Vendor........ B (W4)
Powder Mesh Size ...- 60

Heat Treatment .... 20750 F/i hr/QQ + 16000 F/1 hr/AC + 12000 P/24 hr/AC

Tensile Properties

___________ Room-Temnp 12000 F
0. Y US L RA 0.2 YS UT -EL RA

(ksi) (ksi) %1 () (ksi) (ksi)- M%) (
183.3 242.6 -16.5 20.4 173.0 2281 -15.2 16.5
180.3 241.6 114.8- 15.2 173.3 228.7 13.1 20.1

- _1__________

Goal 180 230 10- 12 167 207 8 1

Stress-RuptureProperties

Life-(hr)- EL ()RA M%

108.6 4.7 7.0
116.9 4.270

Goal 50 3.0-

_______________Low-Cycle Fatigue Properties ___________

LCF_ SPLCF -Crack -Propagation

900" F 10500 F 1200OF 10 0 0F
_________Kt = 1.0 Kt = 1.85 Kt = 2.0 0.022 x-0.059 in. Crack

t t ___ ___ __

As-HIP 3885 3132 1698', 395 6720
HIP + Forge 4500 __4000 900 7850

'Thread Failure
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TABLE 31. COMPOSITE DATA FROM DETAILED EVALUATION OF
HOLLOW CYLINDRICAL SLICE

Powder Vendor .......... B (C6D)
Powder Me.hi Size ......... -100
Heat Treatment ........... 20750 F/1 hr/OQ + 16000 F/i hr/AC + 12000 F/24 hr/AC

Tensile Properties

Room Temp 12 O°F
0.2 YS UTS EL RA 0.2 YS UTS EL RA
(ksi) (ksi) (%) (%) (ksi) (ksi) (%) (%)

183.6 2,42.9 13.4 18.1 172.8 232.6 16.1 21.5
182.9 242.0 14.5 19.0 172.6 230.0 12.0 19.0

Goal 180 230 10 12 167 207 8 10

Stress-Rupture Properties

Life (hr) EL (%) RA (%)

129.3 4.3 11.0
- 117.3 4.2 9.0

Goal 50 3.0

Low-Cycle Fatigue Properties

LCF SPLCF Crack Propagation

9000 F 10500 F 12000 F 1000 ° F
_ _ Kt= 1.0 Kt = 1.85 Kt = 2.0 0.024 x 0.062 in. Crack

As-HIP 4628 2253 689*,158- 6000
HIP + Forge 4500 4000 900 7100

*Thread Failure
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TABLE 32. COMPOSITE DATA FROM DETAILED EVALUATION OF
HOLLOW CYLINDRICAL SLICE

Powder Vendor B (88)
Powder Mesh Size -60
Heat Treatment 2060°F/1 hr/OQ + 1600OF/1 hr/AC + 1200F/24 hr/AC

Tensile Properties

Room Temp 1200OF
0.2 YS UTS EL RA 0.2 YS UTS EL RA

(ksi) (ksi) (%) (%) (ksi) (ksi) (%) (%)

179.1 218.1 8.6 15.0 166.4 222 13.. 19.7
176.4 238.7 15.3 22.4 169.4 221.5 13.8 17.8

Goal 180 230 10 12 167 207 8 10

Stress-Rupture Properties

_ _ _ Life (hr) EL (%) RA (%)
88.6 4.6 15.4

_, 68.7 4.1 12.6

Goal 50 3.0

Low-Cycle Fatigue Properties

LCF SPLCF Crack!Propagation

9000 F 10500 F 12000 F 10000 F
Kt = 1.0 Kt = 1.85 Kt = 2.0 0.023 x 0.061 in. Crack

A.-HIP 6694 2222 287*,327" 6892
HIP-F"orge 4500 4000 900 7400

Thread Failure
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TASK IB - SHAPE DEFINITION

The primary objective of Task lB was to define the processing parameters required to produce a turbine disk
shape. This shape, shown in Figure 33, was designed to permit either a Stage 1 or 2 disk to be machined after
ultrasonic inspection. The square cornered, parallel.Isided design can be inspected using current ultrasonic

-technology, and represents approximately 50 percent reduction to input weight relative to current shape.

Task lB was divided into three iterations by each vendor-in order-to incorporate experience gained in initial
trials into.refined container designs. Although both vendors used -60 mesh powder in the majority of their
trials, some finer mesh size disks were fabricated-to determine the effect of mesh size on shape definition and
-handling procedures. Since -each -vendor employed different techniques, their progress will be reported in
separate sections.

A. Vendor A

The first- disk,shown in Figure 34, was fabricated using-.60 mesh powder consolidated at 2000OF and 15,000
psi. After compaction, the-mold-was removed-by machining-and-the part was heat treated using a modified
Rene' 95'treatment. Following- the partial solutionvtreatment of 2000F/1 hour, the disk was quenched into
900°F salt-rather-than-the room temperature oil normallyxused. This relatively slow quench was employed-to
reduce the possibility of quench cracking. The standard-140 0 F/16 hours/AC final-age was then applied after
the salt quench.

Mechanical- properties, including tensile, stress rupture-and- sustained peak low-cycle fatigue-tests, are com-
pared-with-the program goals in Table 33. The results are surprisingly good in spite of the slow-salt quench
after partial-solutioning. -Analysis of the-shape-before and-after compaction provided direction for design of
the second iteration disks.

Two=container materials-were- examined in-the second-and third-ite.ations: metal containers shaped-by the
shear spin forming-technique, and -ceramiczcontainers prepared using wax molds. Five disks were prepared for
the-second itera in.- A- description of the variables-examined-in each disk-is presented in Table 34, while the
-target-shape-forbothzthe second and -third -iterations-is shown-in-Figure 33.

A typical-ceramic shell- mold- used-to -fabricate second iteration- disks is shown in Figure 35. The-two compacts
-prepared using-ceLamic=molds- are-shown after consolidation in -Figure 36. Figures 37 and-38 illustrate-the
shape ofeach compact-bpFore and-after consolidation-relative to-the target sonic-shape. The concave- shape of
the-bottorn surface -of each diskis probably dueto-moldc racking-under the weight of the powder. Subsequent
compaction-studies showed-that-this-effect can-be-reduwcd and-controlled by a modified mold design and
application f more-prudent-handling-techniques-prior to-consolidation.-Mold reaction-depth was also a con-
cern-with the=ceramic-containers. The-reaction-layerresulting froin ceramic mold/metal powder interaction
was determined-to-be0.002 :nch-thick on-the-second -iteration disks. This is a-critical-measurement, since pro-
duction-of a-thick reaction-layer would limit-the-near net shape making potential of ceramic molds. The very
thin layer-indicates that the-mold-reaction-willrnot-limit the-shap,.making capability of the current ceramic
mold material-for theT0 applications. These second iteration results were subsequently incorporated in the
-third-iteration ceramlc-mold-configuration.

Spun metal- containers -were prepared-from Type 321- stainless steel and Inconel 601-for-the second iteration.
A typicalzstainess-steel-can-prior to-assembly is shown-in-Figure 39. Compacts BI 12, B1 13, and BI-14 are
shown-afterconsolidation-inFigure 40, while-Figure-41 shows-compactsB 13 and-BI 14-after the container
-was removed. The-shape definition-of-compacts-B113-and BIJ4 relative to the target sonic is illustrated in
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TABLE 33. MECHANICAL PROPERTIES OF THE FIRST AS-HIP
TURBINE DISK OF VENDOR A

Property As-H IP + Hekat Treated* Diskt Program Goal

Room Temperature Tensile

0.2% -Yield-(ksi) 179, 179 180
UITS (ksi) 240, 226 230
Elong.-%) 17. 11 10
RA (%) 19. 15 12

12000 F Tensile

0.2% Yield-(ksi)- 167, 166 167
UITS (U~) 213,219 207
Elong. (%) -, 14 8
RA N% - 17 10

12000 F/i 50 ksi-Stress -Rupture

Life (hr) 74, 39 50
Elong. (%) 4, 4 3
RA (%) 5, 6

12000 F/145 ksi-SPLCF

Life, cycles - -1448,452-

*Heat treatment- 16500F/24-hr/AC +2001fF/1 hr/saltQ + 14000F/16 hr/AC

t~uplicate testiresults



Figure 34. FirstIteration Disks-of Vendor A.
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Figure 35. Task -IB Ceramic ShellFMold - Vendor A.
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Figure 36. 'Taik IW Second Iteration Compacts SM-172 and SM-173 After
-Compaction- Vendor A.
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* Figure 39. Task TB Spuii Stainless SteelzCan Halves - Vendor A.
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I Figure 40. Task lB Second-iteration-Shapes Compacted in Spun Metal Cans - From Left
toRiglitBll3,B11-2, B114--VendorA.



-Figure- 41. Task IB Second Iteration- Compacts-B 113 and B 114 After
' Decanning - Vendor A.
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Figures 42 and 43. Shape control appears to be predictable and reproducible. Dimensional analyses of these
disks were used to design container shapes for the third iteration.

Several of the second iteration disks were heat treated to determine the ability of the turbine disk shape to
withstand quench cracking. Disk B 114 containing -60 mesh powder was heat treated at 21000 F/I hour/OQ
before the mild steel container material was removed. After the disk was machined to an approximate ultra-
sonic inspection shape, visual and die penetrant inspections were performed. No quench cracking was detected.
The 321 stainless steel container was mechanically removed from Disk B 113 (containing -200 mesh powder),
and-a 21006 F/1 hour/oil quench heat treatment was applied to the disk to determine if the as-declad surface
was sufficiently smooth to tolerate oil quenching from a high solution treating temperature. Visual inspection
after treatment indicated that no cracking occurred during oil quenching.

The third iteration disks were fabricated using both ceramic and spun-steel containers designed on the basis of
the second iteration dimensional analyses. A description of the third iteration shape compaction trial is pre-
sented in Table 35.

Dimensional analysis of Compact SM-193, shown in Figure 44, indicates that the third iteration ceramic mold
shape produced an exceptionally uniform envelope around the target sonic. These results indicate that the
third-iteration ceramic mold design is adequate to produce the required ultrasonic target shape. Only minor
adjustments would-he necessary to reduce the envelope around the target sonic to 1/8 inch-or-less-if desired.

-Dimensional analyses of -60 and -200 mesh compacts prepared using mild steel containev ire presented in
Figures 45 and 46. Both shapes conform rather closely to the target sonic and could bo falricated into turbine
-hardware.

Although it is slightly larger than the -200 mesh, the -60 mesh shape is more reproducible due to the superior
flow characteristics of the-coarser powder. Only very slight modifications of Compact B-148 container design
would be required to reduce the envelope around the target sonic to approximately 1/8 inch or less.

B. Vendor B

Vendor B also employed the shearospinning method of metal container fabrication to produce- three it.erations
ofturbine disk shapes. All-of their trial disks were consolidated by a different source than Vendor A.

Their first iteration consisted of two disks, one fabricated from -60 mesh powder and one from -10 mesh
powder, consolidated-at 2100OF and 15,000 psi to the trial shape shown in Figure 47. These two trial disks
were-subsequently heat treated using the standard Rene' 95 heat treatment.* This was a severe test-of the as-
compacted surface finishes, since no preheat treat machining was performed on either disk prior to heat
treatment. The disk-containing -60 mesh powder, which had a rough surface relative to the disk containing
-100 mesh powder, cracked during oil quenching. The -100 mesh powder disk [shown after compaction-in-the
container (Figure 48) and after the removal of the container (Figure 49)] did- not crack during the heat
treatment.

Dimensional analyses of these first trial disks were incorporated into a-new mandrel design to shear-spin the
containers for the second iteration. Five disks, described in Table 36, were consolidated at 2050°F and 15 ksi.
The target shape for-these disks was identical to that-used by Vendor A (Figure 33). Tabulation of critical
dimensions for 60 mesh compact 2 and .100 mesh compacts 3 and 4 is presented in Table 37. Relatively uni-
form-shrinkage occurred throughout the disks, with the maximum variation within any compact being +0.7
percent.

*2000F/1 hour/OQ + -1400°F/16 hours/AC
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TABLE 34. DESCRIPTION OF TASK lB SECOND
ITERATION SHAPE COMPACTION
TRIALS - VENDOR A

Compact Mold Powder Mesh
Code Material Code Size

B112 321 S.S. MB009 - 60

B113 321 S.S. MB010 -200

B114 Inconel 601 M8009 - 60

SM-172 SiO MB009 - 60

SM-173 SiO 2  M8010 -200

TABLE 35. DESCRIPTION OF TASK 1B THIRD
ITERATION SHAPE COMPACTION
TRIALS - VENDOR A

Compact Mold Powder Mesh
Code Material Code Size

B148 AISI 1020 Steel MB011 -60

B142 AISI 1020 Steei MB010 -200

= SM189 SiO 2  M8009 -60

SM190 SiO 2  MB010 -200

SM193 SiO 2  MB011 -60
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-~ TABLE737. DIMENSIONAL ANALYSIS OF TASK -1B SECOND ITERATION
_____COMPACTS BEFORE AND-AFTER CONSOLIDATION - VENDOR -B

Compact 2 Compact 3 Compact 4 VBeteon-
-0 Mesh -100OMesh -100OMesh Betwee4

-~~~~~~(n - Y__ _ . _ _ _ _ _ _ _ a d
Dimension- -Before- Af ter % Shrink Before- Afteor % VShrink Before JAf ter % Shrink (n.

A- -1.824 -1.614 11.6 1.804 1.591 -11.8 1.831 1.617 11.6 0.026-
B 3.377 2.964 12.2 3,361 -2.963 .2.1 3.389 2.960 11.9 0.027

C 2AW9 2.203 11.7 2.485 2.190 -11.8 2.502 2.220 11.2 0.030
-D 7.153- 6.320 11.6 7.153 6.313 -11.7- 7 .153 6.323 11.6 -0.010-

jE 4.446 -3,966 11.0 4.448 3.931 -1It. 4.446 3.954 11.0 0.023-

F 2.386 2.10 11.9 2.385 2.090- -12.3 2.385 2.107 11.6 - 001
G 7.153- 6.349 11.2 7.153 6.32 1 11.6 7,153 6.322 1. .0

-,H 4.44 6 2 10.9 446 3.948 1L2- 4.446 3.960 11.1 0.00

II 2.386 2.113 -,r.4 2.365 2.106 11. 2.385 .0 11.7 0.001
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Dimensional reproducibility between compacts 3 and 4 was excellent considering the embryonic stage of the
shape-making technology. A comparison of-the second iteration shape and the target sonic configuration,
shown in Figure 50, indicated- that-only minor modification of the second iteration shape would be necessary
in the third iteration. A typical second- iteration disk is shown in Figure 51 after the steel- container was
pickled off.

All the second iteration disks were heat-treated, some after the container was removed, to determine their
susceptability to quench- cracking. Die-penetrant, macro-etching, and zyglo inspection of compacts 2, 3, 4 and
5 indicated that no cracking occurred-during the heat treatment. Some cracking was detected at the outside
diameter of disks 2 and 5: apparently atthe fill-tube/disk junction. This cracking was probably present prior
to heat treatment, although oil quenching from-the solution temperature undoubtedly magnified its severity.
Steps were taken in the third-iteration to-eliminate this problem. Dimensional analyses of the second- iteration-
compacts provided the basis for design=of-the third iteration trials. A description of the third iteration
compacts is given in Table 38.

Results of the dimensional analysis-of all-third-iteration disks are presented in Table 39 and Figure 52. Dimen.
sions were determined with the mild-steel containers-intact. The required target sonic dimensions were
adjusted by 0.120-inch to-compensate for the -container thickness. The data indicates a number of dimensions
outside the required range in-compacts-C216, C217, C218, IC219, and C220. However, when disk C220 was
sectioned and actual core measurementswere -taken, a variation in container thickness was discovered which
makes all the measurements in-Table-39-conservative. Comparison of the target sonic shape-with disk-C220
cross-section, shown in Figure-53, suggests-that the-required shape could be machined from all disks except
C216 in spite of the seemingly-discrepant dimensions reported in Table 39.

An improved container -filling-techniquewas also examined in the third iteration in an attempt-to improve
reproducibility and- accuracy. -Disks-328--330, 332 and 333 were prepared using this modified procedure.
Although results- reported in Table-39 may not-accurately reflect core dimensions (in view of the noted-varia -

tioi in container -thickness), they do-indicate-the improved dimensional reproducibility achieved in-disks
C328-C333 relative to that obtained in-disks C216-C220. The container design and modified container-f ding
procedure used to produce disks C328-C333 will be employed to fabricate disks for evaluation in Tasks I1
and Ill.

Figures 44, 45, 46 and 53, indicate-thatiboth-vendors have successfully developed shape-making processes
for fabricating T700 turbine disks. Vendor A utilized ceramic and spun metal container materials in-their
processes, while Vendor B -employed-only spun-metal containers. Both powder vendors have demonstrated
their ability to accurateiy produce the- desired turbine disk ultrasonic shape during Task lB.

In conclusion, a successful- shape-making- technology with adequate reproducibility and accuracy was
developed by both-vendors in Task;IBfoArmore-than one container material and powder mesh size.=lt-is note-
worthy that at least one material (steel)could- be- fabricated at reasonable cost for disk shape. The-complexity
of part shape will, however, determine-the future cost effectiveness of the other material. A manufacturing-
cost analysis also concluded that-the cooling plates should be machined from hollow cylindrical compacts
similar to those produced in Task IA.
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TABLE 38. SUMMARY-OF TASK 1B THIRD-
ITERATION SHAPE&MAKING
TRIALS - VENDORIB

Powder Mesh- Container
Compact No. Size -Material-

C216 -100 -Mild-Steel-

C217 -100 -Mild Steel-

C218 -100- Mild-Steel

C219 - 60 -Mild Ste-el-

C220 -- 60- Mild-Steel

C328 -100- Mild Steel-

C330- - 0Mild-Steel=

C332 - 0Mild S'(eel

C333 --60 -Mild-Steel-
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Figure 52. Key -for Dimensional Results of Vendor B Task lIB Third Iteration Disks

in Table 39.
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Target-Sonic Shape

Mild Steel Container

/Rene' 95 Core

Figure 53. Comparison-of Target-zSonic-Shape-with Macroetched Section of Task lB
Third Iteration-Disk&C220 - Vendor B.
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TASK IC - COMPLETE PROCESS DEFINITION

'[ile complete process definition-emerging from the successful -completion of Task IA and Task lB consists of
manufacturing processing parameters, a-preliminary quality-plan, and the Value Engineering Analysis as
follows:

PROCESSING PARAMETERS

Important processing parameters selected for hot isostatic-pressing and post-compaction treatment of Rene'
95 are given in Table 40. The best combination of tensile-and fatigue properties in Task IA was achieved with
these variables. The suitable configurations-for the shape-making technology resulting from the trials of Task
I B are shown in Figures 44 through 46. A process -specification, C50TF64, entitled "Premium Quality Powder
Metallurgy Rene' 95 Alloy As-HIP Parts" incorporating-these and other detailed processing requirements is
presented in Appendix I. Two additional process specifications PITF47 "Manufacture of Rene' 95 Alloy
powder" and P7TF5 "Containerization -and Hot-sostatic-Pressing (HIP) of Rene' 95 Alloy powder" have
also been issued which cover the powder- production and compaction requirements. These specifications are
also included in Appendix I.

PRELIMINARY QUALITY PLAN

The quality plan is the overall strategic program integrating-the activities of the vendors and General Electric
Manufacturing, Engineiring, Quality and-Shop Operation functions-to-insure that the customer requirements
are met consistently and economically. While the'standard quality-system usually -generates such plans, the
unique nature of this development program-required'thatattention-be given to additional considerations for
Tasks I1 and III hardware, which was to-be-incorporated-into the system during transition to production. The
preliminary quality plan consisted of a specified-plan for~process control and product acceptance. The pre-
liminary process specification, C50TF64-(Appendix]),is used as a vehicle to define important quality control
requirements.

The process control plan consisted of a surveillance-program-in-accordance with General Electric's policy to
periodically monitor vendors' conformance to establishedprocessing-parameters and significant manufacturing
procedures. The program personnel, and-subsequently field/quality-assurance personnel, conducted this moni-
toring to determine compliance by the vendors to specifications-noted- in Appendix II (Process Control Plan),
including vendor internal specifications,which mmay be proprietary innature. After the successful evaluation
and approval for the transition to production,-the General ElectricSource Substantiation System defined and
"froze" the details of significant operations not to-be changed without prior-General Electric approval.

The preliminary product acceptance plan consisted-ofinspection-ortesting of the characteristics in Appendix
Ill (Product Acceptance Plan). These -characteristics-were-erified-for each compact except the mechanical
property evaluation, which consisted of a-cut-up of-one-compact/master powder blend/HIP lot/heat treat lot.

Following transition to production, the frequency- ofinspection -for- some characteristics-may be reduced.
After the hot isostatically pressed parts are accepted per-the producteacceptance plan, further processing such
as machining will be similar to the current-method using existing quality plans for T700 turbine hardware.
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VALUE ENGINEERING ANALYSIS

The current projected production material cost estimates for the As-HIPzhardware for the T700 engine are
listed in Table 41. All the costs are in 1976 dollars. The raw- material weight refers to configuration ready for
ultrasonic inspection. The cooling plate costs assume-that the parts-are-made-in long-cylinders to be sliced for
individual components. The comparable-cost-of one set of hardware (2 disks and 4 cooling plates) made by
the current HIP + forge process is estimated to be $7,075. Thus a raw material cost-savings of $4,064/engine
is projected using the As-HIP manufacturing process for the T700-turbine-hardware.
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TABLE 40. SELECTED PROCESSING PARAMETERS

1. Power-Mesh Size - -60
2. Container-Materials - Steel or Ceramic
3. HIP Temperature - 2050OF
4. HIP-Pressure - 15 ksi
5. HIP Time - 2 hr Minimum
-6. Heac Treatment - T 3 0F*/1 hr/100(fF Salt

s
Quench +16000 F/i hr/AC-+
12000 F/24 hr/AC

*Solution-temperature based on gamma prime temperature
of-particular powder blend - individually determined
solutiontemperature-should be 30OF below the gamma
prime-solvus temperature.

TABLE 41. -PROJECTED PRODUCTION ESTIMATES

Part -Raw Material Weight (lbs) Material Cost-

Disks ______ ___________________ _________

Stage 1 14 $693-
Stage 2 14 $693

Cooling-Plates-
Stage 1 -Forward- 8.8 $437

'1 Stage 1 -er9.5 $470
Stage 2-Forward- 5.7 $281

Stage 2-Rear 8.8 $437
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TASK II - FABRICATION AND EVALUATION OF LAB TEST SPECIMEN

The objective of Task If was to conduct a detailed mechanical property investigation-of turbine-disk and
cooling plate-configurations fabricated using the-processing parameters defined in Task -I. -In addition, spin
burst testing of four turbine disk shapes-was completed and the results were compared to predicted -values. A flow
chart of the-work conducted in Task II appears in-Figure 54.

Material for Task 11 was supplied by both vendors-using the techniques developed in Task-l. All-mechanical
testing was-performed by General Electric Company or their testing vendor. Spin pit testing-was-conducted in
GeneralElectric's facilities.

Following-completion of Task i, disks and cooling-plates for Task-I were fabricated by both vendors accord-
ing to parameters in Table 40. All the Task 1I hardware-was heat treated at Vendor A in the same-facilities
used-to treattheir Task I material. This decision was-made because Vendor B did not have-facilities to-quen lh
into-10000F salt. Therefore, in order to maintain the-program schedule and to minimize-heat treat variatio is,

both-vendors-agreed to heat treat all Task-I1 material-atVendor A.

MATERIAL-PREPARATION

Master powder-blends of the -60 mesh powderusedforthe Task I-studies were also employed-in Task-l.
Chem!cal-analyses of the powders are presented-in-Tables 13-and 14. Scanning electron micrographs-ofithe
Task -I powders,-shown in Figures 9 and 10, indicate-that the size, shape, and satellite formation-of powders
of both-vendors are virtually identical. The particle-size-distributions produced by both powdersvendors are
illustrated-in-Figure 55.

Both-powder-vendors fabricated cooling plates by hot~isostatically pressing (HIP) -60 ineshpowder into hollow
cylindrical billets to the proper dimensions, and-by slicing plates-of the appropriate thickness from these billets.
The-turbinedisk shapes were prepared using the-shape-making technology developed in Task-. ln-both cases,
the-powders were-encapsulated in mild steel containers-and HIP at 20500F. Final dimensions of-the-hollow
cylinderstwere approximately 6.5 inches outside-diameter and 2.75 inches inside diameter. The-compacted
cylinders, when-cut into 2.inch-thick slices, were-prototypes- of the cooling plate shapes. The-turbine disk
shapes were-similar to those in Figures 45 and-53.

Heat treatment studies made by powder vendors during Task I has indicated that an approximately 20'F
difference in-,y' solvus temperatures existed between Vendor-A (21350F) and Vendor B (21-15 0F) powder.
Prior-to heattreatment of ihe Task II hardware, additional -studies were conducted-by both-vendors-to confirm
that- this-difference was indeed real and not due-to thermocouple or furnace variations. Both- vendors-heat
treated samples ofTask I materials at 250 F-intervalsin-their-own- facilities. Samples were heattreated-adjacently
and-results-were-obtained-by optical metallograph.-Photomicrographs of the Vendor A study, which-are virtu-
ally identical-to'those of Vendor B study, are presented-in Figure 56. The grain sizes produced-by each-heat

treat temperature-indicate that the y' solvus of Vendor-A-material is just beyond 21250 F, whilezthat-of the
VendorB material is between 21000 and 21250F. These-data provided the basis for defining the-solution treat-
-ment-temperatures of Task 1 material as-

-VendorA Ts -30OF 2130-30 = 2100OF

VendorB Ts-30OF = 2115-30 2085OF

The-turbine disk shapes were solution treated with the -mild steel container intact, while-the-2-inch-thick cool-
ingplates were-unclad on the top and bottom-faces. The mild-steel container around the inside-and-outside
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TASK II

POWDERSOURCE-A POWDER-SOURCE B '

SIEVE POWDER TO SIEVE-POWDER TO
APPROPRIATE-MESH SIZE APPROPRIATE MESH SIZE

FABRICATE CONTAINERS FOR FABRICATE CONTAINERS FOR
COOLING PLATE SHAPE TURBINE DISK -SHAPE

FILL, EVALUATE, AND HIP FILL, EVALUATE,-AND HIP
3 TURBINE-DISKS 2 COOLING-PLATES

INSP MACHINE AND INSPECT MACHINE AND
HEATTREAT HEAT TREAT

_ ,1 *f
MACHINE AND SPIN PIT
TEST 4-DISKS TO-BURST

EVALUATE MECHANICAL PROPERTIES
OF 4 COOLING PLATES AND TURBINE-DISKS

4

Figure 54. Flow Chart for Task II.
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Figure 56. VendorA y'Solvus-Study on Task I Vendor A and VendorB-Material- (Sheet 1).
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diameters of each cooling-plate was left intact during heat treatment. All parts were individually solution heat
treated and quenched-into'10000 F salt bath. Groups of three or four parts-were then aged at 1600*F for
I hour followed by 1200 0 F for 24 hours. The identification code forall Task 11 material appears in Table 42.

MATERIAL CHARACTERIZATION

Density and thermally induced porosity (TIP) test results on all Task llmaterd were obtained. Results
presented in Table 43 indicate that all the material met the General Electric-spec3fication requirement of less
than 0.3 percent density-change after TIP exposure. The slight disparity in-the As-HIP densities between two
vendors was produced by-minor differences in their powder blend chemistries.

Optical and electron microscopy was also completed on the Task 11-material-used for mechanical property
evaluation. The-results shown in Figure 57 indicate that the desired-grain size (approximately ASTM 8) was
achieved-in all parts-except cooling plate B6 of Vendor B. This part was-apparently soluti --r t.:-zted at a
temperature above-its ' solvus- temperature which resulted in grain growth-to-ASTM 5-7 and uniform precipi-
tation of a large-amount-of coarse 7".

The microstructures oftthe-disks-from both powder vendors are very similarin- both grain size and background
(cooling) y size. The-same-comment also applies to all cooling plate structures except B6. However, there is
a slight, but distinct,-difference-in the background y' sizes of the disks relative-to those produced in the cooling
plates. This difference,-shown in-Figures 57a, b, e, and f versus Figures-57c, d, gand i, is primarily a result of
the container-surrounding the-disks. The slower cooling rate obtained when-the disks were salt quenched while
encapsulated in an oxidized mild-steel-container allowed the background-to-coarsen slightly relative to the
cooling plates, which had no-inld steel -container on their top or bottom-surfaces. -Inspection of the test data
generated from this material (to be formally discussed in test results section-below) suggests that the slight
microstructural difference had no discernable effect on the particular mechanical propdrties evaluated.

TEST RESULTS

The heat treated Taskilmaterial-was subjected to detailed mechanical property-evaluation, including tensile,
tress-rupture, creep, crack propagation, cyclic rupture (SPLCF), and low-cycle fatigue testing. Test specimens
used i: the evaluation-are similarito those in Figures 17, 25, 26, 23,-24 and-58.

Specimen-locations forathe Task-i evaluation are shown in Figures 59 and 60. All specimens were machined
from the midplanes oft -turbine disk and cooling plate configurations. All disks and cooling plates were
used in the mechanical property-evaluation except Vendor A disk-B231L and-Vendor B disk C219, which were
machined for spin pit-burst-testing.

Tensile data shown in Table-44 indicate that the Task II material properties were lower than the Task IA
results. The-pi!.naryiareas ofdeficiency were 0.2 percent yield strengths atiall-temperatures, and ultimate
strengths at 8000F. Tensile ductilitieswere-generally adequate, although-somewhat-below the level achieved
in Task-lA. A comparison-of the Task II results with PM HIP + forged-datazfrom the 'T700 program is
presented in Figures 61through 63. Although tensile ductilities were approximately-equivalent, Task 1I
0.2 percent yield strengths at all temperatures and ultimate strengths atF2009F-were substantially below the
average HIP + forged curves. These unexpectedly low strengths were attributed, at-least in the turbine disk
shapes, to the reduced-quench rate caused by the insulating effect-of the-oxidized mild-steel container.
However, no exr lanation-is-available for the low results obtained on the 2;inch-thick cooling plate shapes.
These shapes w, re identical-to those -tested in Task IA and, in-the-case-oUVendor-A, heat treated in the same
facility using ttie same procedures as the Task IA material. Sincethe test-source was changed for Task II,
several specim ns.were-testedat the Task IA source to determine the-effect-ofc test vendor. Results shown in

148



TABLE 42. IDENTIFICATION-OF TASK-11 DISKS AND
COOLING PLATES

Ident No.

Vendor A Vendor B

Turbine Disks B227 C219

B228 C230

B231 C233

Cooling-Plates B195-4 136

(2-inches thick)
8195-6 137

TABLE 43. DENSITY AND TIP TEST RESULT S OF
TASK 11 MATERIAL

Powder ~Density-(lb/in. 3) ________

Identity Vendor Shape As-HIP TIP* Change M%

8227 A Disk 0.2984 -0.2978- -0.20
81228 A Disk 0.2983 -0.2977 -0.20

C230- 8 Disk 0.2996 -0.2990 -0.20

C233- B Disk 0.2995- -0.2991 -0.17

8195-4 A Cooling 0.2982 -0.2976- -0.20
PlateT

T 8195.6 A Cooling 0.2982- 0.2976 -0.20
Plate

Plate
13 8Cooling 0.2995- -0:2992 -0.13

Plate
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1 OOX 5000X
a) Vendlor A Disk-1B227

ioox 5000X
_ IIb) Vendor A-Disk_1B228-

Figure 57. Microstructure-of Task 11-Material (Shecet 1).



-c) Vendor AtCooling-Plate-1l95-450X

1 0OX A-d Vendor B -Cooling -Plate B 195-650X

Figure 57. Microstructure-of Task -1-Material (Sheet 2).



1 OOX 5000X
e) Vendor B Disk C230

1 OOX 5000X

f) Vendor B Disk C233

Figure 57. Microstructure of Task 11 Material (Sheet 3).
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1 QOX _5000X
g) Vendor B Cooling Plate-136

1 QOX 5000X
h) Vendor B Cooling PlateB17

Figure 57. Microstructure of Task 11-Material. -(Sheetz4)-
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Figure-58. Creep Test Specimen.
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Figure 59. Specimen Location for Task-Il Turbine Disk Evaluation.
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TABLE 44. TASK II TENSILE RESULTS

Tensile Properties

Powder Test 0.2 YS UTS EL RA
Identity Vendor Shape Temp (nF)b (ksi) (ksi) (%) (%)

227 A Disk RT 173 233 16.3 17.8
B195-4 A Cooling RT 178 232 14.0 14.6

Plate
8195;6 A Cooling RT -176 233 14.3 15.4

Plate
B7 B Cooling RT 175 234 17.2 17.2

Plate
B7!* B Cooling RT 169 226 14.6 16.4

Plate

Goal RT 180 230 10.0 12.0
-B228 A Disk 800 . 172 207 9.1 12.1
B195-6 A Cooling 800 167 213 12.3 13.1

Plate
-B6a  B Cooling 800- 164 216 15.8 17.6

Plate
06" a  B Cooling 1000 168 220 14.0 14.3

Plate
C233" B Disk 1000- 171 201 6.7 6.7
B195.4 A Cooling 1200 162 221 11.1 11.8

Plate
C230** B Disk 1200 I 161 218 13.8 16.3
Goal, 1200 167 207 8.0 10.0

*tnvelid test specimen broke outside gage section.
*Tested at Task I test source.
aOver temperatured during solution heat treatment.
bR.T.- Room Temperature.

157



280

G Task II As-HIP

260- 0 Program Goals' (Mi.)

-HIP + Forged (Ave.)

240-

220- 03

4J
U)

18--

1600

0 200 400 -600 800 1000 1200- 1400

Temperature (OF)

Figure 6 1. Ultimate Ten sile-Strength Data for Task II As-HIP
Compared -to T700 HIP + Forged

158



-24

13 Task II As-HIP

_0 Program Goals (Min.)

220-

200-
- HIP +-Forged (Ave.)

180

160-

140-

'0- 20 00 60 800 1000 1200 1400-

I Figure-62. 0.2 Percent Yi~d -Strength- Data for Task 11 As-HIP
I Compared to T700 HIP-+-Forged.

- -159



I A-I

40 - 3 Task 11 As-HIP

0 Program Goals -(Min.)

20

+_ iHP+Forged_-Average 1

o 10 a HIP + Forged--3a
-_(10

4'4-

6
0i

4

2- A + T I--

0 200 400 600 800 1000 1200 __140-0
Temperature (*F)

Figure -63A. -Percent -Elongation Data for Task 11 As-HIP

Compared to T700 HIP + Forged.

~40 X]Task I-I As-HIP-

4- -CG Program Goals-(Mm.) I
*~20 HIP + Forged-Average

4J n,

CrHIP +-Forged -3o - -

ci 1
l 8

0 200- 400 00 80 1000-120 -1400

Figure-63B.;Percentage Reduction of Area Data -for Task IIIAs-HIP
Compared-to T700 HIP + Forged.

160



Table 44 indicate that data-from the twozsources are similar. In factroom temperature-results-on-cooling
plate B7 of Vendor B tested atthe Task IA vendor are actually slightly lower than those tested-atthe
Task 11 vendor.

Notched tensile data shown in Table 45 indicate a notch ratio (notched bar tensile-strength/smooth bar-tensile
strength) of 1.15 at room temperature and a 1.1 ratio at 10000 and 1200"F. These values-are-slightly-below
the HIP + forged T700 results -of approximately 1.2 at all temperatures.

Stress-rupture data-were-obtained-at temperatures from 1100' to 1300'F and stresses frotn100 to-172 ksi.
Results are given in Table-46 and-compared to a HIP + forged average curve in Figure-64. The-Task II material
data appears to be-comparable'toHIP + forged-data at 11000 through 12000F and slightly superior at
1300'F. Stress-rupture ductilities are adequate at all test temperatures.

Creep results were also obtained at test temperatures from 11000 to 13000F. The data-(Figure- 65, and
Table 47) again show that Task-llAs-HIP material is equivalent to the T700 HIP +-forged parts atlower
temperatures and slightly superior-at 1300'F.

Sustained peak low-cycle-fatigue-(SPLCF) testing was conducted at 10000 and 12000F. Comparisonof'the
Task I! data with that of the-HIP4 forged in Table 48 reveals virtually equivalent properties at!both- test
temperatures.

Crack propagation testing at1OOO0F was completed on Task II disk shapes using the KB specimen. Results
given in Table 49 indicate the same-trend-observed during Task IA, i.e., the crack propagation-resistance of
the As-HIP material-is slightlylower than-that of HIP + forged (or cast plus wrought) Rene' 95.

Low-cycle -fatigue (LCF) testing- of Task 11 material was obtained at conditions evaluated in-TaskilA as well
as additional conditions suggested-by T700 design engineering. Test temperatures, notch conditions, and
stresses were intended~to simulate the actual operating environment of Rene# 95-hardware=in-the '"700 eginge.
Important test parameters are-described-below:

Temperature Test Type Stress Ratio Notch-Severity

750"F PS/Nf A = I Kt 10-
900OF -PS/Nf A = 1 Kt =10.

1050 0F S/Nf A = Kt-- 1.2
1050OF S/Nf A= 1 Kt= 1%85
1200OF PS/Nf A = 1 KX 10
1250°F S/Nf A = 1 Kt==.85

*S -Alternating Stress, PS -:Pseudo Stress, Nf- Number of Cycles to Failure.

Task II results-are describedAn Table50. -It is obvious that the data scatter inherentin-LCF testing-makes
evaluation of two -data-points-percondition difficult. For example, at several test conditions-the-cycles-to
failure are actually greater atthe higher stress condition. This behavior was also observed-during- evaluation
of the HIP + forged T700 enginehardware. Comparison of these meager data with -the-averagelIP +-forged

j curves shown in Figures 66-through 71 reveals an approximate equality at all-test: conditions. However,
completion of the design data-program in Task Ill will be required to confirm-this conclusion.
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TFABLE 45. TASK 11 NOTCHED TT'NSILE RESULTS

Powder Test Notch
Identity Vendor Shape Temp (0 F) UTS (ksi)

8195.6 A Cooling RT 263
Plate

B7 B Cooling RT 262
Plate

C233 B Disk RT 269
HIP + Forged Cave) RT 290
6227 A Disk 1000 244
C230 B Disk 1000 237
B6* B Cooling 1000 231

Plate
HIP+ Forged Cave) 1000 276
8228 -A Disk 1200 235
B195.4 A Cooling 1200 235

Plate
H IP + Forged Cave) 1200 261

All tetts conducted using Kt -4.0.
'overtemperatured during solution hat treatment.

TABLE 46. TASKIIPSTRESS-RUPTURE RESULTS

Powde

Pdniy Vodr I Test Stress Rupture EL RA
Idnit edo~~ Shape Temp-(0 F)- (ksi) Life (hr) M% M%

8 195.4 A -Cooling 1100 172 96.5 4.0 5.9
-Plate

C233 B Disk 1100- 168 186.6 3.7 5.1
8227 A -Disk 1200 155 - 38.3 6.1 8.7
C230 B Disk- 1200- 155 45.5 3.4 5.9
B6* B Cooling- 1200 140 218.3 8.4 10.2

Plate
8228 A -Disk 1300- 110 164.2 5.7 5.0
B195.6 A -Cooling-- 1300 100 177.1 5.961

Plate 1
87 B Coouing - 1300- 100 332.5 3.7 4.0

-Plate

Overtemperstured during solution hust tratment.
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TABLE 47. TASK 11 CREEP RESULTS

Powder Test j Stress Time-to-0.2%
Identity -Vendor Shape Temnp ('F) (ksi) Cree p -(hr)-

B227 A- Disk 1100 150 168
8195-6 A- Cooling 1100 145 150

Plate
8228 A Dik1200 120 128
C233 -B- Disk 1200 120 190
B6' B Cooling 1200 100 73

Plate
C230 B -Disk 1300 75 102
B195.4 A- -Cooling 1300 65 395-

Plate
87 B - Cooling 1300 65 793**

Plate

0Overtemperaturod during soution heat treatment.
-Test still in pr ogress.

TABLE 48. TASK II SUSTAINED PEAK LOW-CYCLE FATIGUE RSU'LTS

Max.
Powder Test Stress -Cycl -es-to-

Identity Vendor Shape Temnp ('F) (ksi) Failure-

8195.6 A- -Cooling 1000 180 891-
plate

HIP + Forged 1000 180 -1111

B6* B Cooling 1000 160 2463-

HIP + Forged 1000 160 2312
8195-4 A Cooling 1200 145 -812

Plate
87 8 Cooling 1200 145 -810

H I P+ Forged 1200 145- 90

(ave)

*Owtomprtured during solution host treatment.16



TABLE 49. TASK-11- CRACK -PROPAGATION RESULTS

Initia-l Crack- Size
Powder - ~ Cyclic H IP + Forged

Identity Vendor Shape- Length-(in.-) Depth- (in.) Life Life (Predicted)

6227 A Disk 0.024 0.058- 6711 7400

B228 A Disk 0.020- 0.061 7080 8000

0230 B Disk 0.024- 0.060 6742 7300

tC233 B Disk 0.024- 0.061 6115 7200

TABLE 50. TASK II -LOW-C-YCLE FATIGUE-RESULTS

Powder Test Notch Alternating"* Cycles to
=Identity Vendor Shape Temp -(F) -Severity Stress (ksi) Failure

C233 B Disk 750- -Kt- 1.0- 169.3 4,094
B227 A Disk 750- Kt =1-.0 130 13,060
B228 A Disk 900 -Kt-- 1M 140 7,038
C230 B Disk 900 -Kt- 1.0- 123.9 8,324
B36* B Cooling 1050- -K 1.2- 90 10,563

Plate
B195-4 A Cooling- 1050- -Kt-i;22 85 7,929

Plate
837 B Cooling 1050 -Kt- IM85 78 2,890I Plate
B228 A Disk 1050- iKt_ 1.85 74 4,553
C233 B Disk 1200- Kt-= 1.0 124 7,296
B227 A Disk 1200 _Ktl.10- 117.1 4,568
B195-4 A Cooling 1250- _Kt_=1.8 67 3,885

Plate
C230 B Disk 1250- Ktu -1.85 63 15,939

0Overtemperatured during solution-heat treatmnt._
*All tests with Kt =1.0 are strain controlled -itress-is-calculated alternating pseudo stress.
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Figure 66. Strain Control 750°F Low-Cycle-FatigueData- at-A 1 for Task II

As-HIP Compared to T700-HIP +Forged,

167



:.: 0 Task II: As-HIP

200-

H IP + Forged -(Av e. , -

-HIP + Forged (-3a) -

100

o 80V
601

°J

- 40

1o2 10 104 _o -

Cycle to Failure

I/

Figpre 67. StrainControl9000°F Low-Cycle Fatigue Data at A 1- for Task II
As-HlPCompared to T700 HIP + Forged.
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As-HIP Compared to T700-HIP +'Forged.
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Figure-69. Load- Control -10500'F Low-Cycle Fatigue Data-at- A-= 1, Kt= 1.85, forlTasklII
As-HIP Compared to T700 HIP + Forged.
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The-problem of low tensile properties-in encapsulated turbine-disksshapes was alluded to in the initial portion
of this section. Consequently, a smalU study was designed to examine the-effect of the mild steel container
material on quenching rate and to-determine the feasibility of solution-treating in a high temperature -salt bath
rather than an air furnace.

Four turbine disks fabricated frcn--60 mesh powder (two from each-powder vendor) were heat treated. One
disk from-each powder vendor was solution treated at 21 00'F for 1 hour in a gas fired furnace and-quenched
into-i 000'F salt bath. The second-disk-from each ",endor was solutioned in-a 2100*F salt bath for -1 hour and
then-quenched into 10000F salt. All-four-disks were aged 1600)F/1 hour/AC + 12000 F/24 hourslAC-in'the
samefirnace run.

The-solution temperature of 2100'F was-used on all four disks to-simplify the experiment. The-'"' solvus
measurements-on the Vendor B material indicated that the proper temperature (Ts -300F) was 20850 F.
-However, the disks of Verdor B were used primarily to verify the-difference-in quenching rates produced-by
solutioning in an air furnace and-a-saltbath. The Vendor A material-was-used as a direct comparison with-
their-Task-IA hollow cylindrical slices -to -assess the effect of the-complete-mild steel encapsulation of the-disk
on quench rate and mechanical-properties.

Tnansfer times from the -gas-fired(air)-solution-furnace to the 10000 F saltwas essentially equivalent (approxi.
mately 7-seconds) to those achieved during- the Task IA and Task l1heattreatments at Vendor A. The-disks
were-transferred from the 2100°F saltbath to the 1000F salt bath-in-approximately 2 seconds. Three speci.

mens were machined from each disk as-shown-in Figure 72. The roomntemperature tensile specimen was-taken
from the-disk bore, while the elevated-temperature specimens were machined-from the thinner rim in order-to
obtain-data -t temperatures approximating those experienced by these locations during service.

As-expected, solution treatment-in-the air furnace produced a substantial oxide scale around each disk.
Solutioning-in the high temperature-salubath did not oxidize or corrode the-mild steel. Tensile and stress-
rupture-properties of the two VendorAdisks, presented in Table 51, indicate-that-the oxide layer-formed-
during-solution treatment in the air furnace reduced the effective quench-rate-of the disk relative to that-
achieved-in the Task IA cooling plate-blanks. The slower cooling rate resulted in lower mechanical properties,
especially-yield strengths, compared-to-the Task IA data. Solutioning-in-a 2 100 °F-salt ,t11h degraded the
-quench rate and room temperature-mechanical properties to levels somewhat below those of the material-
solffioned in the air furnace. The-material from both vendors exhibitedthe-same trends in spite of the-fact
that-they-were-solution treated-approximately [5'F above the-specification temperature.

-Electron micrographs of the microstructure-in the bore and rim regions-ofiall four disks are presented-in
Figure 73. Comparison of the microstructures of all four disks clearlyindicates a-significantly larger-back-
ground -'size in th-disks solutioned in the 2100'F salt bath. This "Y coarsening, which occurred during-the-0000F-salt quench portion of the-heat tteatment, was responsible-forthe lower properties of the-disk
solu tioned in -2100°OF salt.

Thezbackground "' size of the TaskA IVendor A cooling plate blank, shown-in Figure 74, was considerably
finer than that produced in any of the-four disks heat treated. Therefore,-in-order-to attain Task-IA mecliani-
cal properties-in turbine disk shapes,-the quench rate, reflected- bythe- background ' size, must be increased.

One-possible solution to the quench- rate-problem is to remove the mild steel-container prior to the-heat
treatment. This approach was-tried on-an-early .60 mesh Vendor A Task IA disk (SM 180) fabricated -using-
a-ceramic-mold. The disk was heat treated-without an encapsulating container in the same manner-as-the
Task ldisks. Test specimens were machiined- front the bore and rim, and-tensile and stress-rupture properties
were determined. The results, presented-in Table 52, indicate substantialimprovements in yield strengths
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TOP VIEW

- Room TempertrTesl

Figure 72. Specimen Locations for Turbine Disks Heat Treated-at Production Source.
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TABLE 51. MECHANICAL PROPERTIES-OF TURBINE DISK HEAT
TREATED WITHOUT ENCAPSULATING -CONTAINER

TENSILE PROPERTIES

Specimen- Test 0.2% YS -UTS EL RA
Location- Temp (OF) (ki)(ksi)- M% M%

Bore T RT 183 233- 11 15
Rim- RT 185 238- 12 15
Rim- 1200 180 228- 10 11

I~~~ I____________ ____________________ _____

STRESS-RUPTURE-PROPERi IES-
12000 Ff1 50 ksi-

Spe cim e n
Location Life (hr) -EL %)RA M%

Bore 62 9.0- 8.6
Rim- 59 4.0 5.6
Rim- 99 5.0- 7.8
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Bore Rim-
a) Vendor A Disk (Solutionedin2-100F Air Furnace)

Bore Rim-
b) Vendor A Disk (Solutionedin 21000 F Salt Bath)

Figure 73. Electron Microscopy of Four Turbine Disks (S00OX) (Sheet I).
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Bore Rim

c) Vendor B Disk (Solutioned-in-21OF Air Furnace)

Bore Rim
=1d) Vendor B Disk -(Solutioned-in 2~1 000 F Salt Bath)

Fijgure 73. Electron- Microscopy-of our Turbine -Disks (5000X) (Sheet 2).
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50-00X

Figure 74. Electron Microscopy -of 'askiA follow Cylinder.
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relative to the Task 11 disks. Tensile ductilitics and stress-rupture lives were on the low side but rupture
ductilitics were excellent. These data-substantiate the decision to heat treat Task III turbine disk shapes after
removing the mild steel containers. No explanation however remains available for the apparent difference in
the properties of Task II cooling plates and Task-1 specimens similar in configuration.

SPIN PIT BURST TESTING

A primary feature of any engine qualification-and-certification procedure is a proof investigation known as the
overspeed test. The purpose of this- test-is-to-impose -an excessive speed on either the disks in an-engine or on-
individual disks in a spin pit. The test establishes-a margin of safety that ensures that disks will not-fail if the
operational hardware were suddenly exposed to-an excessive overspeed. The mode of failure that is guarded-
against is known as disk burst, which occurs-when the component reaches its ultimate rotational -strength.

The overspeed test represents an importantdesign consideration that has to be met in order to validate the
engine for service operation. This means thatathe maximum speed the disk is capable of attaining before
bursting must be calculated with a-higirdegree of precision. This must be achieved in order to maintain at-
least a small margin during the test- so thatiexcessive weight penalties are not incurred in meeting a highly
improbable condition-in actual service.

DISK PREPARATION

Spin pit burst test disks were machined from material of both vendors fabricated during Task II. Two con-
figurations were tested to compare with-previous-results on T700 PM HIP + forge hardware. A turbine (Iisk(B231) from Vendor A was machined-to th econfiguration shown in Figure 75. The holes in the-disk simulate

the actual cooling and bolt holes-presentin-an-actual T700 turbine-disk. A disk (C219) from Vendor B was
prepared to the same design except withoutthe 20-holes-shown in Figure 75. Both disks were precision-
balanced prior to- esting.

A-serious oversight occurred at-this pointin the-program. Due to changes in personnel, communicatiuns
broke down and the disks were tested withoutbeing-subjected to nondestructive inspection. In this instance,
failure to inspect allowed-one defective-partato-be-tested-which normally would have been rejected by routine
ultrasonic or fluorescent-penetrantinspection.

TEST PROCEDURE

The disks were tested at room temperaturein apit illustrated-in Figure 76. An air turbinewas-used to
accelerate the parts to very high speeds under-vacuum. The-burst disks were caught by the wood block/steel
ring assembly before striking the-cylinderAliner. Rotational speeds were monitored by three different instru-
ments. Permanent recordings were madeby a tape-recorder and-a trace recorder. The speed was also displayed-
on two ATEC digital units and-recorded visually-by spin pit personnel.

TEST RESULTS

Historically the method-of calculating diskburst-has-depended on the quite simple analytical procedure of
equating the speed at-burst to-the level-ofthe average tangential -stress in the disk. Given the fact-that previous-
disk designs were relatively-sinpl eandzthe-nmaterials used-tinded to-be tolerant towards this type of failure,
the average tangentiai criterionlias provided adequate-predictive margins. However, with the advent of the
superalloy disk materials coupled-with greaterdemands-for engine performance which in turn result in
complex geometric designs; the acceptedfmethods of analyzis were reexamined to establish their validity,
applicability and more important, their-dependability.
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As a result of this reexamination, improved semienipirical equations have been developed at General Electric
to piedict the disk burst speed. These calculations incorporate material properties such as ultimate tensile
strength, ductility, and notch tensile strength at room temperature. An example of the predictive capability
of the method is presented in Figure 77. The burst speeds of a substantial number of disks fabricated from
materials such as Inco 718, Ti.6.4, and Rene' 95 (PM and cast + wrought) have been predicted with a maxi-
mnum error of approximately 4.7 percent. This method was used to predict burst speeds for the iIIP + forge
'"700 disks and the Task I1 As-HIP disks.

The two As-IlIP disks were tested to destruction and the fragments were reclaimed from the spin pit catcher.
The reassembled disks are compared with the previously tested HIP + forge disks in Figures 78 and 79. The
fragmentation-patterns are very similar for both processes in each of the model disk configurations.

Actual-burst speeds for As-HIP + forged disks are compared to predictions iv, Table 53. The Vendor A Task II
disk, machined Io the configuration with holes, burst near the predicted speed and compared favorably with
the corresponding HIP + forge test. The Vendor B Task II disk, machined without holes, burst at a speed
approximately 15 percent below the predicted value. The fragments of the Vendor B disk were recovered
from the-spin-pit and a fractographic analysis was conducted to determine the cause of the premature failure.
-Examination-of the fracture surfaces revealed that a large radial crack was present at the rim of the disk prior
to testing. This crack shown in Figures 80 and-8 1, extended approximately 0 350 inch into the machined
disk. Chevron markings shown in Figure 81 identify this crack as the source of the failure. In a normal
-failure, the-clievron markings would point to a location in the more highly stressed bore region as the source
of-failure. -However, the presence of this preexisting crack shifted the origin of failure to the lower stressed
riniregion.

Scanning electron micrographs of the fractured surface within and adjacent to the crack, shown in Figure 82,
reveal-the presence of heavy oxidation within the crack. This fact, along with the absence of any uieformation

= within-the crack, suggested that the crack formed during heat treatment of the Task 11 disk. The most logical
theory for the origin of the crack is that-a small notch or discontinuity from the Vendor B fill tube/disk rim
intersection-location propagated during the 10000 F salt quench from 2100 0 F. Although quench cracks tend
to be-very tight, which is probably why-it was not detected visually after machining, routine ultrasorm., macro-
etch, and zyglo-inspection would have identified this defect prior to testing.

However,-once-the size and-location of the crack were defined, it became possible to predict a burst speed it,
the presence-of the flaw using fracture mechanics and stress distribution calculations. The predicted burst
speed-for the Vendor B disk-containing a 0.350-inch radial rim crack was 69,800 rpm (assuming a room
temperature-fracture-toughness value of 75 ksi-inch % for As-HIP Rene' 95). Thus, the actual burst speed of
72,930-is-in-good agreement with the-predicted value when the quench crack -s factored into the calculations.
Since-any premature disk burst-failure raises doubts about the intrinsic material and processing ;ntegrity,
replacement disks were secured-from the Task II Lot I pilot production run to confirm the predictable
behaviorlofAs-lIlP Rene' 95. Two disks, one from Vendor A and one from Vendor B, were consolidated at
2050'F/15 ksi-and heat treated at Ts -30°F/I hour/10000F salt quench - 1600°F]! hout/AC/12000 F/
24liours/AC. The processing utilized on these-disks differed from the practice employed on the previously
described Task i disks in that the mild steel containers were removed by machining (Vendor B) or acid pickliig
(Vendor A) prior to-solution treating. This adjustment was implemented in an effort to improve the yield

4 strengths by nreasing the cooling rate from the solution temperature.

Bore slugs-from each of the disks were machined into test specimens and tensile tested to determine mechardcal
properties-needed to calculate the theoretical burst speed. Results, presented in Table 54, indicate that the
-room temnperature ultimate strengths-and ductilities of both disks were nearly identicaiwhile the yield strength
of the Vendor A disk was approximately 5 ksi lower than the disk of Vendor B. Both disks were machined to
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a) As-HIP Vendor A Disk B231

rA I

b) HIP + Forge Disk R-3

-Figure 79. Spin-Pit Burst Fragments of As-H1lP and HIP + Forge Disks Machined to
17700 Model Disk Con figuration with Holes.
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TABLE 53. TASK 11 SPINPIT BURST TEST RESULTS COMPARED--TO
T700 HIP + FORGE-DATA

Burst Speed (rpm)-
Production Disk

Disk No. Process -Configuration Predicted Actual

-B231 As-HIP With Holes 799078,870

R3 HIP + Forge With- Holes 81,000 77,550

C219 As-HIP No Holes 86,560' 72.,930

R9 HIP + Forge No Holes 87,000 86,570

*Disk had 0.325-inch quench crack at rim -predicted burst speed in presence of flaw - 9.800 rpm

TABLE 54. ROOM TEMPERATURE TENSILE PROPERTIES OF BORE-SLUGS
FROM TASK III SPIN PI-T REPLACEMENT DISKS

Powder _0.2 S UTS EL AA
Disk-No. Vendor -(ksi) (ksi) ()()

B248 A 15240 16.1 1.

8248 A -176- 233 11.5 13.5-

CTD-1 B -180 236 13.1 14:6-

CTD.1 B _180- 237 13.0 15.3-

TABLE 55. SPIN PIT TEST RESULTS-ON THE TASK III LOT I-
REPLACEMENT DISKS

Burst Speed -(rpm)-

Powder Production -Disk
Disk-No. Vendor Process -Configuration Predicted Actual

-B8248- A As-HIP No Holes 86,900 85,920

-C374- B As-HIP No-Holes 86,900 86,250-

_R9 - HIP '+Forge No-Holes 87,000 86,570-
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I Figure 80. Macro Photogr-a;hs-of Segments-of Burst Vendor B -Disk, -Indicating
- Locuation of Preexisting-Crack -I. IX)
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a) Crack Location

4.7X
b)- -Chevron Markings

-Figure 8 1. Fracture Surface oFi~urst-Vendor B D~isk, Indicating-Chievron MarkingsI 
and Size of Preexisting Crack.
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750X
-a)- Outside Cracked Region

780X
Ab)- Within Cracked Region

Figure 82. Scanniing-E lectron-Micrographs of' Fracture Surface of Burst Vendor-B- Disk
(a) Outside and-(b)-Wi th Treexisting Crack, fIndicatitng-Oxidlation -ofCracked -Region.

190



the "no hole" configuration presented in Figure 75, ultrasonically inspected, zyglo inspected, and balanced
prior to testing.

Test results are compared to predictions in Table-55-and Figure 83, and indicate that both disks-burst within
approximately 1 percent of the calculated speed and-conpared favorably with the corresponding-HIP +
forge data-shown in Table 53. Fragments of both disks were-recovered from the pit and are shown in
Figure 84.
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hB-231 (As-HIP - With Holes)

SC-2l9 (As-HIP - No Holes)

90 0 B248 (As-HIP - No Holes) _____

LIC374 (As-HIP - No Holes)

*R-3 (HIP +. Forge - With Holes)

SR-9 (HIP + Forge -No Holes)
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Figure 83, Comparison Between Measured Speed at Burst-aind Theoretical-Speed
for As-lill and I-IIP Forge Tr700 Model Disks -Using-Seiniempirica1 Method.
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a)- As-H IP Vendor A Disk B248

I ~~b) As-HIP Vnor B'ikC7

Figure 84. Replacement Spinl-Pit Burst Fragments of As-III1P Disks Machined to T700Model Disk ConfigurationWtliolit-.1oles.
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TASK III - FABRICATION OF ENGINE TEST HARDWARE

The objective of Task Ill, a pilot production program, was-to fabricate a series of disks and cooling plates using
previously-established process specification and quality plan. Additional mechanical testing was-to be performed
in order to insure-conformance of the hardware to material release criteria for a new turbine disk material. A
flow chart of the-task appears-in Figure 85.

A set of-two turbine disks and four cooling plates was then-to be-machined and submitted for engine test.

Powder Production

Rene' 95 powder-for Task III was produced by each vendor in-several melt heats by vacuum induction-melting
and Argon atomization. New master powder blends of -60 meshpowder were prepared by both vendors. While
Vendor A utilized-same atomization parameter and processing-techniques as employed in Tasks I and II,
Vendor B decided-to alter powder production parameters for-this blend. This change was permitted with cer-
tain restrictions. Since the effect of powder particle size distribution on the properties was an unexpected
variable at- this time, itwas decided to screen and blend the-new powder from Vendor B to the same particle
size distribution as that of Tasks I and II. The particle size distribution of these blends was therefore-identi-
cal to Figure-54. -However, the scanning electron micrographs of the Vendor B powder (Figure 86) indicate-its
morphology and-satellite formation to be different from-those~observed in 'Tasks I and II powder-(Figures9-
and 10). The-certified chemical analysis and the " solvus-temperature of all the master powder blends usedin
Task III-are given-in Tables 56 and 57 for the respective-vendor.

Powder Encapsulation-

The steel cans-were fabricated to produce turbine disk-and-coolingplate preforms. The shape-making tech-
nology developed in Task IB was utilized in preparation-of the-turbine disk shapesand the steel cans were
accordingly prepared. The-cooling plate preforms were, however,-made as a hollow cylindrical compact
(6-5.inch ODandl2.754nch ID) and eventually sliced to different-thicknesses. The steel cans were-checked-
for any leaks and undesired foreign inclusions prior to-fillingwith-Rene' 95 powder. Vendor B filled-the cans
under vacuum, while Vendor A used ambient pressure filling-followed-by-an-outgassing procedure. The filled
cans were -finally checked for any posssible leaks and submitted for Hot Isostatic Compaction.

Hot iostatic-Compaction

The-autoclaves were employed for hot isostatic pressing of the-filled-cais to the processing parameters devel-
oped in Task IA. A minimum of 20 disks and 20 cooling-plate-preforms were compacted by each vendor. In
order to simulate-prototype production, the disk preforms were-compacted in more than four HIP lots, while
a minimum of two-hollow cylinders-were compacted to yieldthe-cooling plates. A section of the fdl tube-of
each-compact~was-metallogrphically examined to check theleakage-and/or undesired temperatu.e exposure.
4 few of the disk-conpacts were rejected after the inspection-and-were replaced with additional compacted-
disks.

Heat Treatment-

The difference-in-the 7' solvus temperature of both vendors-was 20 F, same as in Task I and II powder. Same
solution-temperatures- were thus employed. The compacts were heat-treated with the procedure developed in
Task-Il. The heavtreatment for the cooling plates was,-however, modified to achiev3 desired property-goals
and is-discussed in -detail in the section Mechanical PropertyEvaluation. The HIP and Heat Treatment- record
of each preform is given in-Tables 58 to 61 for both vendors.
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TASK-I1

POWDER SOURCE A POWDER SOURCE B

PRODUCE POWDER TO PRODUCE POWDER TO
-60 MESH -60 MESH

FABRICATE CONTAINERS FOR FABRICATE CONTAINERS FOR
COOLING PLATE SHAPE TURBINE DISK SHAPE

FILL, EVACUATE AND HIP AT -FILL, EVACUATE, AND HIP AT
LEAST 20 CO LING PLATES -LEAST 20 TURBINE DISKS

HEAT TREAT AND INSPECT -HEAT TREAT AND I NSPECT

DEVEOP DSIGNDATA FINISH-MACHINE 2 DISKS
DOP ES-HIGN ADAT AND-4 COOLING PLATES FOR
FOR.ASHIP HARDWARE -ENGINE TESTING

Figure 85. Flow-Chartfor TaskIII.
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Figure-86. Scanning-Electron Micrograph or Vendor 13 Task 111-Powder.

196



im 6 o co

In C ) CO (N N

Ln ~ CO COI Na)

ce) 'I ) m1 m C')
-~0 0

N; ( C) 0' - CO

N C) 0 0 0 0

-C0) CO ) N ) I-0

C/) c) 0) 0l 0l 0 0

It In -11 IT O "T
6 0v' c~ ci vi- cli 6'

0) - c' - CO O '
0) N i CN CN N' c'I

E CD CO) 04O (-.2 H l -Ii cq
W CO) 1-) -v C5 (Ni 6

0~ ~ -q l C u C)nC

0 O CO C C) Tt

Z> C*)- -l (Nm

o C o co co

In 0) 0) CO -~- 0 0 N, CO a) CO
0 C)i C4- (N (N (N (N

CO co CO CO N, CO

0 --

U)) 0 0 0 0

C')



e4 LO £0) CY)
0 in (D co

C CD 0 0 0

C5 c.n cs 6 6 6

00

0 CD 6 0 6 0to I 
Lo -I to

z 0 q 0w N0 0 0 0 0)

0 0 0 0 0 0Dl

.n - , Ln cn - CD
Hq C U Ui U, ID ID-a) 0 ci c C Yi C l C l -

14 0) cv) cv) - ) -t
I": ~ ~ ~ U)L l 1: L

CV m C) m cn_

E) co~ cvn m
m Wm~ v ci 6v cvi

.- r Lr) co

C) ) (Y)

Ht ci) Ci) C Ci) CY)

o C - 0) Do-)
00 co r- co rZ £0

q Dl r*- uq

U C ) M N C *4C' Ci'

Inn

£0 Ct) C14D

0 (00 0D

~ 6 6 6 o

co 4

Ic 6-w



TABLE 58. VENDOR A TASK III DISKS CHARACTERIZATION

Quan.
Heat in Grain

Part Master HIP Treat Heat Hard- Size

Compact Descrip. Blend Lot Lot Treat ness (ASTM
Code tion S/N No. No. No. Lot (Rc) No.)

B229 Disc COL 10001 MB016 C1 H1 4 - -

B230 Disc COL 10002 MB016 C1 Hi 4 - -

B246 Disc COL 10003 MB018 C2 Hi 4 - -

B248 Disc COL 10004 MB018 C2 H1 4 - -

B290 Disc COL 10005 MB022 C3 H2 5 44.5 8

B291 Disc COL 10006 MB022 C3 H2 5 45.0 8

B292 Disc COL 10007 MB022 C3 H2 5 45.0 8

B293 Disc COL 10008 MB022 C3 H2 5 45.0 8

8294 Disc COL 10009 MB022 C3 H2 5 44.5 8

8305 Disc COL 10010 MB023 04 H3 1 45.0 8

0306 Disc COL 10011 MB023 C4 H4 5 46.0 8

B307 Disc COL 10012 MB023 C4 H4 5 44.0 8

B308 Disc COL 10013 MB023 04 H4 5 44.5 8

B309 Disc COL 10014 MB023 C4 H4 5 44.0 7

B316 Disc COL 10015 MB024 C5 H5 5 45.5 7

B320 Disc COL 10016 MB024 C5 H5 5 45.5 6

B327 Disc COL 10017 MB024 C5 H5 5 45.0 7

8328 Disc COL 10018 MB024 C5 H5 5 46.0 7

B329 Disc COL 10019 MB024 C5 H5 5 46.0 7

B344 Disc COL 10020 MB029 C6 H6 4 44.3 8

B345 Disc COL 10021 MB029 C6 H6 4 44.6 7

B346 Disc COL 10022 MB029 C6 H6 4 44.9 8

B346 Disc COL 10023 MB029 C6 H6 4 44.8 8
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TABLE 59. VENDOR A TASK fII COOLING-PLATES
CIIARACTERIZATION

Tra Ct. - - Pat

Compact Part 14IP Lot in-h-at Hardness Thickness
Code Description SIN Lot No. No. Treat-Lot ~ R0 (in.)

82t,"9I Ci .IArqPlate COL 10024 C2 141' 17- -

82.iO.21 Coo~i'q Plat, COL 10025 C? i11, 17

L4250 3 C-hirq Plate COL 10026 C2 411 17- -

B250 4 Cr.oiniPlaten COL 10027 C2 till 17

B250 5 Coing Mai~le COL 10028 C2 141 17
025006 Colqg Plate COt 10029 C2 ti1l U7-
82501 o'w C~~ePlate COL 10030 C2 HI, 17- -

B250 8 Co~o,') it,~l COL 10031 C2 III' 17
8250 9 Cooling

0 
aIle COL 1003? C? HI' 1W-

8250 10 Cooling Plate' "01. ICA3; C2 H1 17- -

3250 41 Cooling P1.,ii- COL lti 1-' C2 111 47
1250,1? Cooling Plate COL 10035 C9 HI 47 -

825013 Cooling Plate COL 10038 C2 "it' 1

8250 14 CoolinrgPlate COL 10037 C2 H412' I -

8312 1 Coouirng Plat, COL 10038 CS 147 5 46-3 408
83122 Coolhng Ph.il. COL 10039 C5 m,' 6 451 072
03123 CoolinrgPlate COL 10040 CS 141) 6 455 072
8312.4 Cool.'g Plate COL 40041 CS 1440 0 072
83125S Cooling Plate COL 10042 CS 11140 6 453 072
83l: 6 Cooling Piali COL 10043 C5 :17 450 0,72

83U~ 11 Cooling Plate COL 10044 CS 147 5 - 408
BM1 12 Cooling Plate, COL 10045 CS H47 5 450 1 08
831r' 11 Cooling Plate C01 10046 CS 1110 6 462 408

- -8312 14 CoolinigPlate COL 40047 C5 119 6 452 108
8312 15 CoolinrgPlate' COL 10048 CS He ~ 6 450 408

8312 16 CoolinrgPlate COL 100,19 CS till(I 6 452 108
8312 17 Cooling Pilne COL 10050 CS 1_17 5 455 408
83 1; 18 Cooling Plate COL 10051 CS 118, 6 1-41

8317 49 Cooling Plaie COL !0052 C5 149 6 - 141
8312 20 Cooling Piiie COL 10053 C5 119 6 44 7 141
831224 Cooling Plair COL 10054 CS M40 6 45,0 1.44
8334222 CoolinrgPlate COL 10055 CS 149 6 468 L41
8312-23 Cooling Plate COL 4 0056 C5 1486 6 44Z6 4.08
8312.24 Cooling Plate jCOL 10057 CS 1410 - 6 450 4 .08

2 All cooling plitsO from 1250 wtrehesl treated with 100-F itqiuerichtfromn the soluion herrileralwae ltrefit lime

Those thalivwer rheal lieated and inn frtom

I03h)2 were farn air cooled from thlr nution ieinpefariJhe

%Fmriaircool ftorn solalian tieatmenti
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TABLE 60. VENDOR B TASK Il DISK CHARACTERIZATION

Master HIP Oty. Ht. Treat oty.
Compact Part Blend Lot in Lot in Grain

Code Description No. No. Lot No. Lot Size Hard.

C483 Disk 47 1139 4 05314 12 9510 485
C484 Disk 47 1139 4 05304 12 9510 485

C486 Disk 47 1139 4 05304 12 9.5 10 48.5

C487 Disk 49 1137 5 05304 12 9.510 47.0

C497 Disk 49 1141 5 05304 12 9.5.10 47.0

C490 Disk 49 1137 5 05304 12 9.5A0 46.5
C499 Disk 49 1141 5 05304 12 9.510 47.0

C498 Disk 49 1141 5 05304 12 9.5410 460

C372 Disk 31 876 5 P011244 5 95-10 -

C373 Disk 31 876 5 P011244 5 9.510 47.0
C374 Disk 31 876 5 PO 11244 5 9.51t0 48.5
C376 Disk 31 876 5 P011244 5 9,510 -

C377 Disk 31 A76 5 P011244 5 9.5 10 46,0

C431 Disk 33 1020 5 3211 5 9.5.0 -

C432 Disk 33 1020 5 3211 5 95,10 -

C433 Disk 33 1020 5 3211 5 9510t -

C435 Disk 33 1020 5 3211 5 9.5-10

C436 Disk 33 1020 5 3211 b 9.5t0

C496 Disk 49 114" 5 05304 12 95.10 46.5
C492 Disk 49 1137 5 05304 12 9.5.10 45.5
C495 Disk 49 1141 5 05304 12 9.5.10 46,0

C493 Disk 49 1137 05304 12 95.10 47.0
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Density Determination

Tihe mild steel cans of all the compacs were removed by machining. A solid cylinder of 2 inches in diameter
was taken out of the center of each disk preform by electrochemical machining. Fie density of each of these
center slugs, as well as the disks, was determined by the buoyancy method. A lever arm type weighing balance
with sensitivity of 10 mg in 60 kgs was used. The need for this ultrasensitive balance is discussed in
Appendix IV.

A slice from the top and bottom of the cooling plate cylinder was used to check the density of the compact
by the buoyancy method. The density of selected cooling plate preforms (heat treated to the final desired
treatment) was also determined using tile same facilities. The results of all the density measurements are
tabulated in Tables 62 to 65. An excellent correlation was observed between tile densities of center slugs
and the whole disk preforms.

Thermally Induced Porosity

To determine the relative amount of entraped Argon in each compact, thermally induced porosity measure-
ments were completed on all the center slugs from the disk preforms and the top and bottom slices of the
cooling plate compact. The determination consisted of density measurements on samples (approximately
100 gin) after exposing for 4 hours at 22000 F and comparing with the original density. In addition, As-IlIP
samples from each master powder blend were forged to 50 percent reduction and subjected to density deter-
mination-by buoyancy method. These values were then used for comparison with the densities after 2200 F/
4-hour exposure. The TIP response of the disk and cooling plate preforms, well within the requirements of
less than 0.3 percent change, is summarized in Tables 66 to 68 for both vendors.

HARDWARE EVALUATION

All the disks and cooling plates fabricated by each vendor were subjected to a rigorous non-destructive evalua-
-tion. The hardware was inspected by the vendors and/or their subcontractors and critical inspections were
repeated by General Electric.

Vendor Non-Destructive Inspection

& The following non-destructive testing was completed by each vendor before the hardware was shipped to

General- Electric:

lardness test-was conducted at two points 1800 apart on the rim and at one point near the bore per
ASTM E 10. All the parts were macroscopically etched with HCI and 11202 (9:1)solutionm to inspect
for any gross metallurgical inhomogeneity and to eliminate any possible masking effect on cavities due
to machining. All (lie-parts were fluorescent penetrant inspected per General Electric Specification

P3TF2CIC tofindfine cracks-and/or cavities. Tie methodconsists of-immersing a-clean and degreased
part in a highly fluorescent liquid penetrant for about 30 minutes. The penetrant is then removed by
immersing the part in an emulsifier and rinsing with water. The part is dried and a coating of a developing
powder applied to it. The excess powder is removed and the hardware is examined under black light
when-the fluoresent penetrant lights up the fine cavities. A high sensitivity penetrant hydrophylic
remover and non-aquou's developer was used to provide a very high sensitivity inspection.
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TABLE 62. DENSITY OF VENDOR A DISKS

Whole Part Center Slug Density Center Slug Density
Density (General Electric) (Vendor A)

Serial No. (lb/in. 3 ) (lb/in. 3 ) (lb/in.3 )

COL 1005 0.2984 0.2985 0.2985
COL 1006 0.2984 0.2985 0.2982
COL 1007 0.2985 0.2985 0.2985
COL 1008 0.2984 0.2985 0.2984
COL 1009 0.2984 0.2985 0.2985

COL 1010 - 0.2986 0.2985
COL 1011 0.2985 0.2986 0.2986
COL 1012 0.2984 0.2986 0.2987
CCL 1013 0.2982 0.2986 0.2985
COL 1014 0.2982 0.2986 0.2984

COL 1015 0.2982 0.2984 0.2984
COL 1016 0.2988 0.2983 0.2983
COL 1017 0.2985 0.2983 0.2982
COL 1018- 0.2982 0.2983 0.2983
COL 1019- 0.2982 0.2983 0.2982
COL 1020- 0.2985 - 0.2987
COL 1021 0.2985 - 0.2986
COL 1022 0.2985 - 0.2987

COL 1023 0.2983 0.2987
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TABLE 63. DENSITY OF VENDOR A COOLING PLATES

Whole-PartDensity

Cooling Plate Code (lb/in.3-)

B312-1 COL 10038 0.2983

B312-2 COL 10039 0.2982

B312.3 COL 10040 0.2983

B312.5 COL 10041 0.2983

B312.6 COL 10042 0.2983

B312-12 COL 10043 0.2983

B312-13 COL 10044 0.2983

B312-14 COL 10045 0.2982

B312-15 COL 10046 0.2982

B312-16 COL 10047 0.2983

8312-17 COL 10048 0.2983

B312-20 COL 10053 0.2983

B312-21 COL 10054 0.2982

B312-22 COL 10055 0.2982

B312-23 COL 10056 0.2981

B312-24 COL 10057 0.2982
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TABLE 64. DENSITY OF VENDOR B DISKS

Whole Part Center Slug Density Center Slug Density
Density (General Electric) (Vendor B)

Serial No. (lb/in.3 ) (lb/in.3 ) (lb/in.3 )

C483 0.2994 0.2985 0.2985

C484 0.2995 0.2985 0.2982

C487 0.2992 0.2985 0.2985

C497 0.2995- 0.2985 0.2984

C490 0.2989 0.2985 ., 0.2985

499 -0.2994- 0.2986 0.2985

C498 0.2996- 0.2986 0.2986

C496 0.2995 0.2986 0.2987

C492 -0.2987 0.2986 0.2985

C495 0.2995- 0 2986 0,2984
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TABLE 65. DENSITY OF VENDOR B COOLING PLATES

Whole Part Density
Cooling Plate Code (lb/in. 3)

C344 B312-1 COL 10038 0.2983

C500.2 B312-2 COL 10039 0.2994

C500-3 B312-3 COL 10040- 0.2994

C500.4 B312-5 COL 10041 0.2994

C500-5 B312-6 COL 10042 0.2993

C500.6 B312.12 COL 10043-

C500-7 B312-13 COL 10044

C500.8 B312-14 COL 10045 0.2993

C500-9 B312-15 COL 10046 0.2993

C500.10 B312-16 COL 10047 0.2993

C494-13 B312-17 COL 10048 0.2993

C494.14 B312-20 COL 10053 0.2992

C494-15 B312-21 COL 10054 0.2993

C496-16 B312-22 COL 10055 0.2992

C494-17 B312-23 COL 10056 0.2993

C494-18 B312-24 COL 10057 0.2992

C494-19 0.2993

C494.21 0.2992

C494-22 0.2993

C494.23 0.2993
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TABLE 66. THERMALLY INDUCED-POROSITY MEASUREMENT
ON VENDOR A DISKS

Density Density Tip Based
Master Forge After After On Forge Tip Based

Serial Blend Down H.T. Tip Down On H.T.
No. No. Density (Iblin. 3  (lb/in. 3 ) (% A) (%A)

COL 1005 M8022 0.2984 0.29852 0.29767 0.24 0.28
1006 0.29824 0.29787 0.18 0.12
1007 0.29851 0.29773 0.22 0.26
1008 0.29843 0.29770 0.23 0.24
1009 0.29852 0.29778 0.21 0.25

1310 M8023 0.29843 0.29853 0.29767 0.25 0.29
1011 0.29856 0.29775 0.23 0.27
1012 0.29868 0.29798 0.15 0.23
1013 0.29853 0.29780 0.21 0.24
1014 0.29836 0.29761 0.27 0.25

1015 MB024 0.29834 0.29843 0.29765 0.23 0.26
1016 0.29833 0.29749 0.28 0.28

1017 0.29816 0.29782 0.17 0.11
1018 0.29830 0.29769 0.22 0.20
1019 0.29815 0.29758 0.25 0.19

1020 MB029 0.29841 0.29873 0.29805 0.10 0.23
1021 0.29860 0.29787 0.16 0.24
1022 0.29865 0.29783 0.17 0.27

1023 0.29866 0.29789 0.15 0.26
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To find any internal defect, iclusion or-void, all-tie parts were ultrasonically inspected per General Electric
Specification PTFICIA. 'File inspection-called -for longitudinal mode (both sides) and shear mode in axial,
radial, and circumferential directions forthedisks. The cooling plates inspection was similar with the excep-
tion of the axial shear mode. A-scan-plan-submitted by each vendor and approved by General Electric was
used in perforning the inspection.

Vendor Mechanical Property Evaluation-

In addition to continuing tie mechanical-property evaluation at General Electric, each vendor destructively
evaluated disks and cooling plates to conform with the Quality Control requirement of evaluating one com-
pact/master powder blendIllIP lot/heat treat lot. The -results are discussed in the Design Data Study. The results
of test specimen machined from the centerslug and-evaluated for room temperature mechanical properties are

- - also discussed.

General Electric Nondestructive Inspection-

In addition to the above-mentioned vendor nondestructive- inspection, the following inspections were-repeated-
at General Electric Company, on allzthe -Task-Illhardware to provide additional assurance.

Each disk and cooling plate was-reinspected by-fluorescent penetrant inspection at the General Electric facilities
using the same high sensitivity-penetrant,remover- and-developer as those used by the vendors.

An increased sensitivity (12 dB) ultrasonic inspection-performed to a more rigorous scan plan which included
inspection from within the bore of thedisks was carried out on all the incoming hardware. A set of new cali-
bration blocks made from As-HIP Rene95coipacts -was used instead of conventional IN 718 calibration
blocks, and special transducers-were utilizedfor inspection within the bore area. The inspection was most

-comprehensive given to any T700-turbinehardware.

Acoustical Holography

Under a separate US Army funded-program,the-Aircraft Engine Group of General Electric Company-is
currently evaluating some of-the-emergingnondestructive inspection methods and comparing their sensitivity
and resolution using As-IIlIP Rene' 95-material. Although the program was still far from being-complete, one
of the inspection techniques sliowing promiseis-Acoustical I lolography. This process combines the ultrasonic
inspection process with holography-to yield an-imaging portrayal of the object illuminated by ultrasound. A
transducer is used to focus ultrasonic-energy on-the-surface of the part. Sound is transmitted-through the part
and signals are reflected-back-from defects-and-surfaces to- the transmitting transducer (pulse-echo technique).
The transducer traverses the object-withlhe-aid-of appropriate scanners and bits of intelligence are received
and recorded from a series ofdiscrete-positions. These-bits of intelligence are in the form of a series of super
imposed sine waves differing-from each-other inintensity and-phase. These information-units when combined
with an ultrasound wave (single-frequency)-resultiti-an electronic interference signal. These signals vary in
intensity and phase shift witl-tine.-Uponcompletion-of the scanning operation, the bits of intelligence are
electronically fed to a TV screen to reconstruct in-space the results of ultrasonic impingement. This recon-
structed image defines the part and-any'defects- reflecting the ultrasound. Since the object can be manipulated
on the TV screen, the exact- location-and-sizeaof-tie-defects can be more readily identified.

Although the development and evaluation-of-the Acoustical Holographic technique for As-HIP Relie' 95 was
not yet complete, the effort to date-hadresulted -in- the identification of defects location, if not size, notde-
tectable by conventional ultrasonics, -It-was decidedto-use the acoustic holography equipment in the intensity
mode (comparable to classical-ult rasonics)-to-reinsu re -the integrity of a set of turbine hardware- destined-for

210



the engine test. A T700 IlIP+ Forge-disk was also included for comparison. The intensity mode inspection
has significantly increased sensitivity-over the-ultrasonic inspection. This is a result of using:

a) Transducers usable over a wide frequency band, thus permitting tlie exact frequency for the best signal-
to-noise ratio.

b) A coherent transmitting mode with-increased signal strength into the test material and greater total
power in the acoustic beam.

The testing done at Holosonic3, Inc. showed-As-HIP material to be almost devoid of any background noise,
while the HIP + forge disk results were clouded by excessive noise. Any defect indication seemed to be very
small (<0.0 10 inch). To establish the defect size, however, one of the excess cooling plate preforms was
destructively evaluated in the areas indicating-defects. Thin layers of material were successively removed by

" electrochemnical machining or metallographic-polishing. The surface was visually examined after every polish.
Althotlgh small defects and/or voids of largest dimensions of 0.005 inch were observed, no conclusive obser-
vation of sizeable defect was made. Three disks (one extra) and three cooling plates (except the stage I rear
cooling plate) were then submitted to final-machining.

MACHINING OF ENGINE TEST HARDWARE

Using the established procedures for-machining the turbine hardware for the T700 engine, the General
Electric Company machined the following-engine-components to the respective T700 MQT configuration:

0 Stage I Turbine Disk -(6034T97)-

0 Stage 2 Turbine Disk -(6034T9 I)

* Stage I Forward Cooling Plate (6034T88)

0 Stage 2 Forward Cooling Plate -(5036T41)

0 Stage 2 Rear Cooling Plate -(5036T80)

The numbers in parenthesis are the-corresponding engine-part-drawing number. These partsshown in Figure-87,
were machined from a set of Vendor A-preforms which passed all the nondestructive testing carried out by
the vendor as well as the General Electric Company, including Acoustical Holographic Inspection. These parts
were then submitted for the test and-evaluation-in-the T700 engine program.

All remaining Task III hardware were-included in-the Design Data Evaluation.

DESIGN DATA EVALUATION

Following completion of Task I Revaluation, it was apparent-that the heat treatment procedures utilized were
inadequate to produce mechanical properties-equivalentto the program goals. The mechanical property
degradation was attributed to the-presencezofa -fully encapsulating mild steel container around the parts
during heat treatment which-reduced the quench (cooling) rate after-solution treatment. In order to avoid
this problem, it was decided to remove-the-mild-steel-container prior to heat treatment to improve cooling
rates. Also to minimize heat treat-variations-onthese pilot production quantities, both vendors agreed to heat
treat all Task III hardware at the same facility.
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Feasibility Stridici Vot I [Vats

lo'ng 11% \ inl-Ii ' 11 i t 'o lilt 11(- 11) ho i ,11 1 r ' ItT l C "t o f , If~ t If If A II I It '-4)(11 I~hi: haidwire.

I Jim l1,C d Ititt' u I I n 11 1 q, ' It 11 .1t 11 C ,

tIt Octil ljde Ic~! p I C 01t 11>tx 1 I ii. I 11111 J"4t I - I At4,t tIdit IIII i It oW Ih I e'l tC. mr e i t pro-

t'etueil 'A' .'~e 1d N liu irv~mwo [ot I ittho i~tt -,s it lti' Off soique1l Vndor A removed
their 11111 te 'Ivor ttttjln f , t Ii Idf pi, to peitteti'v. bilh: V'Ildor 13 'Altt'. tol nt(ie their disks. The

fllov ttilder' lvcit '11, cI' iitiC 'CT'. o ditiiciu lit.11 itt.l t" hio .1d1 iTh. tttIjIti plate'.. Iiuwckncsi. S
-l , h il. bla,ttit to O f "VT ' pri'll to it, ItI lctilwO $ti 7W 1 it I I plate I." 5 IIJLIJ'. I plate ), axid

n 5int' tiI 1p14,11

* Ftlluk. tig icaI 11ti ln (rif thiese parts. % ulal ati 11ltta .tlt. iw'pei lin olife itri e disks it~dicated that
e~te;l tC11uench .. actmlt oketiried in two of' the tour Vt tidor B1 al'!'~ntd two of livec Vc, rdor A parts, No

t - A r dei.-Ie tedi aviv , il ing III itc hLs. It v-t a' onitiocd that ttAdcquatie ,tit lat- preparation of the
disks. ait ,r contiainer iltau'w-d wa'. prohb-ll respo"'.ile lot life k raIcking.

One dis,!, frt tin cut h pov.'dur ctt-dtri s. vtotc o tietetine Ot, ct ic oW tiit'. iitv. cati (teat procedure
oil ineC&hlttutl propfer i th v.) plrt' 'Acre V totd a-iodin, i to th plan '.hown in Figure 38 and tested.

A Tenile result'. ofi room Ralperatuuc: and] .NU&F -pccunens \etii*td Isom i te di'.k bore ind 1200&F speciens

machined fromi (fie disk rim are \.Ijov-t itt Table 69~'. The strti !-, of ilt Vendor BI disk were improved
it) near "Llsk IA values bill lte 1 ?004" dUktulitMe; We degraded suh'.t. nlially. [hie ioom) temperature yield
Ntrenelth of I,. Vendor A di\%I wa'. lower thans the TaOk IA dataa dlo,t lihe 1 200 1- yield strength was
approxiniately equivalent to 1 t4.1: 1IA rt:,.uli'. As voish the Vendor 13 disk, the I 200" F iuctidities were con-
Aidrably lower thain -tbservold in I tst. [A-

'I hli, data pointed ont that thl: inverse: relationship b-civt-ic ,ltrigth and ducility is, inueiI more severe at
120091- Itian al room cteiperaitur- Adding to the problem tv. lte tirbin dt'k iapo. The diskI bore cross-
secton is considrably larger thin th t lfte rin. Thlcietoic. aflcn.pt'. to itrteasC the quench rate in thle bore
were magifiell in tW rim. 'fire quenr.h rate required to attain thc goal rt~t'.n temperature yield strength in the
bore also resuilted in highier 1 200'1- yield sti-engtil at lte rim accoitiparnd by redut~ed ductility.

Evidenc-e of the much faster quench rate achieved at the iik rim reclativ: ito tihe bore r, shown in Figure 81).

The background G ooling) -t size in both disks-wasx approximately O.lpin diameter at thie rim compared to
tJ2-0,3pum diamietet at the bore. The significanit increa.se in quench sate of this Task IlI disk relative to that
attained using thfe Task 11 hreat treatment procedure-(solution with mild steel tkontainef nitatt was obvious
when thie 'Y' sizes Ini -Figure S9 were compaied to those ptenited p~revious~ly in Figa~re 03,

Thne loss tin 1200'F dud ility asociated with very rapid quench late,, fromn 21 t00 F also presented a problemn
in the Lot I eoofing plates. Since lte cooling plates werle between 0.73 aind 1.5 inches thick, they were sub-
jected to a quen~ch rate equal to or exceeding that achieved in the rin irea of Lot I disks. This implied thiat
all cooling plate% would have very high room temperatui-e Mridl strengths (approximately 190 ksi), but low
1200 F dluctility (approximately 6 percent elongation).

ijfA sinall study was designed tto explore alternate jrethois or hitat ticalting the I, ohng plate blanks to yild anljacceptable combination of strength and ductility- Vendor A prfepated and heat treated two otte-incli thick
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Bore ~ a)- Vendor A-Disk 8246Ri

Bore -~b)- Vendor B- Disk C3Ri

Figure 89. Electron-Microscopy-of Task-l 1o1 -1 Turbine Disk (5000X)
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COOling plate blank,- tor evaluation One blank was solution treated in a 2090'F salt bath for 1 hour and
quenchied in a I OU00F Nalt balh, while the second was solutioned-in a 2100'F air furniace for I hour and
quenched by fain airtooling. lioth blanks were given a l000 PFl Ihour/AC l2iJU"F!24 hour AC aiin, Wrat.
ment ;Ind sectioned for tensile and stress rupture evaluation.

Each I-inch-thick cooling plate blank was evaltialed using room temperature and 1200' F tensile tests
and 1200'F/150 ksi itress rupture tests. Results from Vendor A-material-solutioncd in a 2091f F

satbath are presented in Table 70. Tensile strengths and ductilities are-excellent, exceeding thosc
obtained on Task 11 turbine disks. Stress rupture properties were disappointing in view of the superior
tensile properties.

A% expected. the tensile strengths obtained with a rapid iir cool'qtiench (Table TI)~ were considerably below
those achieved with a 1000'F salt quench. Although ultimate strengths were acceptable. 0.2 percent yield
strengths were approximately 5 ksi below Task 11 turbine disk values.

Stress-rupture properties from both cooling plate-blanks %were-obtained-with subsize specimiens-which are prone
to thread failures. To obtain a clearer, More accurate estimate of the true -st ress-rup Iture properites, larger
specimens (0.250 ich diameter and I inch long gauge section) were inaclained-froin-the two-plates and
tes ted. Results, shown in Table 72, indicated that bo th specimre is- from -the -rapid- air-cooled _plate exceeded
life and dtuctility goals,wliile neither specimen from the T~ -30PF salt-batliusolutionedzplate mnet the ductility
Foal.

The difficulties associtated with simultaneously ichtieving-programiigoal-strengtli-and ductility levels in the
- miultisection size turbine disk shape and the thinwcoling plate blank prompted-a-review by T700 Design

Lnincering to astertaill minimum property requirements. A-thoroughi-review of engine operating conditionis
and hiardware design resulted in iuodifkadtion of the prOgram tensile streiigth-goals-for turbine-disksas shown
in Table 73. Addition of one standard deviation (to) to tlic (-3a) minimium-requirement% yielded the re-
xised set of (-2o) program goals. A similar review of c ooling plate -reqtiirements-produced -tensile strength
goals identical to those presented in 'able 73. Since the standard-deviationsin-the As-HIfPdata were unknown
at this time the values for the IUP + Forge data were used- for it.

The reduction in strength requirements permitted a greater-degree of freedom-inzthe selection-of the heat
treatment parameters. It was decided, since the goals in Table 73-were achieved-in Task I1-turbine disks,
that Lot 11 disks would be heat treated with mild steel Lontainers-intact using-the-samie- param eters employed
in T ask 11. The superior st ress-ru ptu re- properties in d adequate- tensile strengths ittained-usiga rapid-air
cool from a T -30OF air fuirnace restilted in selectiomi of tha I-process- for allcooling plate-blanks.

Preliminary Evaluation - Lot 11, 1ll, IV Parts

Five Lot 11 turbine disks-were prepared by both powder venidors-anid-lieat-treated-accordinig-to Task II pro.
cedures. To facilitate p~rocessinmg of the remainder of the Task Ill-hiardware, Vendor A-chose-to heat treat
Lot I turbine disks with their Lot 11 parts, Each vendor-processed a-total-of 20-cooling-plate blanks (4 sets)
in Lot WVand hecat treated them alonmg with 7 of their previously heat-treated-Lot I plates.

j Sinc this Task Ill hardware represented the first As-I IIP parts-heat treated- at-a-production-source, a pre-
liminary evaluation of iechanical properties was comple ted -before committing a-larger number of Task Ill
comp~onents to an extensive design data study. Initial test-esults ftrm-LotIhl,1-, and'lY parts were from
tensile specimens machined from thme bore slugs of Vendor A turbine-disks. These subsize-axial specimens
were to be used prinfarily as quality .ontrol-indicators. R~oonvitemperatuire-tenisile-results, shown iii
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TABLE 72. STRESS-RiJPTURE RETEST RESULTS FOR

COOLING PLATE EVALUATION

12000 F/i 50 ksi Stress-Rupture

Life EL RA
Spec No. Solu. -1Process (hrs) N% %

21 RAC-A7 Rapid Air Cool 58 3.1 5.2

21 RAC-AlO0 Rapid Air Cool 69 4.7 6.7

21S-B7 Ts-30'F Salt Bath Quench 50 1.4 4.6

21S.B10 Ts-300F Salt Bath Quench 93 2.7 3.9

TABLE 73. T700 TURBINE DISK MECHANICAL PROPERTY REQUIREMENTS

Tensile Properties

Room Temperature 1200OF

d0.2 YS UTS EL RA 02 YS UTS EL RA

T700-Design

Eng. (-3u)

-Requirements 160 220 8 10 150 200 6 10I Original Program
Goals (-20)- 180 230 10 12 167 207 8- 10

Revised- Pr9gram
Goals (-2a) 163 225 10 12 1 153 203 -8 10

*Revised goals equivalent to (-3(7) Design Engineering requirements plus addition of 10, where:
U-= 3 ksi fain RT yield strength, 1200OF yield strength, andl1 OOF UTS

These values of a were determined using current T700 HIP + forge hardware data.
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Tal,!e 74 indicate that the 0.2 percent yield strengths of tie disks were apparently 10 to 15 ksi below tile ex-
pe.ed %alue of 170 ksi. Ultimate strengths and ductilities were generally acceptable, although two specimens
failed-to meet the UTS specification minimum of 225 ksi.

Upon receipt of this data, one disk front each vendor was sectioned according to Figures 90 and 91 to
determine yield strength in the tangential orientation using fill-size specimens. Results shown in Table 75
indiLated that yield strength in the bore was acceptable in both disks. All properties of the Vendor A disk
met predicted values except the stress.rupture results.

-lie Vendor 13 disk exhibited acceptable yield strengths at RT and 1200OF but failed to meet the specification
UTS requirement at RT. Low 1200°F ductilities were also observed along with extremely poor stress-rupture
properties.

The first Vendor A ,.oohng plate blanks were also tested after application of the rapid air cool solution treat-
ment. The timkest ( 1.5-1ich) plates were tested first, since they would exhibit the lowest properties of the
three ,ooling plate tonfigurations. The cut-up plan is shown in Figure 92. Results presented in Table 76 are
Somewhat nusleading since both plates received slightly discrepant heat treatments. Plate Number 18 was
cooled at a very slow rate initially and had to be reheat treated. A problem in transferring Plate Number 19
from-the furnace to the fans delayed tie quench by approximately 25 seconds. The effect of either-discrepancy
on ne,.haniial properties is unknown. Both plates had marginal tensile properties atconpanied by low stress-
rupture properties.

The unexpekAedly low 0.2 percent yield strengths obtained from bore slug specimens and the apparent lack-of
I&orielation of this data with results from turbine disk bore specimens initiated a more detailed-study of Task
II-hardware properties. Two additional turbine disks and three cooling plates from each vendor were evaluated
according to the test pLins illustrated in Figures 93 to 95. In addition, Vendor A machined and tested speci-
mens from two-other Task IlI turbine disks using the cut-tip plan shown in Figure 96.

Results from these evaluations are presented in Tables 77 to 80. The turbine disk study was designed to in-
vestigate the effects of test vendor specimen size and orienimtion on tensile properties. Full-size tangential
specimens and strbsize axial and tangential specimens were tested at two test vendors ("A" and "B") in an
effort to resolve the yield strength discrepancies noted in the bore slug test data. Results from the six disks
shown in Table "77 suggest that data from both test vendors is essentially equivalent. No significant deviations
in-yield strength were noted in the 24 tensile tests. Although it is difficult to draw firm conclusions from the
data. it appears that yield strength obtained using subsize specimens is slightly lower than results obtained
from fill-size specimens. The data also suggests that axial yield strengths are slightly lower than tangential
properties.

Comparing the turbine disk tensile data presented in Table 77, it was evident that there was a fundamental
differenue in mechanical property response between the powders of two vendors. Tensile property-levels
in Vendor A disks were typical of those obtained in Task II, while Vendor B data deviated substantially from
the expected results. The 1200OF tensile strengths and ductilities of Vendor B hardware were well-below-the
Task i results and substantiated the initial preliminary test results.

The cooling plate data presented in Table 77 indicated the expected decline in tensile strength-with increasing

cooling plate thickness. The rapid air cool quench from the solution temperature reduced-strengths and in-

creased ductilities- in -the Vendor A cooling plates relative to the properties produced by the 10000Fsalt
quench-heat-treatment. The-slower qucnch rate produced acceptable-properties-in the 0.75 inch-and- 1.25'inch
thick Vendor A plates but yielded marginal strength levels in the thickest (1.5 inch) cooling plate. A slightly
faster-quench would be.required in the thick plate to raise its strength to the levels achieved by the thinner
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TABLE 74. AXIAL BORE SLUG TENSILE RESULTS FROM
VENDOR A TASK III LOT 2, 3,4 DISKS

Room Temperature

0.2% YS UTS ELONG. RA
Disk S/N (ksi) (ksi) (%) (%)

B290 161 234 17.0 18.5

B291 168 230 15.5 13.4

B292 156 227 13.9 14.9

B293 154 221 13.0 13.4

B294 158 230 1&.7 16.5

B305 160 235 15.8 17.5

B306 157 234 15.5 16.5

B307 165 217 10.1 10.4

B308 153 232 17.0 17.9

8309 156 232 17.2 18.2
B316 156 229 16.5 16.5

B320 151 225 16.6 14.5

B327 159 233 18.0 15.8

B328 156 228 17.0 17.5

B329 158 229 17.4 16.9
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SIDE VIEW

-t ROOl TEMPERATUR1E TENSI]~

Figure 90. SpecimeniLocation for Vendor A Task III Lot 3 Turbine Diske.
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TOP VIEW

I ROOM TEMPERATuRE TENSILE

Figure 9 1. Specimen Location -for Vendor B Task III Lot 3 Turbine -Disk.
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Figure 92. S pecimn Locations- for Vendor A Task III Lot 4 I.5-Inchi-Thiic'
Cooling-Plates.
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CD-3 JICD-4
CD-10

X-,-TEST BLANK

figre 3.Specimen Lcto for-Detailed MhnclProperty Study-of Task II

Vendor A Turbine-Disks.
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TD-3 TD-4

%B TEST BLANK

TD-2 TD9TD-1

TD-5

Figure 94. Speciman location for Detailed- Mchlanical Property Study of Task IIII
Vendor B3 Turbine D~isks.
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CP- & P-

Figure 95. Specimien-Location-lorDetaied-Meclianical Property Study OfT'tsk -111
Cooling-Plates.
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Figure 96.Specimen Location for Vendor A Evaluation of Task-II Disks.
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plates. Although room temperature and-800 0 F tensile properties of the Vendor B cooling plates were excel-
lent, the 12000 F strength and ductility deficiencies- noted in the turbine disks are again evident in their cooling
plates.

Stress rupture results presented in Table 78-indicated that properties in Vendor A disks fluctuate around tile
50-hour and 3.0 percent specification-values. Vendor B disk results revealed very low rupture lives and duc-
tilities, perhaps reflecting the 1-200OF tensile-ductility deficiency noted in Table 77. Stress rupture properties
of the thin and medium thickness Vendor A cooling plates were near the specification levels, while the lower
strength thick plate had a much lower rupture life. The Vendor B cooling plates all indicate low rupture lives
and ductilities.

To further investigate the 1200OF capability of Task III hardware, a sustained peak low.cycle fatigue
(SPLCF) test was conducted on eacii-part. This -test is considered to be more indicative of actual engine
operating conditions, and therefore is probably-a better indicator of tile true acceptability of turbine com-
ponents thai the stress rupture-test. Results from Vendor A disks, shown in Table 78,indicate superior
SPLCF capability. The cycles to-failure-of all-three parts were far beyond the 300 cycle m 'um life typical
of lIP - Forge and cast-wrouglt-Rene' 95.

The Vendor B disk data were iore-erratic,with ouetest falling below the specification value. Vendor A
cooling plate results were also vastly superior-tothespecification minimum, while Vendor B data-were some-
what more erratic but-also exceeded the-specification minimum.

The Vendor A's evaluation of two aaditional-Task Ill-disks at test vendor "C" yielded slpplemental tensile,
stress rupture, and SPLCF-data. Specimen locations are-shown in Figure 96. Tensile results, presented in
Table 78, indicate that disk B307 is-essentially equivalent-to the three Vendor A disks included in the de-
tailed property study. No explanation was-available for the-unexpectedly high I 200OF ductilities observed
in two specimens. Data from disk B316 was-similar-to-B307 with the exception of 1200°F yield strength,
which is 4-5 ksi low. Stress-rupture-properties, shown ini Table 80, all exceeded specification minimums.
SPLCF results on both disks were excellent, with-the-superior life of B307 being typical of the-Vendor A
disks reported in Table 78. Crack-propagation-testing was also conducted on these two disks using the KB
specimen employed in Task-11. Residualzcyclic-lives-ofboth disks exceeded the specification minimum of
5000 cycles and were essentially equivalent to-results-reported on Task II hardware.

In order to detemline the acceptability of Taskil' iiardware, all preliminary results were summarized and
compared to goal properties in Tables 81 -to-84. The-turbine disk results of Vendor A, summarized in
Table 8 l,included data from all disks- excep rB316. The-heat-treat log (1-15) in which B316 was included
contained one disk that was over-temperatured-during solution treatment. Because of tile uncertain quality
of lot H5, all five disks in the-lot-were withheldfrom .ftirther-participation in the program. Therefore,
properties of disks B290, B293, B305-and B307 represented hardware currently being considered for engine
testing and detailed Design Data-generation. -Data-in Table 81 indicate that all tensile stress-rupture-and
SPLCF ave'rage properties exceed the go~.s. -Only onc tensile datum fell below the goal and that test was-from
a subsize axial test specimen. The mininmi stress.rupture life and ductility both failed to meet goals, but
minimum SPLCF life-easily exceeded the-goal.

The summary of Vendor B disk data, given ini Table-83, indicated that all averages except stress-rupture life
and ductility exceeded the goals. lowever,-minimum properties indicated that, in addition to the stress-
rupture properties, room temperature -tensile strength, -12000F tensile ductility and SPLCF life were below
goals.
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TABLE- 81. SUMMARY-OF TASK III VENDOR A TURBINE
DISK TEST RESULTS*

N o . o f A eProperty Spec. Av. Max. Min. Goal

RTYS (ksi) 10- 167 173 1620 163

RTUTS (ksi) 10 233 236 230 225

RT EL %)10 16.3 18.0 14.2 10.0

1206OF YS-(.Isi) 7 157 160 154 : 153

1200OF UT-(ksi) 7 216 228 210 203

1201f F E L ()7 16.1 26.0 8.0 + 8.0

Stress Rupture
(120&OFI150 ks')

Life (hr) -8 68 151 33.5 50

EL ()8- 5.2 9.1 2.2 3.0I SPLOF
(12000 F/145 ksi)

Cycles to-Failure 3 - >4,000 1,568 300

*Deleting Heat -Treat-Lot-1H5-

+Knife.Edge-Failure
#Aubsize Axial Specimen
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TABLE 82. SUMMARY OF TASK III-VENDOR A COOLING
PLATE TEST RESULTS-

Thin Med. Thick
Property (0.75 in.) (1.25-in.) (1.5 in.) Goal

RTYS (ksi) 174 171- 167 163
RTUTS (ksi) 235 236 227 225
RT-EL ()15.7 17. 14.5 10.0
1200 YS (ksi) 155 156 155 153
1200 UTS (ksi) 211 207 206 203
1200 EL %)13.9 16,2- 16.0 8.0

Stress Rupture
(12000F1150 ksi)

Life-(hr) 49 48- 14 50
*EL -(%) 3.3 5.2- 5.8 3.0

SPLCF
_12000_F/145-ksi)

Cycles-to -Failure 1,325 1,834 - 2,137 300 m

TABLE 83. SUMMARY OF TASK _III VENDOR B TURBINE
DISK TEST RESULTS ________

N o . - a .G aProperty Spec. Ave. MaxnM. Ga

RTYS (ksi)- 6 169 17- 164 163
RTUTS (ksi) 6 229 2921525
RT El (%) - 6 15.9 20.6- 11.2 10.0
1200OF YS-(ksi)- 3 159 -160 158 153-
120 0F UTS-(ksi)- 3 204 206- 203 203
1200OF EL_(%) 3 8.9 11.1 7.6 8.0

Stress-Rupture

(12000 F/i 50-ksi)-

Life (hr) 6 16.5 -2-1.1- 12.4 50
EL %)6 2.7 4.5 0.6 3.0

SPLCF
(12000 F/165 ksi)-

Cycles to Failure 3 1,092 2,215 220 300
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TABLE 84. SUMMARY OF TASK III VENDOR B COOLING PLATE
TEST RESULTS

Thin Med. Thick
-rprt 075 in.) (1.25 in.) (1.5 in.) -Goal

RTS(s)178- 178 174 163-

RTUTS (ksi) 241 237 238 225
RT EL ()18.9 14.5 18.4 10.0
1200 YS (ksi)- 164 -157 1 -53
1200 UTS'(ksi) 199 - 204 203
1200 EL (%) 7.6 -11.8 - 8.0

Stress Rupture-
(1200 0F/150 ksi)

Life (hr) 33 22 12.5 -50
EL 2%) 9 2.4 1.8 -3.0

SPLCF
(1200 0F/145 ksi)-

Cycles of Failure 459- 664 1,407 300
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Tile cooling plate results of Vendor A,sumriarized in Table 82, indicated that tensile and SPLCF properties of
the thin and mediumn thickness plates met the goals while stress ruptureliveswere slightly below the 50-hour
goal. Tensile properties of the thick plate were slightly above goals, SPLCF life was excellent, but stress rup-
ture life fell far short.

The cooling plate-data of Vendor %~shown in 'rable 84, indicated-that1200OF tensile stiength and ductility
of the thin plate did-not meet the goals while stress rupture lives and ductilities were substantially below the
goals for all three plates. All SPLCF data exceeded the goal. This-coupled-with Vendor B disk result suggest
that the Task II-hardware properties are less than desirable and'lower-than those obtained in Task I1 hardware.
A probable cause-forit could be the different powder morphology-as mentioned in the discussion of powder
production. The changed morphology are satellite formation on Vendor B Task IlI powder (Figure 92) as
compared to that of Task I-and II powder (Figure 9 and 10) is very-apparent.

Analysis of all'Task III preliminary data with T700 Design, Materials-Engineering, and Army personnel re.
suited in the following-conclusions:

a. The Vendor A-turbine disks and thin and inedium-thickness-cooling plates were acceptable for engine
testing.

b. The Vendor A thick cooling plates should not be engine tested-pending-modification of Quench.

c. The Vendor B disks and cooling plates were not acceptable forienginie testing.

d. Two-turbine-disks and three cooling plates of Vendor A should be-finished machined into engine
hardware.

e. The TaskIII-design-data study should proceed using Vendor A hardware only and should be modified
slightly-to-reflect the reduced quantity of hardware available, since-all Vendor B material would be
excluded.

f. A study should be initiated under Army funding to investigate-cooling-rates and their effect on
properties, with-hopes or-developing a more optimum-quench-technique for this As-IHIP geometry.

Design Data Study -Vendor A Lot 11, 111, IV Parts

The-detailed- design-data -study was-modified somewhat to permit generation-of required data with the re-

duced-quaitity-ofrtest material. Complete identification of all-Task III-Vendor A turbine disks and cooling
plates are summarized-in Tables 58 and 59. Test b ir configurations wereidentical to those used in Task iI
except for-the-tensile-(Figure 97) and high-cycle fatigue (Figure 98)-specimens. The total test plan, shown
in Table 85, indicates the-extensive Low-Cycle Fatigue (LCF) testing; Additional tensile, stress rupture, and
creep data,-and-crack-propagation results were obtained, as well- as-data-on- two turbine disks subjected to a

12000F/l00-hourthermal exposure. The specimen distribution-within- available hardware is presented in
Table 85. Test locations-are described in the cut.up plans shown-in-Figures-99 through 103.

Tensile results from the- design data study are presented in Table-86. These-results, when compared to previous
HIP + forge T700 data,-indicated-that 0.2% yield strengths were-substantially lower in the As-HIP material.
Ultimate-tensile-strengths of-the As-HIP parts were slightly below HIP + forge results while tensile ductilities
of the two-materials were-essentially equivalent. The tensile properties-of As-IIIP material change very little
with temperaturein-the-intermediate'temperature range of 6000-1000 0 F.
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Figure 97. Smooth -Bar Tensile Test- Specimen.

-2.205adu
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figure 98. Smooth Bar High-Cycle Fatigue Test Specimen.

240~



TABLE 85. SPECIMEN DISTRIBUTION FOR-DESIGN DATA STUDY OF
VENDOR A TASK III HARDWARE

Master
Thickness Powder -Heat Treat Specimens To Be

Part S/N (in.) Blend No. Lot No. Machined

Disk COL 10011 - MB023 H4 1OLCF
Disk COL 10022 - MB-029 H 6 10 LCF

Disk COL 10023 - MB 029- T H 6 10 LCF

Disk COL 10014 - MB 023 H 4 2 Stress-Rupture

1 Creep

2 Crack Propagation

1 SPLCF
Disk COL 1r,020 - MB 029- H-6 Same as COL 10014

Disk COL 10021 - MB 029- H 6 3 Crack Propagation

2 Tensile
-i. 1 Stress-Rupture

-Disk COL 10013* MB 029 H 4 1 Crack Propagation

1 Stress-Rupture

2 Tensile
Cooling-Plate COL 10038 1.25 MB 024- H 7 3 Tensile

2 Creep

1 SPLCF

1 High Cycle Fatigue

1 Stress-Rupture
SCooling:Plate COL 10042 0.75 MB 024- -H10 Same as COL 10038

CoolingPlate COL 10050 1.25 -MB 024- H 7 Same as COL 10038

Cooling-Plate COL 10057 1.25 MB 024 -H 10 Same as COL 10038

"Thormal-exposure of 1200°F41000 hr.
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CREEP RUPTURE

CRACK PROPAGATION

CRACK PROPAGATION

Figure 99. Specimen Location- for Design Data Evaluation of Vendor A Task-III-Disks
(S/N COL -100 14-and COL 10020).
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C-44

TENSILE

Figure -100. Specimen-Location for Design Data Evaluationof Vendor A Task III Cooling
Plates (S/N COL 10038, COL 10042, COL -10050-and COL -10057).
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L~FGageSetin ~LCF Gauge Section

LCF Gauge Section J LCF Gauge Section
[ LCF Gauge Section LCF Gauge Section ]

-LCF Gauge Section ] LCF Gauge Section

Figure 101. Task -1II Turbine Disk LCF Specimen LocatiOns-(6 Disks).
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Crack Propagation

Crack Propagation

Crack Propagation

4~Stresuptu4

Ii

Figure 102. TaskIII Thermal Exposure (1200°F/1000hr) Turbine DiskSpecimen Location (1 Disk).
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Stress -Rupture

Crack Propagation-

Tensile-

Figure .103.Ts IIl Thermial Exposure (1200'F/IO@r ubn ikSeie

Location (1 Disk).
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Sustained Peak Low-Cycle Fatigue (SPLCF) results were compared-to HIP +-forge data at tile same test coil-
ditions in Table 87. Data from the cooling plate specimens appeared to be somewhat lower than expected,
probably due to the slow air cool their parts received during the heatrtreatment. However, tile small number
of test results and the substantial amount of data scatter generally associated-with the SPLCF test made any
conclusions tenuous at best.

High-cycle fatigue data from cooling plate components, presented-in -Table 88,were slightly below the results
from HIP + forge turbine disk hardware at relatively low cyclic lives. Comparative data was not obtained at
lives of more than 106 cycles.

As-HIP crack propagation test data at 1000°F on turbine disk hardware compared favorably with HIP +
forge results as shown in Table 89. Residual lives at maximum test-stresses above and below 100 ksi also
indicated consistent, predictabi, behavior. Testing was also completedontwo-As-HIP disks subjected to
a 120."1F/1000.hour themal exposure. Results, also presented in Tablez89,-indicated no degradation of
residual cyclic life due to the thermal exposure.

Tile Low-Cycle Fatigue data from the disks is presented in-Tables 90 and 9JYand Figures- 104 through 107.
It suggests that tile low-cycle fatigue properties of A5-HIP material to-be-essentially equivalent to those of
HIP + Forge hardware. These results confirm the similar-conclusions-drawn-from the meager Task 1I data.

The stress-rupture results presented in Figure 108 and Table 92 indicate-the-same trends noted in Task II.
Rupture lives at test stresses above approximately 130-ksi-are approximately 0.Sparameters below average
HIP + forge data. This effect is probably associated with-the-lower-0.2-percenLyield -strength of As-HIP
material relative to the HIP + Forge product. However, at stresses below 130 ksi, As-HIP rupture lives are
at least equivalent to HIP + Forge values. Rupture ductilities were-somewliat-erraticbut acceptable over
the total temperature range.

Creep results, presented in Figure 109 and Table 93. suggest properties ofAsM-HIP material-are-at least equiva-
lent to those of HIP + forge parts at all stress levels and temperatures-tested. The Task-III results also con-
firm preliminary trends noted in Task II.

: -Design Curves

Statistically analyzed design curves were prepared from -the-Crucible Task1It-disk and-cooling plate data

and appear in Figures 110 through 119.

"Tensile

All tensile properties were analyzed using heat separation and-fit to a power series equation. Heats were de-
fined as master powder blends and, due to the lim'ited amount of data-available, no-attemptwas made to
define the effect of material section size on properties. -Afteranalysiszthe curve shapes were compared to a
second.set of As-HIP curves which incorporate a much larger body of data. The 0.2% yield strength (Figure
-110), elongation (Figure 111), and reduction of area (Figure 1-12), curves-closely resembled-the master curves,
but a minor adjustment in the ultimate tensile strength curve (Figure113) wasmade (the I 000*F UTS was
decreased by - 5 KSI) to make its shape similar to that defined by-previous-testing of a wide variety-of As-

HIP components. Since the effect of section size was notanalyzed, the standard- deviation associated with all
properties is somewhat larger than would be expected-when a section size correction -factor is incorporated.

Both the 0.2% yield and ultimate strength curves indicate-the-lower strength-and-higher ductility of Task III
components relative to HIP + forge material. Modification of-the heattreat proceidure-should reduce-the
strength differences between the materials significantly.
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TABLE 86. TENSILE RESULTS FROM TASK III DESIGN DATA
VENDOR A HARDWARE

Thickness Test 0.2 YS UTS EL RA
Component S/N (in.) Temp (°F) (ksi) (ksi) (%) (%)

Cooling Plate COL 10042 0.75 400 167 223 10.1 13.4
Cooling Plate COL 10057 1.25 400 164 225 13.8 14.5

Cooling Plate COL 10038 1.25 800 166 222 15.0 14.0
Cooling Plate COL 10042-- 0.75 800 167 226 15.6 16.2
Cooling Plate -COL 10050- 1.25 800 163 220 13.9 15.8
Cooling Plate COL 10057 1.25 800 166 224 17.3 17.8

Cooling Plate --COL 10042- 0.75 1000 163 229 15.8 15.0
Cooling-Plate COL 10057 1.25 1000 161 225 14.6 16.0

Cooling Plate COL 10038 1.25 1300 153 190 123- 17.1-
Cooling Plate COL10050. 1.25 1300 153 184 11.1 17.1

TABLE-87. SPLCF-RESULTS FROM VENDOR A TASK III
DESIGN-DATA HARDWARE

Max. Cycles
Fabrication Thickness Test Stress- 1 to- Failure
Process Component S/N (in.) Temp ('F) (ksi)Y (Nf)

As.HIP Cooling Plate COL 10038 1.25 1000 200 497
HIP + Forge Disk 121 1000 200 696

As.HIP Disk COL 10014 - 1000 180 901

HIP + Forge Disk 121 - 1000 180 1111

As-HIP Cooling Plate COL 10050 1.25 1000 160 804
HIP + Forge Disk - 1000 160 2312

As.HIP Disk COL10020 - 1200 155 317

As.HIP CoolingPlate COL 10057 1.25 1200 140 428-

As-HIP Cooling Plate C OL 10042 0.75 1200 135 612

*All specimens tested with Kt =-2.0 and A - 0.95.

248



TABLE 88. 1000 0F HIGH-CYCLE FATIGUE RESULTS FROM TASK 1I1
VENDOR AHARDWARE

-Life
Thickness Alternating Cycles X

Component Process i, S/N (in.) Stress (ksi) 103

Cooling Plate As-HIP COL 10038 1.75 75 102
Turbine Disk HIP +-Eorge 22A - 75 216
Cooling Plate As-HIP =  COL 10042 1.25 65 281

Turbine Disk HIP + Forge 121- 65 373
Cooling Plate As-HIP COL 10050 1.75 60 449

Cooling Plate As-HIP COL 10057 1.75 55 920

Load controlled axial-axial testing A = 0.95
Kt = 1.0-frequency 3600 cpm
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TABLE 89. -1000°F CRACK PROPAGATION RESULTS FROM TASK III
VENDOR A HARDWARE

Nominal Initial
Fatigue Crack

Length Depth Max. Stress Residual Life
Component Process S/N (in.) (in.) (ksi) (Cycles)

Disk As HIP- COL 10014 0.060 0.020 80- 17,337

Disk As-HIP COL 10021 0.059 0.021 80 18,323

Disk As-HIP COL 10014 0.061 0.023 100- 7,034

Disk As-HIP COL 10020 0.059 0.021 100 7,745

Disk As-HIP COL 10013* 0.065 0.023 100 8,253

Disk As-HIP- COL 10021 0.060 0.022 100 8,584

Disk HIP+ Forge. 4 Tests 0.060 0.020 100 7,200-10,900

Disk As-HIP COL 10020 0.063 0.023 118.5 4,718

Disk As-HIP COL 10013* 0.061 0.022 118.5 4,953

A ratio = 0.95

Frequency = 20 cpm

All specimens precracked at room temperature

Subjected to-1200°F/1000hr thermal exposure
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Disk Test Strain Alternate Pseudo cycle~ to
Number Temperature (*F) Range Stress (ksi) Failure

1011.4 900 1.4 192.82,3

1022-4 900 1.15 158.45,4

10022-3- 900 1.0 137.7 9,016

*10023-4 900 0.92 126.7 12,024

10023-5- 900 0.85 117.0 14,112

10011.5 900 0.85 1-17-.0 10,312

10022-5 900 0.8 -110.2 58,796

10023-3 900 0.8 110.2 60,756

10011.1 1200 1.1 143.2 2,170

10022.1 1200 1.0 130.1 2,976

10022.2- 1200 1.0 -130.1 2,846

10023.1- 1200 0.9 117.1 7,228

-1001-1-2 1200 0.8 104.1 32,945

1001 1-3 1200 0.75 97.6 228,512
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TABLE 91-. LOAD CONTROL LOV.LCYCLE FATIGUE-DATA FROM

VENDOR A TASK III DISKS

Disk Test Notch Maximum Cycle to
Number Temperature ('F) Severity Stress (ksi) Failure

10023-7 1050 1.2 244.4- 253

10011.6 1050 1.2 200 2,110

10011-7 1050 1.2 190 6,205

10023.6 1050 1.2 180 7,090

10022-7 1050 1.2 175 61,585

10023.8 1050 1.2 170 162,494

10022-9 1250 1.85 170 1,667

10011-8 1250 1.85 160 4,625

10023-9 1250 1.85 160 2,598

10022-8 1250 1.85 150 2,829

10011-10 1250 1.85 150 2,319

10023-10 1250 1.85 140 6,191

10011-9 1250 1.85 130 10,884

10022-10 1250 1.85 125- 65,088
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Creep and Rupture

All data wvere compter-fit on an isothermal basis and a best fit Larson-Millcr constant was calculated. Tie con-
stants in both crccp-and-rupturc wvere very close to 25, the value used for-conventional and IlIII, + forge R,1ne'
95 analyses. Again.-no-scJ :n size correction was attemptcd but thie cffect-ov standard deviation is not as
p~ronouinced as-obscrved-in the ultimate tensilec strength curve. Both cuivs (Figures I114 and 115) arc
identical to those dcrivcd-from previous As-IHP data. When comparcd-to tlie-llI'+ forge results, the Task Ill
rupture data arc slightly inferior-at high strcss levels (> 140 KS!) but sonewvhat-superior at lowver stresses.
Thbe Task [ill creep results are superior to 1111) + forge data, especially at lowcr-test-strcsses (or higher test
templjeratures).

Low-Cycle Fatigue

Load control (notchied)-fatigue data were fit to either a cubic or quadratic function of stress and a inaomium
stress boundary condition-of uTs/2 wvas forced on the model to (lefine curve shapes. Although tlw turve Shape
is slightly different thantei correspoiidtig 11 l11 + forge results, thie notched LCF Lapability of Task Ill material
(Figures 116 and Il-7) is equivalent or slightly superior at both tes', temiperatures-and notch severities
evaluated.

Strain con trolled- data- werea analyzed- using a slightly different model thani-that-employed on thie load Control
results. Thie-rcsuilting-curves at-both 900 and 12000 F (Figures 118 andl -19) indicate-virtually identical
capability to previouslyrevaluated1l1P+ forge T-700 hardware.

Quality Control-

In addition to-supervising a strict-conformanc to tlie Process Conitrol P~lanis- ,App~endix-Il)-anid Product
Acceptance plans (Appendix- Ill); the Quality Control of General Elctric Company was-extended to establish
procedures and-organization, to develop techniques for better assurances, and-to-aid-nr-voi.dur 'onfoninance
to total quality plan.

In conformance with -General- Electric Specification P1 TF35, both vendors were-assisted in developing a
* ~~~quality control-organization- for their powder Metalug oprtos TeeQ oraainsavdeveloped

a detailed process definition which has been approved and thus confined-to thec-rigorous Change ,ottrol lpro-
cedure of General Eilectric. Any chiange or diversion from the prescribed- process definition must-mecet with
General Electric- Company's-approval.

I' All the significant'operations byzeach vendor and their subcontractors were-witnessed-by-qlualified GE lper-
sonnel to chieck conformnance-to-the process definition. This, of course, was-preceded by the signing of aImutual nioidisclosuire-agreemncit- between thie Generil Electric Company and-the-two vendors. The .alibrationi
of all the testing equiipmenit- and-standardizatioti and contformance to ASTMispecification of spc~imen ma-
chining source was insured-by GE's Quiality Control.

Several improvemien ts-invendor -faciIi ties wvere suggested and incorp~orated to-inisure-idequaite- protcssinlg and
thus the integrity ofhardware. A few significant changes are listed below.

j * Both vendors-constructed enclosures around powvder atomizer unloading-area.

0 A clean roorn-was-constructed by both vendors to perform screening-an([blending of powder.

0 A separate cheanivroom was constructed to fabricate metallic cans.
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Improved and frequent inspection proccdures were also adopted by-the vendors as well as the General Electric
Company to enhancccthe quality assurance. Following are the highlights:

0 A magnetic separator has been incorporated in the powder handling to cffcectively renmove anay

umndsirable-magnctic particles.

0 A visual examination-of sample powder from cach heat-has been-added.

0 Each pat is required to be mtacro etched and subjected to ultrasensitive-Fluoresccnt, Penetrant Inspec-

tion wvih-hydrophylic emulsifier to detcct any surface cracks or defects.

* An additional-ultrasonic inspection with increased sensitivityz(l 2-dB) was added for extra assurance.

It is noteworthy that the ahove-mnentioned inspection is neither required-nor performed on the current T700
-, turbine hardware-nnade -from forgings using powdered Rene' 95 -preforms.

As a direct resultsof-the Knowledge gained in this program, General-Electric Company has now prepared
sIpeciflcaions-for -PN 'Rene'_9 511l1P hardware in production quantities. The two specifications "Manufacture
of Premium Reie' 95-Powder" and "Hot Isostatic Pressing of Reiie' 95-Alloy-Powder" are included in
Appendix 1. A Quality Control plan for the acceptance of 1700-H P- Rene' 9 5-production hardware now
exists at the- General Electric Quality Control and is the basic-requirement-for-the source substantiation and
eventual procurement-of production hardware.

For ftiture-procurementzof-the disks and cooling plates from-powderzmetallurgy vendors, the corresponding
General Electric-approved-drawings (17AI 16-554 and 17AI 16-555) were prepared and are available to
supplement futuire-production -requiremniits.
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TASK IV - TEST AND-EVALUATION

In order to introduce new materials or processes-to'the production of a rotating engine component, a critical
milestone of the overall testing program is the engine test for the new hardware simulating flight conditions.
The three disks and two cooling plates were thus assembled-in a test engine scheduled for Maturity Hardware
Assurance Test. The test comprised of engine operation=simulating various flight conditions. It was conducted
in the start-stop cycles of 6 hours each. The engine tesLconsisted-of 25 cycles, i.e., a total of 150 "endurance
hours". The engine was then disassembled and-all the five parts were subjected to dimensional check, visual
inspection, ultrasensitivity Fluorescent Penetrant Inspection and high sensitivity Ultrasonic Inspection (hi tle
bore). These aondestructive tests confirmed the parts-to be flawless after accumulating 150 hours of the
'engine time'. A comparison with the corresponding standard part-with similar endurance history revealed
these to be very similar. The engine test was- thus successfully completed by the hot isostatically pressed
Rene' 95 turbine parts.

TASK V - TECHNICAL DATA PACKAGE

A technical data package was compiled-which includedthe following:

1. Pr. ,,:ess Drawings 17AI16-354, 17AI 16.355.

2. General Electric Specifications:
C50TF64 (Premium Quality Powder MetallurgyAs-HIP Rene _95 Alloy Parts.
PITF47 (Manufacture of Rene' 95-Alloy Powder)-
P7TF5 (Containerization and Hot Isostatic-Pressing (HIP) of Rene' 95 Alloy Powder)

This package shall be used for-future procurement ofT700 As-HIP Turbine Parts
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SUMMARY AND CONCLUSIONS

The primary objective of this program was to develop a-rcliable, low-cost, reproducible powder metailurgy
production process 'or marufacturing premium quality hot-isostatically pressed (As-HIP) Rene' 95 engine
hardware. The program was carried out by-two powder vendors, Vendor A and B, and was divided into five
tasks, designed to:

1. Define processing and shape-making parameters-required to meet mechanical property goals.

2. Evaluate the selected process with lab test-specimens.

3. Fabricate engine test hardware and generate detailed-design data.

4. Complete engine testing of at least one set of As-H!P-T700 parts.

5. Compile a technical data package including process drawings and engineering specifications
for the production of As-HIP Rene' 95-hardware.

Processing parameter studies In Task I indicat; d that'the'desired- mechanical properties and turbine disk shape
could-be achieved in As-HIP Rene' 95- through application-of a-specific combination of hot isostatic pressing
(HIP) temperature, pressure, and post-compaction heat treatment. The processing sequence consisted of hot
isostatic pressing of-60 mesh powders in metallic-or ceramic-containers at 2050°F and 15,000 psi pressure
for aminimumn of 2 hours. Heat treatment procedure- included solution treatment at Ts -30°F for I hour
followed by a quench into 1000F salt bath. A double-age-cycle of 1600F/1 hour/AC + 12000F/24 hours/
AC produced the required properties in 2-inch-thick testblanks. -Shape-making studies in Task I indicated that a
uniform, reproducible material envelope around-the targetultrasonic-shape could be fabricated using either
mild-steel or ceramic containers.

A more detailed study of mechanical properties-using actualturbine disk hardware in Task 11 indicated that not
all desired properties were attained. Tensile-properties were-below program goals, although stress-rupture,
creep, and low-cycle fatigue data were essentiallyequivalentzito previous'y tested T-700 HIP + forge Rene' 95
components.

Several attempts were made to mudify the Task-lI processing sequence to improve tensile properties, but no
completely satisfactory method was identified. -Reassessment of the T700 property requirements by 1700
Design-Engineering resulted in a reduced set of tensile goals-w-hich could be attained using Task 11 production
practices. Application of these parameters to Vendor A-components-in-Task III yielded acceptable engine
hardware. How'ver, a change in powder- production methodswa s-apparently responsible for the unsatisfactory
properties in Vendor B Task III hardware. Design data studies on Vendor A co, i-r ,, its indicated that mechanical
oroperty goals were met in all but one component. Therefore, a-partial s t of As-tlIP hardware consisting of
two-turbine disks and three (instead of four)-cooling plates were-finish-machined for engine testing.

In summary:

0 The-hot isostatic pressing process is capable of-producinglow-cost, reproducible premium quality
1700 turbine hardware.

0 Mechanical properties essentially equivalent to'the-powder metallurgy HIP + forge product can be
attained in As-IIIP Rene'95.
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* Accurate, reproducible T700 turbine disk shapes can be produced-using either mild steel or ceramic
containers.

1700 model disk burst speed characteristics of As-HIP Rene '-95-are-equivalent to those of the
HIP + forge product.

* All mechanical properties of the pilot production As-HIP-Rene'95-turbine disk and cooling plate
hardware met the modified T700 design requirements with-the exception of stress-rupture properties
in the thickest (1.5 inch) cooling plate.

* Changes in powder production methods can have a significant effecton mechanical properties of
-* As-HIP material.

* Heat treatment is the most critical processing step in the As-HIP process. The heat treatment procedures
must be carefully monitored to avoid substantial deviations in resultant mechanical properties, even
when identical solutioning and-aging temperatures-and times-areapplied.
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SUGGESTIONS FOR FUTURE WORK

The successful completion of the first 4 tasks of this program has established a manufacturing process for the
production of As-HIP Rene' 95 turbine hardware. The technically and economically crucial areas of the
process however should further be investigated to "productionize" the process and make itfurther-cost
effective. Some of these areas are as follows:

Heat Treatment

The development of desired mechanical properties is extremely sensitive to various parameters of heat
treatment; i.e., solution temperature and its range, quench media, time to transfer, full or partial canning of
the parts, etc. These parameters are part of a heat treat study already initiated as the Task VI-of this program.
The rcsults will be reported separately.

Powder Characteristics

It was observed that powder size, size distribution and morphology affect the mechanical property of the
As-HIP compacts. Further investigation to establish the effect of various parameters would be very desirable.

Density

The whole part density determination is an expensive proposition. A sampling technique using aipart from a
larger lot or an integral small piece must be developed. Moreover the reference standard- ofHIP + forge-should
be evaluated and compared with other possible and accurate reference standards.

Quality Plan

The present quality plan calls for an extensive destructive evaluation and should be carefully reviewed io reduce
the number and the frequency of testing.

-Cleanliness

As opposed to a metal ingot, powder is exposed to possible contamination during handling. At present there
is no standard method of-determining the cleanliness of either the powder or the powdeurproduct. Such a
method will be of extreme value. Moreover, stricter methods of controlling powder handling and- physical
devices to "clean" the powder of impurities will be of immense help and should be investigated. Can prepara-
tion is-presently expensive. The production methods of making sheet metal cans should -b e-incorporated.
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APPENDIX I
GENERAL ELECTRIC, AIRCRAFT ENGINE GROUP, SPECIFICATIONS

CODE IDENT NO. 07482

PREMIUM QUALITY POWDER METALLURGY
AS-HIP RENE' 95 ALLOY PARTS

(C50TF64-Sl)

1. SCOPE

1.1 Scope. This specification presents requirements for premium quality powder metallurgy As-HIP
-Rene' 95 alloy parts.

1.LI1 Classification. This specification contains the following classes:

CLASS A: 230,000 psi (1586 MPa) Ultimate Tensile Strength
, CLASS B: 220,000 psi (1517 MPa) Ultimate Tensile Strength

CLASS C: 208,000 psi (1434 MPa) Ultimate Tensile Strength

The requirements specified herein apply to all classes unless otherwise specified.

1.2 Definitions. For purposes of this specification, the following definitions shall apply.

As-HIP - Hot isostatically pressed and heat treated.

HIP -- Hot isostatically pressed.

Master Powder Blend - A blend of two or moie powder-heats.

Part Lot - Parts produced in the same autoclave cycle.

Powder-Heat - The blend of powders produced from one or more powder lots of a single-original
vacuum induction melted heat of the alloy.

-Powder Lot - Powder produced during a single cycle of the powder production equipmentand
screened-to the specified size.

Purchaser - Tle procuring activity of the Aircraft Engine Group (AEG)-of the General-Electric
Company-that issued the procurement document invoking-this specification.

2. APPLICABLE DOCUMENTS

2.1 The following documents shall form a part of this specificatior-to the extent specified herein. -Unless
a specific issue i4 specified, the latest revision-shall apply.

GENERAL-ELE3CTRIC SPECIFICATIONS

-P3TF- Ultrasonic Inspectionf P3TF2 Fluorescent Penetrant Inspection
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P2ITF7 Hot Isostatic Pressing (HIP) of Castings
P29TF19 Acceptability Limits for Trace Elements in Nickel and Cobalt Base Superalloys

AMERICAN SOCIETY FOR TESTING AND MATERIALS

ASTM 13214 Sieve Analysis of Granular Metal Powders
ASTM B215 Sampling Finished Lots of Metal Powders
ASTM E8 Tension Testing of Metallic Materials
ASTM ElO Brinell Hardness of Metallic Materials
ASTM E 18 Rockwell Hardness and Rockwell Superficial Hardness of Metallic Materials
ASTM E21 Elevated Temperature Tension Tests of Metallic Materials
ASTM E45 Determining the Inclusion Content of Steel
ASTM'EI 12 Estimating the Average Grain Size of Metals
ASTM El 39 Conducting Creep, Creep-Rupture, and Stress Rupture Tests-of Metallic Materials

AEROSPACE MATERIAL SPECIFICATIONS

AMS 2269 Chemical Check Analysis Limits-Wrought Nickel-and Nickel Base Alloys

3. REQUIREMENTS

3.1 Raw Material

3.1.1 Parts shall be produced from powder of a nickel base alloy known as Rene'_95.

3.1.2 Chemical Composition, Percent

Carbon ............... 0.04 - 0.09 Columbium ........... 3.30 - 3.70
Manganese ............ 0.15 Max. Zirconium ............. 003-- 0-07
Silicon ............... 0.20 Max. Titanium ............. 2.30-2.70
Sulfur .............. 0.015 Max. Aluminum ............. 30 - 3.70

- Phosphorus ............ 0.015 Max. Boron .............. 0.006 -0.015
Chromium ............ 12.00 - 14.00 Tungsten ............... 3.30- 3.70-
Cobalt ............... 7.00-9.00 Oxygen ................ 0:010 Max.
Molybdenum .......... 3.30-3.70 Nitrogen ............. 0.005 Max.
Iron .................. 0.50 Max. Hydrogen ............ 0.001-Max.
Tantalum ............ 0.20 Max. Nickel ................. .Remainder

3.1.2.1 Powder from each powder lot shall meet the carbon, hydogen, oxygen, and nitrogen limits before
blending to form a powder heat. If the powder heat is to be made up by blending several-powder lots,
procedures for blending and sampling for chemical a, alysis shall be as agreed upon by Purchaser and powder
suppliers.

3.1.2.2 Two or more powder heats may be blended to form a master.powder blend. A chemical analysis
shall be performed on each powder heat and it shall conform to the requirements of 3.12. 2 powder heat
which does not meet the requirements or 3.1.2--,hall not be used in amaster powder blend or in any other way
except as remelt stock. In addition, trace elemrtat content of consolidatedsamples of each powder heat shall
be determined for a!l elements required per P29TFI9, CLASS A. Results of tests for trace- elements shall be
reported to tie Purchaser per 3.9.1, but unless otherwise specified on the drawing, shall not be cause for
rejection.
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3.1.2.3 All analyses made by the manufacturer to determine the percentages of elements required by this
specification shall conform to the requirements of 3.1.2 and 3.1.2.1 and shall be reported in-the certificate of
test herein specified.

3.1.2.4 An analysis may be made on powder metallurgy parts by the Purchaserand the-chemical analysis
thus determined shall conform to the requirements of 3.1.2.

3.1.3 Manufacture of Metal Powders

3.1.3.1 The base alloy shall be produced by vacuum induction melting. The base:alloy shallbe converted
to powder by one of the following processes:

a) Inert gas atomization
b) Rotating electrode process in inert atmosphere
c) Ilydrogen/vacuum atomization

3.1.4 Sieve Analysis

3.1.4.1 All powder shall pass through an ASTM No. 60 (250/pm) sieve. Once theweightipercents retained
on ASTM No. 100 (150 pn) and No. 325 (45 un)sieves have been established and-approved by the Purchaser,
each master blend of powder shall conform to the approved analysis within-plus or~minus-five-percentage
points.

3.2 Process Requirements

3.2.1 Vendors shall inform the Purchaser of all manufacturing- processes and-procedures-used-to-produce
parts to this specification. Once these practices are approved,-they-shall not-be changedwithoutapproval-of
the Purchaser,

3.2.2 Powder shall be obtained only from sources approved by the'urchaser.

3.2.3 I lot isostatic pressing shall be condut, ed per P2ITF7, CLASS A. -HIlPconditions-shall be 20500
+25OF (11210 ± 140C) and 14,000 psi (97 MPa) minimum pressure for 2- hours minimum.

3.2.3.1 Powder containers shall be fabricated from materials approved by thezPurchaserzandleak checked
by an approved method.

3.2.3.2 Powder shall be loaded into the container and the loaded-container outgassed-and~sealed-by a
method approved by the Purchaser.

3.2.3.3 The autoclave heat-up/pressurization and cooling cycles shall-be approved by-the-Purchaser.

3.2.4 HIP part5 shall have a density greater than 99.9 percent of a HIP plus forged'testsample-fabricated
from the same powder heat or master powder blend. The -powder -pressing and forging processes-used on the
test sample shall be by methods agreed upon by the Purchaser and the vendor.

3.2.5 HIP-parts shall have a uniform average grain size of ASTM No. 8 or finer with-no appreciable-out-

lining of prior particle boundaries. A typical acceptable HIP microstructure is shown-in-FigureA 20.
Unacceptable IIIP nicrostructures are shown in Figure12L

shown 2
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Figure 120. Acceptable M~icrostructure for As-Compactedl-Rene'-95 (2O50 0Ff15Sksi -

Waterless Kallings).
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3.2.6 The y' solvus temperature shall be determined on a HIP-partfrom each master powder blend.

3.2.7 Rough machined parts shall-be etched and all surfaces inspected. The etching method shal-lbe
approved by the Purchaser. Parts containing large grains visible-at 1X magnification shall be cause for~rejection.

3.2.8 Heat Treatment

3.2.8.1 All solution heat treat temperatures refer to metal temperature ±I50 F (±8'C). All aging t. mpera-
tures refer to metal temperature -±250 F (±14'C). All times refer-to time at-temperature for the heaviest
section.

3.2-8.2 Parts sh:ll be supplied in-the solution heat treated and aged-condition as specified below:

Solution heat treat at 30°F (170C) below the 7 solvus temperature-(see 3.2.6) for 1 hour and salt quench
with maximum bath temperature of 10000 F (583°C). Rapid-ccoling from the solution temperature
through 1200'F (6490 C)-is-essential to obtain optimum mechanical properties. Age at 1600°F (87 1°C)
for I hour, air cool to roomnteniperature, plus 1200°F (649 0 C) for 24 hours and air cool.

3.3 Mechanical Properties

3.3.1 Tensile

3.3.1.1 Parts, heat treated-per 3.2.8.2, shall meet the applicable-minimuim tensile requirements shown-
below:

Room-Temperature

CLASS A- -CLASS B CLASS-C

Tensile Strength, psi 230,000 220,000 208,000
Yield Strength, (0.2 percent offset), psi 180,000 170,000 166,000
Elongation, percent in 2-inches-or 4D 10 10 10
Reduction of Area, percent 12 12 -12

1200OF

CLASS A CLASS B CLASS-C

Tensile Strength, psi 207,000 197,000 186,000

Yield Strength (0.2 percenoffset), psi 167,000 161,000 153,000
-Elongation, percent in-2 inches or4D 8 8 8
-Reduction of Area, percent 10 10 10

SI UNITS

-Room Temperature

CLASS A CLASS B CLASS C

- Tensile Strength, MPa 1,586 -1,517 1,434
iYield Strength .(0.2 percentv offset), MPa 1,241 172 1,145-

-Elonga tion,-percent: in-50.8 rm or 4D 10 10 10
Reduction of Area,.percent 12 12 12
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6490 C

CLASS A CLASS B CLASS C

Tensile Strength, MPa 1,427 1,358 1,282
Yield Strength (0.2 percent offset), MPa -1151 1,110 1,055
Elongation, percent in 50.8 mm or 4D 8 8 8
Reduction of Area, percent 10 10 10

3.3.1.2 The location and CLASS of the required -tensile specimens shall be as specified on the drawing.

3.3.2 Stress Rupture

3.3.21 Test specimens shall be tested at 1200'F (648.9°C) and 150,000 psi (1034 MPa) and shall-meet
the applicable minimum life requirement specified below. Tests shall be continued to rupture, and elongation
after rupture, measured at room temperature, shall be-not less than three percent in 4D.

Minimum Life, Hours

CLASSES A and B: 50
CLASS C: 35

3.3.2:2- Stress rupture testing may be conducted atstress levels higher than that specified provided-all other
test conditions-are maintained. The specified life-measurements-and-elongation requirements shall apply and
the-stress-shall remain constant while the test is-in-progress. Specific stresses used shall be reported in-the
powder-vendor's certificate of test.

3.3.3 Plastic Creep

3.3.3A- -Creep specimens shall be tested at 1 009F-(593;3°C) and- 150,000 psi (1034 MPa). Total plastic
deformation-shall not exceed 0.2 percent after completion-of the time period specified below.

CLASS A: 100 hours
CLASS B: 50 hours
CLASS-C: 25 hours

3.3.4 ResiduaiCyclic Life

3.3.41 -Residual cyclic life tests shall be conductedandthe number of cycles to failure shall be-reported to
the-Purchaser in-qie certificate of test. Tests shall-be-conducted-at 1000°F (537.8 0 C) at a stress-ratio-
(alternating/mean-stress) of 0.95 ± 0.05 with a maximum-stress level (mean stress plus alternatingstress) of
100,000Mpsi-(689-MPa), at a cycle rate of 10-30cyclesperminute. When specifically required bythe-drawing,
thie-residual-eyclic-life shiall be a minimum of 5000 cycles.

3.5- -Cyclic Rupture Test

33.5.1- Cyclic-rupture testing shall be conducted-at'l200°F (648.9 0 C) and the time to-failure-and the
: number-of cycles shall be reported to the Purchaser-in the-certificate of test. The periodic intervals-shiall-consist

of holding-at-a- peak stress of 145,000 psi (1000 MPa)-for90 + I0 seconds. The minimum strcsr shall range
from 0to-4800 psi (0-to 33 Mla), and tihe time to Joad-orunload shall range from 5 to 15 seconds. When-
speci fiatIly required by tie drawing, tie cyclic rupture-life shall be a minimum of 300 cycles.
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3.4- Hardness

3.4.1- Parts shall have a mininim hardness of Brinell 415 or equivalent.

3.5 -Grain Size

3.5.1 Parts shall have a uniform average grain size of ASTM No. 8 or finer with no appreciable prior particle
boundary outlining. Figure 122 shows an example of an acceptable As-HIP microstructure. Unacceptable
As.-HIPmicrostructures are shown in Figure 123. Glossy prints are available-from the Purchaser on request.

3:6 -Density

3.61- After solution heat treatment and aging, the As-HIP part density-measured by weighing the entire
part, shall meet or exceed the density-of theHIP part. The density of a-representative sample shall not decrease
more-than 0.3 percent after a 4 hour-exposure at 22000 ± 1SF (12000 ± 8'C) in air.

3.7 -Incipient Melting

37.1- -Parts shall exhibit no evidence-ofincipient melting.

38 -Cleanliness

3.8.- -Parts shall be checked by quantitative metallography in any two representative -areas for fore6gn
particles. -Foreign particles are defined-as-any-non-metallic inclusions (silicates, aluminates, etc.) and-metallic
particles other than Rene' 95. The worstarea of non-metallic inclusions-in-each inspection sample shall not
exceed the inclusion rating limits shown-below. The number of foreign -particles-(particles which do not respond-
to a-Rene'-95 etch as does Rene' 95) in each inspection sample shall be reported. -If four or more particles are
reported -in any inspection area, or if the sum-of the long dimensions of the-observed -particles exceeds 0.010
-inch0(O254 nm), Purchaser approval shallfbe-required for acceptance.

Inclusion Rating

Inclusion Type -Worst Field

-B - Thin -1.5
B-- Heavy 1.0
D - Heavy -1.0-

3.9 Part Vendor's Certificate of Test

39:1 The-part vendor shall certify all-chemical and mechanical tests'herein specified. A certificate of test,
in triplicate, on each lot of parts supplied-to this specification shall be mailed-by the-vendor to the machining-
vendor with or preceding the shipment-of parts. This certificate shall give the-numerical results of all required
tests-and-inspections and shall show -that the -results are in accordance with'the requirements of this specifica-
tion. If alicat appears in more than onelot-of parts, the numerical results of the-tests shall be recorded in the
certificate-of test for each of the lots ofiparts-in-which it appears. In addition,-the-certificate shall contain the
following-information:

a)-Purchase order number
b)-Vacuum induction melt heat-number, powder heat number, and-master-powder blend number

II
284

U



1 QOX iQOOX

4 -Figure 122. Acceptable Microstructure of As-FlIP +Heat Treated-Part -

Waterless-Kallings.
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c) Powder lot number and HIP lot number
d) Chemical analysis and y' solvus temperature of each master powder blend
e) Sieve-analysis for each master powder blend-
f) Heattreat lot number for each part
g) Partzlotnumber for each part
i) Specific heat treatment used
i) Specific stress rupture stress used
j) Testing source for tensile, stress rupture, and creep specimens
k) Density measurement values for 3.2.4 and 3.6.1 Land method used
1) Quantity
m) Specification number. CLASS, and revision number

3.10 Material- Identification Record

3.10.1 A material identification record shall be submitted by-the machining vendor to the Purchaser and
shall include the following information:

a) Powder vendor's certificate of test
b) -Heactreat vendor
c) Machining vendor's laboratory release report-number
d) Specification number, CLASS, and revision number

3.11 Marking-

3.1-1.1 The-type of marking and location shall be as specified on the part drawing.

4. QUALITY ASSURANCE PROVISIONS

4.1 The certificate of test for each lot or lots within-a shipment shall report the data required-by4this
specificationforthe number of sample items or test-specimens as-required by this specification, or as
additionally directed-by-the Purchaser.

4.2 ChemicalAnalysis

4.2.1 Chemical analyses shall be conducted-in accordance with standard ASTM methods, or by-methods
agreed upon by;Purchaser and vendor. Sampling procedures-for powder lot analyses shall be conducted-per
ASTM B215.

4.2.2 -Chemical check analysis limits shall be -in- accordance with AMS 2269.

4.3 Mechanical- Properties

4.3.1- Testing vendors and test specimen machining sources-shall-be subject to approval by-the Purchaser.

4.3.2 All-testing shall be conducted in accordancewitlizASTM-methods unless otherwi~c agreedfupon-by
the vendor and-the:Purchaser. All parts received are-subject-to cut-up upon receipt by the-Purchaserand shall
have the-required properties throughout the parts.

4.3.3 Unless-otherwise specified, parts which do norhave-integral test rings shall be evaluatedby testing a
minimum-of'one-part per heat, per heat treated-lot.
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4.3.4 Tensile and stress rupture specimens shall be machined from integral test rings or parts representing
I) each heat or master blend-of material not previously tested, 2) each part lot not previously tested, and
3) each solution heat.treat lot ofparts or as otherwise specified.

4.3.4.1 Parts with integral test rings shall be cut up periodically and tested to the requirements of this
specification. The frequency of testing and the number and types of tests shall be as designated by the
applicable Quality Control organization of the Purchaser in the Quality Plan. The location of test specimens
shall be as indicated on the specific part number drawings as available from the Purchaser, or as otherwise
specified. Results of tests with all pertinent identification shall be reported to the Purchaser in a certificate
of test. In the event significant changes to the metal-working process are planned, which may affect the abilit
of the resultant part to meet the propeities of this specification, a representative part shall be-sectioned and
tested for conformance to requirements.

4.3.5 Tensile

4.3.5.1 Tensile specimens, taken per 4.3.4 and tested in accordance with the applicable requirements of
ASTM E8 and E21, shall meet the tensile requirements of 3.3.1.

4.3.5.2 For referee tensile tests, a strain-rate of 0.005 inch per inch (0.005 mm per mm) per minute through
the 0.2 percent yield strength shall-be used.

4.3.6 Stress Rupture

4.3.6.1 Stress rup.ure specimens, taken per 4.3.4 and tested in accordance with the-applicable requirements
of ASTM El 39, shall meet the-stress rupture requirements of 3.3.2.

4.3.6.2 Stress Rupture Specimens for Referee Tests. For referee tests, smooth specimens shall conform to
the dimensions and proportions of a standard 0.250 inch (6.35 mm) diameter test bar per ASTM El 39 except
that a gage diamcter as small as 0.200 inch (5.08 mm), with other dimensions proportional, may-be used in
order to maintain a thread diameterto gage diameter ratio of 2.5 minimum.

4.3.7 Plastic Creep

4.3.7.1 Creep test specimens,.taken per 4.3A.1 and tested in accordance with the applicable requirements
of ASTM El 39, shall meecthe plastic creep requirements of 3.3.3. Strain measuring techniques shall be
approved by the Purchaser.

4.3.7.2 Unless otherwise agreed upon by the Purchaser and the vendor, creep specimens shall-be of standard
proportions with a 0.250-inch (6.35-ram) diameter at the reduced parallel sect ion-and-shall have-a-2.000 +
0.005 inch (50.80 ± 0.13-ram) gage-length.

4.3.8 Residual Cyclic-Life

4.3.8.1 Residual cyclic life-tesLspecimens, taken per 4.3.3 or 4.3.4.1, shall be-machined to the configuration
and dimensions shown in Figure 124. The reduced section of the specimen shall be machined using low stress
grinding techniques to prevent the formation of high residual stresses in the surfaces. Pre-cracking of the
specimens shall be conductedat room tenmperatur (high cycle mode axial or bending is acceptable) using a
stress not exceeding 90,000-psi (621 MPa)2until the crack length is 0.060 0.005inch (1-.52+O-13 mm).
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4.3.9 Cyclic Rupture

4.3.9.1 Cyclic rupture test specimens, taken-per-4.33 or 4.3.4.1 shall be tested in accordance with all
requirements of ASTM E139. Tests shall be conducted on conventional rupture machines that have been
adapted to automatically load and unload the specimen load assembly periodically. Specimens shall be
machined to the configuration and dimensions shown in Figure 125 with a Kt = 2.0 stress concentration in
the gage section. The notch shall be machined -using-low stress grinding techniques to prevent the formation
of high residual stresses in the surfaces.

4.4 Hardness

4.4.1 Hardness tests shall be conducted in-accordance with ASTM ElO or E18 as applicable.

4.4.1.1 Hardness of wheels shall be testedat two-points 1800 apart on the rim and at one point near the
center of the web. Torque rings shall be tested at three points 1200 apart. Turbine shafts shall be tested-at
two points 1800 apart at the ends of the shaft. Seals shall-be tested at three points 1200 apart. Location for
hardness checks on other parts shall be-as shoWn-on-the-part-drawing.

4.5 Grain Size

4.5.1 Grain size shall be determined by-comparison of a polished and etched specimen with the chart in
ASTM El 12. Representative parts from each-heat, each-part-lot, and each solution heat treat lot shall be
examined for grain size determination. In-case-of disagreement on grain size by the comparison procedure,
the intercept (Heyn) procedure shall-be-used.

4.6 Density

4.6.1 Density measurements shall be made in-accordance-with a method agreed upon by the Purchaser
and the vendor.

- -- 4.7 Incipient Melting

4.7.1 Determinations for evidence-of incipientmelting shall be performed by metallographic examination
of polished specimens at IOOX and SOOX magnifications.

4.8 -y' Solvus Temperature

4.8.1 The 7' solvus temperature-shall be-determined-metallographically as approved by tha Purchaser.

4.9 Cleanliness

4.9.1 The non.metallic inclusion contentshall-be-determined per ASTM E45, Plate Il, Method D.
Metallic foreign particle contamination -shall edeterminedIby metallographic examination of the same

I sample at 1OOX magnification.

4.10 Ultrasonic Inspection

4.10.1 Parts shall be ultrasonic inspected-per-P3TFI, CLASS A, in accordar.ce with limits specified on
the drawing.
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59.507

NOTCH DETAIL

Part _ _ _

3 1.78 0.271 0.355 0.251 0.498 0.14 0,72 0.21 0.0368 0.500.
3 1.72 0.269 0.353 0,249 0.495 0.10 J_0,68 0.17 J_0.0358- 13uNc;2A

SI UNITS

1 [90,21 45,2 6.883~ 9.017 J6.375 12.649j3.6 18.3 5: J 0876 43.7 6.833 8,966 6.325 12.573 12.5 117,3 14:3:0.909

NOTES:
1. Remove burrs and sharp edges. 0.015 inch (0.381 mm) max. radius or chamfer.
2. All diameters to be concentric within 0.002 inch (0.51 mm) FIR.
3. Lathe centers permitted, 0.20 inch (5.08 mm)max. depth
4. Radius and gage sections to blend smoothly without undercut.
5. All dimensions are in inches: with metric conversion in millimeters.
6. Surface roughness shall be 32 or better unless indicated otherwise.

II

Figure 125. Cyclic Rupture Test Specimen.
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4.10.2 If no limits are specified on the drawing, allowable limits for all indications shall conform to the

requirements of P3TFI,_CLASS-A.

4.11 Fluorescent Penetrant Inspection

4.11.1 After completion-of all processing operations, all parts shall be fluorescent penetrant inspected- per
P3TF2, CLASS D, in accordance-with-limits specified on the drawing.

4.11.2 Fluorescent penetrant-indications may be reworked providing the reworked area is macroetched
prior to fluorescent penetrant inspection per-the applicable drawing requirements. Etching procedures shall
be approved by the Purchaser.

4.11.3 Rework of fluorescent-penetrant indications shall fall within the blend limits of the applicable
drawings. All blends shall be smooth-in contour with no sharp breaks or scratches within them.

4.11.4 No rework of fluorescent penetrant indications is permitted on the pressure faces or-root-radii of
dovetail serrations.

4.11.5 When specified on-the-drawing, finished machined parts shall be etched on all surface-areas,-prior

to fluorescent penetrant-inspection, by-procedumes approved by the Purchaser.

5. PREPARATION FOR DELIVERY

5.1 Packing

5.1.1 All parts shall be suitablyipacked-to-prevent damage or loss in shipment.

5.2 Marking

5.2.1 Each shipment shall-belegibly marked with the purchase order number, manufacturer's-name,
part name, and drawing number.

6. NOTES

6.1 Classification of Characteristics

CRITICAL: 3.4.1,4.10.2
MINOR: All otherparagraphs

6.2 Intended Usage

6.2.1 Various tensile strengthilevels have been designated by the usage of CLASS letters to reflect-
property variations due-to section-size and processing.

6.3 The Data for Ordering Sheevshown below is listed for information.

DFO.C50TF64 Premium2Quality Powder9Metallurgy As-HIP Rene'95 Alloy Parts
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MANUFACTURE OF RENE' 95 ALLOY POWDER
(PITF47.SI)

1. SCOPE

1.1 Scope. This specification presents requirements-for the manufacture of Rene' 95 alloy powder.

1.1.1 Classification. This specification contains-the-following class:

CLASS A

1.2 Definitions. Fur purposes of this specification, the-following definitions shall apply:

Master Powder-Blend - A blend of one or more-powder heats or powder lots.

Powder Heat - The blend-of powders -produced'from-one or more-powder lots of a single original
vacuum induction melted heat of the alloy.

Powder Lot - Powder produced during-a single cycle- ofthe powder production equipment and
screened to the specified size.

Purchaser - The procuring activity of-the Aircraft!Engine Group- (AEG) of the General Electric
Company that issued the procurement document invoking this-specification.

2. APPLICABLE DOCUMENTS

2.1 The following documents shall forna part of this specification-to-the-extent specified herein. Unless

a specific issue is specified the latest revision shall-apply.

AMERICAN SOCIETY-FOR TESTING AND MATERIALS

ASTM B212 Apparent -Density of Metal-Powders
ASTM B214 Sieve Analysis of GranulariMetal Powders
ASTM B215 Sampling Finished-Lots of-Metal Powders

GENERAL ELECTRIC SPECIFICATIONS

E50TF126 Determination of the Density- of Engine-Parts
P'/TF5 Containediza tion- and -Ho V!sostat i cPressing (HIP) of Rene' 95 Alloy PowderP29TF19 Acceptability- Limits for-Trac, Elements in-Nickel and-Cobalt Base Superalloys

3. REQUIREMENTS

3.1 Process Sheets. The powder vendor shall-have-documented instructions defining the processing
methods and the routing in the manufacturing cycle,-for-the-piocessing-and=evaluation of Rene' 95 alloy
powder as described in this specification.

3.2 Accountability. The powder vendor shall forward-to-the Purchaser a record-of the disposition of each
powder lot, powder heat, or master powder blend, which-is-used on AEG-parts.
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3.3 Raw Material. Powda!r shall be produced from vacuum induction melted ingot, virgin melt stock, or
revert material.

3.3.1 The alloy powder vendor sha!l establish specifications-for the procurement of raw material, which
shall include certification and testing. Traceability shall-be-assured for all raw material, including the type
and percentage of revert, that is used to make a-powder lot.

3.3.2 The surface of the vacuum-induction melted-ingot shall be ground in accordance with a procedure
approved by the Purchaser to remove surface contamination resulting from the ingot casting operation. After
grinding, the ingot shall be cleaned to remove -residue from the grinding operation using a procedure approved
by the Purchaser.

3.3.3 The ingot source shall employ a cropping- procedure- approved by the Purchaser.

3.4 Melting Control. Sources for vacuum inductionainelted ingot- shall maintain controls to supply
material suited to the atomization processes employedfrom the standpoint of segregation and in. husions.
Inert gas atomizing sources shall maintain similar control -forxthe vacuum induction melting proct .s for
consistently producing an alloy powder that will yield compacts- which- meet all cleanliness requirew:ents
of this specifitation.

3.4.1 The melting procedure shall be documented-to include specific provision. for melting abnormalities
and the conditions under which a melt-will be-aborted. The-power-input, holding temperature and time, and
vacuum pressure shall be measured and recorded atfrequentintervals-throughout the melting cycle.

3.5 Powder Atomization. The base alloy-shall-be converted-to powder by one of the following processes:

a) Inert gas atomization
b) Rotating electrode process in-inert atmosphere

3.5.1 Unless otherwise approved by- the -Purchaser, when an-atomization unit-previously used for a
different alloy is used to produce Rene' 9 Spowder, trace element content shall be determined on each powder
lot until conformance to P29TFI9, CLASS A, is obtained. -Determinations shall then be made on each powder
lot, powder heat, or each master powder blend as specifiedin 3.7.1. Non-conforming powder lots shall not be
mixed with other material to-produce i:owder heats ormaster powderblends.

3.5.2 The alloy powder manufacturer shall, as partof-the atomizing procedure, define the equipment and
parameters to include gas pressure, number-of gas-nozzles-and their-position, orifice size and shape, and
distance and orientation with respect to-the molten stream. The -tundish -size and shape shall be established
and maintained as a constant, along with-the heightzof the molten-metal in the tundish during the pour.

3.6 Sieve Analysis. A minimum of 99.9 percent-of each powder-lot-shall-pass through an ASTM No. 60
(250 pm) sie,,,. Once the weight percents on ASTM-No. 100 (150-pm) and No. 325 (45 pm) sieves have been
established an, approved by the Purchaser, each powderlot, powder-heat, or master powder blend shall
conform to the approved analysis within the-limits-agreed upon by the vendor and the Purchaser.

3,6.1 The powder producer shall establish a procedure for-screen inspection, maintenance and replacement.
This procedure shall be approved by the Purchaser.

3.7 Chemical Composition. Powder from-iach-powder-lot-shall-meet the carbon, hydrogen, oxygefn and
nitrogen limits before blending to form a-powder-heat. Ifthe powder-heat- is to be made up by blending
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several powder lots, procedures for blending and sampling for chemical analysis shall be as-agreed-upon by
Purchaser and powder suppliers.

3.7.1 A chemical analysis shall be performed on each powder lot or-heat and it shall-conform to-the
requirements of the procurement part specification. A powder lot- or heat which does not-meet-the require-
ments of the procurement specification shall not be used except as remelt stock. Trace-element content-of
consolidated samples of each powder lot or heat shall be determincd- for all elements-required per P29TF19,
CLASS A. When lots or heats are blended to form a master powder blend, trace element analyses-may be
conducted on the master powder blend rather than on each separate powderlot or heat. -Results-of tests -for
trace elements shall be reported to the Purchaser per 3.16, but unless otherwise specified, shall not be-cause
for rejection.

3.8 Apparent Density. The apparent density of powder lots, powder heats, or master-powder-blends-shall

be determined and reported per 3.16.

3.9 Outgassing. Removal of inert gasses associated with-the atomizing process shall-be-accomplished using

a procedure approved by the Purchaser. The outgassing orocedure shallzbe documented-and-capable-ofbeing
monitored in a manner which measures the consistency of the process.

3.10 Blending. The powder blending procedure including powder input weight, equipment description,
environment, time and revolutions per minute shall be documented.

3.11 Contamination Control. All processing procedures shall be carefully-controlledtominimize-contamina-
tion during all manufacturing cycles.

3.11.1 No alloys containing intentional additions of the elements controlled by P29TF19,-CLASSA, shall
be produced in the equipment used to make Rene' 95 without written approval of the Purchaser.

3.11.2 Each powder lot, powder heat, or master powder blend-shall be-evaluated-forcontaminants-by
examination of a HIP sample from each powder lot, powder heat, or masterpowder blend. This-sample-shall
be IIIP according to conditions outlined in P7TF5, CLASS A. A-minimum of 400 square inches (0.258 in2)_
of the electrochemical machined HIP sample surface area shall be examined for protrusions-and-pits. Allowable
limits for protrusions and pits shall be as agreed upon by the-Purchaser and the-vendor.

3.11.3 The alloy powder producer's specifications for melt crucibles and-other ceramic type-components
and materials used throughout the process shall be approved by the Purchaser. New-crucibles,-and-crucibles
which have been used for other alloys shall be conditioned by a method-agreed-upon-byithewendorand the
Purchaser. When not in use, crucibles shall be stored in polyethylene or-other material approvedby-the

-' Purchaser,

J 3.11.4 Special instructions shall exist for cleaning all equipment surfaces -which may come-into contact
with either the raw material, molten alloy or powder. This includes melting-and-atomizing chambers, powder
collection and transfer facilities, sieves, blenders and storage containers. The-Purchaser shall approve-all
cleaning procedures.

3.11.5 Unless othe-wise approved by the Purchaser, the powder producer shall-employ-a-containerized
process throughout the powder manufacturing and handling cycle, -including-preparation for shipment.

3.11.6 Storage procedures for raw material and alloy powder shall be-approved by-the Purchaser.
Containers shall be constructed of an approved material. They shall be free of burrs-thr6ughoutthe-interior
and free from sharp corners that can entrap particles.
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3.12 Density Standard. Density detenninations-shall be made on a representative specimen taken from the
sample produced in 3.11.2. The density of the specimen-shall be determined in the as-compacted condition
and the specimen then re-IIIP per P7TF5, CLASS A, and-the density again determined. The density of the
double HIP specimen shall be used as the theoretical density standard for the particular powder lot, powder
heat, or master powder blend.

3.13 y' Solvus Procedure. The yt' solvus shall be-determined for each powder lot, powder heat, or master
powder blend to within ±50 F-(±3 0C) utilizing specimens-taken from-the sample made in 3.11.2. One specimen
shall be annealed [±5*F (±30 C) temperature control] for 30-minutes minimum at each temperature in the
temperature range of 20900 F (I 143 0C) to above the y' solvus at 10°F (60 C) increments. The specimens shall
then be polished and etched to delineate y' solvus atgrain boundaries and the -f' solvus shall be considered the
lowest temperature at which the 7 'is completely solutioned-or significant (Figure 126) grain growth occurs.
Alternate methods may be used for y 'solvus- determination-with prior approval.

3.14 Maintenance and Calibration. The powder producer shall-have a set of procedures for the operation
maintenance, calibration and care of equipment- and-instrumentation. Instrumentation used to monitor and
control the powder process shall be calibrated periodically. -Detailed-records shall be maintained on the calibra-
tion of all instruments, and on the maintenance of-standards-used for calibration.

3.15 Inspection and Tests. All inspections and tests required by-this specification shall be performed per
a Quality Centrol Plan approved by the Pur -haser. The-results of these inspections or tests shall meet the
requirements of this specification and the applicable- portions of the procurement specification.

3.16 Records. The following information and test results for powder lots, powder heats, and master pow-
der blends shall be supplied to the Purchaser:

a) Vacuum induction melt heat number, powder heatnumber, and master powder blend number
b) Chemical analyses results
c) Sieve avalyses results
d) Contamination control results
e) Disposition of each powder lot,-powder heat,-ormasterpowder blend
f) Disposition of residual oversize powder from each-powder-lot
g) Apparent density
h) /' solv,:s temperature
i) Density standard

3.16.1 In addition, the powder vendor-shall maintainvthe following-information for Purchaser surveillance:

a) Meltiig parameters
b) Atotnization parameters
c) Outgassing procedures

d) Blending procedures
e) Process description and control procedures forany containinant removal step not called out by this

specification

I) A sequential list of all alloys processed through- the equipment used to make the powder lot, powder
heat, or master powder blend

Sg) A list of consumable materials-used-in the-manufacture of each-powder lot, powder heat, or master

powder blend
h) Source control practice for all consumable-materials used'ita the manufacture and handling of the

powder.
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NO SIGNIFICANT GRAIN GROWTH AFTER-ANNEALING BELOW-'y'SOLVUS

SIGNI FICANT G RAIN GROWTH AFTER ANNEALING ABOVE-y ' SOLVUS

~Figure 126, Tihe Difference in Microstructure-by AnnealingBelow and-Above 3' Solvus.
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4. QUALITY ASSURANCE PROVISIONS

4.1 General

4 1.1 A vendor shall obtain prior approval-of all processing. control and inspection procedures used in-the
manufacture of Rene' 95 -powder which-include, but are not restricted to, items covered in this specification.
The vendor shall firther demonstrate capability in implementing all of the approved procedures used in the
manufacture an, control of powder-quality.

4.1.2 New Producer Qualification andt Corrective Action Assurance

4.1.2.1 For new producer qualificationzandlrequalification of producers, the alloy powder vendor shall
successfully complete the processing-and-evaluation of three consecutive powder lots in strict compliance with-
all the requirements ofthis specification. -Each-powder lot shall be evaluated per 4.1.2.2 through 4.1.2.3 and
the results shall be submitted to the Purchaser-for approval.

4.1.2.2 Quantitative metallography-shall be conducted on a loose powder sample to determine the presence
of foreign particles. Allowable-limits-for foreign particles shall be as agreed upon by the Purchaser and the
vendor. The sample size and the specific-procedure used-shall-be approved by the Purchaser.

4.1.2.3 A contamination check-shall-also-be-performed on each powder lot by preparing a sample in
accordance with 4.5. A mininimum-of 400 square-inches- (0.258 in2 ) shall be examined for each powder lot
and the ninimum total surface area-required-for-certification shall be 2000 square inches (I .29 in2 ).
Allowable limits for protrusions and pits-based-on 2000 square inches (1.29 11

2 ) shall be as agreed upon by
the Purchaser and the vendor.

4.1.2.4 Requalification in accordance with 41.2.1 through 4.1.2.3 shall be mandatory if contamination
of the powder exceeds the limits set forth-in 3-11 on two consecutive or more than one in ten powder lots.
Requalification shall also be required whenever~a-process approved per 4.1 .1 is changed, except as authorized
in writing by the Purchaser.

4.2 Sampling. Sampling procedures-fompowderzanalyses shall be conducted per ASTM B21 5 or by amethod approved by the Purchaser.

4.3 Sieve Analysis. Sieve analyses-shall-be-conducted-in accordance with ASTM B214.

4.4 Apparent Density. Apparent density-determinations shall be conducted per ASTM B212.

4.5 Contamination Control. A sample shall-be-taken from each master powder blend and the sample-shall
be hot isostatic pressed (HIP) per P7TF5, CLASS-A. Unless otherwise agreed upon by the vendor and-the
Purchaser, the HIP saniple shall-be 5.0 tof5.51nches-(127.0 to 138.7 mi) in diameter and 1.0 to 1.5 inches
(25.4 to 38.1 mm) in thickness, with paraliel faces, and-made using the same powder manufacturing containeri-
zation and HIP procedures as are used- to make-parts:froni the evaluated master powder blend. The surface
shall be electrochemnical machined-and-remachined, if necessary, to provide a minimum total surface area-of
400 square inches-(0.258 in2 ) for examination by-a-method agreed upon by the vendor and the Purchaser.
Electrochemical machining shall-be by-a-method agreed-uponby the vendor and the Purchaser.

4.6 Density Standard

4.6.1 All density determinations siall be nmade-in accordance-with E5oTF126, CLASS A.
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4.7 Sample Retention. A I pound sample of screened powder from -the powder lot, powder heat, or the
master powder blend shall be stored in a sealed container and retained-by the powder producer for a mininum
of 3 years.

4.8 Incoming Raw Material. The powder producershall establish-amet hod- forapproval and release of
incoming raw material.

5. PREPARATION FOR DELIVERY

5.1 Packing. Powder shall be packaged under controlled conditions in-sealed, moisture-proof containers
to protect it from damage or contamination during shipment and under-normal-storage conditions.

5.2 Marking. Each container shall-be suitably marked with-t lie following-in formation:

a) Purchase order number
b) Net weight
c) Powder lot, powder heat, or master powder blend- number
d) Manufacturer's name
e) This GE specification number, CLASS and revision number

CONTAINERIZATION AND HOT ISOSTATIC PRESSING (HIP)

OF RENE' 95 ALLOYPOWDER
(P7TF5.SI)

I. SCOPE

1.1 Scope. This specification presents requirements for containerization-and-hot isostatic pressing of
Rene' 95 alloy powder forging preforms andHFlIP parts.

1.1.1 Classification. This specification contains the following classes:

CLASS A: 111P Parts
CLASS B: Forging Preforms

The requirements specified herein apply to all-classes unless otherwise-specified.

1.2 Definitions. For purposes of this specification,-tie following definitions shall-apply:

Capability - The words "shall be capable of" or "capability test" indicate- characteristics or properties
req:'ired in the product for which testing of each-lot-is not required. However, if such testing is
performed by the Purchaser, material not conforming-to-the-requirements-shall-be-subject to rejectiun.

Container - The total vessel separating the powder from the pressurizing gas.

Part Lot - Parts produced in a single autoclave rin.

Purchaser -- The procurement activity of the Aircraft Engine Group (AEG) of-the-General Electric
Company that issued the procurement documnent-invoking this-specification.
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Working Zone - The volume of the uniformly heated region of a preheat furnace or an autoclave which

may be occupied by parts or material to be hot isostatically pressed.

2. APPLICABLE DOCUMENTS

2.1 The following documents shall form a part of this specification-to the extent specified herein. Unless
a specific issue is specified, the latest revision shall apply.

AMERICAN SOCIETY FOR TESTING AND MATERIALS

ASTM E230 Temperature-Electromotive Force (EMF) Tables-for Thermocouples

GENERAL ELECTRIC SPECIFICATIONS

PITF47 Manufacture of Rene' 95 Alloy Powder

3. EQUIPMENT

3.1 Autoclave

3.1.1 CLASS A: Autoclaves shall be of the inert gas pressurization type, internally-heated, cold wall
pressure vessel.

CLASS B: Autoclaves shali be of the inert gas-pressurization type.

3.2 Fixtures

3.2.1 Suitable jigs, trays, baskets, hangers, racks or other fixtures-shall-be provided-as necessary for proper
handling and positioning of parts or materials to be hot-isostatic pressed. All fixtures shall-be made of suitable
material which is compatible with the parts or materials to be treated or adequately isolated to assure that
undesirable reactions or mechanical distortion do not occur.

3.3 Containers

3.3.1 Powder containers shall be made from materials approved by the Purchaser.

3.4 Temperature Measurement and Control Devices

3.4-a Temperature Measurement

3.4.1.1 Temperature measuring and recording devices shall-be provided forithe autoclave. The devices
shall be of the potentiometric type, shalluse thermocouple sensors, and shall provide permanent records of
the temperature during the entire treatment.

, 3.4.2 Temperature Control

3.4.2.1 A sufficient number of suitable temperature control devices shall be provided:and properly
t: arranged on the autoclave to assure 'he required temperature control in-the working zone. The devices shall

be of the potentiometric type and shail use therinocouple sensors.
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3.5 Pressure Measu renent Devices

3.5.1 Pressure measurement devices shall be accurate to within plus or minus two percent at tlie maximum
operating pressure. The device shall be capable of continuously monitoring and recording the pressure
throughout the process.

4. PROCEDURE

4.1 General

4.1.1 All processing equipment and significant processing parameters, as agreed upon by the vendor and
the Purchaser, shall be approved by the Purchaser. Once a technique for producing a specific part or preform
has been established and approved, no changes shall be made prior to obtaining approval of the Purchaser.

41.2 All hot isostatic pressing facilities shall be qualified in accordance with section 5 of this specification.

4.2 -Container-Fabrication and Cleaning

4.21 Fabrication. All materials and processes used in the fabrication of containers shall be approved by
the Purchaser.

4.2.2 -Cleaning. All containers shall be cleaned to remove all loose particles and all surface cntaminants
which-may be-detrimental to the-Rene' 95 alloy being treated. Cleaning and subsequent storag, ,nd handling
shall-be done-in such a manner as to ensure that the surfaces remain clean prior to container filling. Cleaning
and inspection procedures shall be approved by the Purchaser.

4.3 -Container Filling

4.3.1 Leak-Chec'.. Empty containers shall be evacuated to an ultimate vacuum of less than 25 X l0-3 Torr
(25-microns) (3.33 Pa) and the closed system leak up rate shall not exceed 20 X 10-3 Torr (20 microns)
(2.67Pa)-per minute. Alternate-leak check methods may be used with prior approval of the Purchaser.

4.3.2 Weighing. Metal-containers shall be weighed before and after filling to ensure that they are adequately
filled based-on-pre-determined individual container volume measurements. Powder fill determinations shall be
made -on ceramic type containers by a method approved by the Purchaser.

4.3.3 Filling and Sealing. Powder shall be loaded into the container through an ASTM No. 40 sieve in
sucha- manner-as -to minimize-particle size- segregation in the filled container. The quantity of material

retained-on-the -sieve shall be recorded and available for Purchaser review, and the material not used pending
that- review. The-loaded container shall be outgassed and sealed by a method approved by the Purchaser.
Containers shall be outgassed to a maximum level of 25 X 10-3 Torr (25 microns) (3.33 Pa) and the leak up
rate shall-not exceed 20 X 10-3 Torr-(20 microns) (2.67 Pa) per minute. Hot outgassing of the filled container
is not-permitted -without vritten-approval of the Purchaser. The time between sealing tie container and
loading-into-the autoclave shall be recorded.

4.4 Loading-of Preheat Furnace and Autoclave

' 4.41- All-inaterial-to be treated shall be located within the working zone. Positioning in the autoclave
shall-also-facilitate-pressurization-of the chamber and cooling of the material.
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4.5 lnstrumentation of the Preheat Furnace and Autoclave

4.5.1 A minimum of three thermocouples shall accompany the material-during treatment. One each shall
be located in the hottest and coldest temperature regions of the working-zone-which is in use as determined
by tie temperature uniformity qualification test. The third thermocouple-shall:be located as close as possible
to the center of tie load. The thermocouples shall be in close proximity tozthecontainers. An alternate
instrumentation plan may be used with prior approval of the Purchaser.

4.6 Time, Temperature and Pressure

4.6.1 The heat-up, pressurization, and cooling cycles shall be-approved-by-the-Purchaser.

4.7 Pressure and Thermal Environment

4.7.1 Equipment. All pressure and temperature indicating equipnment'shall-be adjustedlin accordance
with the instrument manufacturer's instructions.

4.7.2 1111 Cycle. CLASS A: The cycle shall be 2050 0 ± 250 F (1H10± t-449Q -for 2-hours minimum
under a pressure of 14,000 psi (97 MPa) minimum.

CLASS B: The cycle shall be conducted at a-designated-temperaturein the range of
20500 through 2225OF (1121" to 1218 0C). The selected temperature-andpressure-cycles-are subject-to
Purchaser approval. The temperature shall be controlled within ±250F (+l40C)-

4.7.2.1 The temperatures and pressures slall be continuously measured-and recorded with respect to time
during the entire ll11 cycle. The use of multi-point recorders with a-periodic-print-out of-five minutes
maximum per thermocouple and pressure gauge is permitted.

4.8 Density

4.8.1 CLASS A: HIP parts shall have a density greater-than 99.9-percentof the-density-of the HIP test
sample fabricated from the same powder lot, powder heat,-or asterpowderzblend aszspecified in PITF47
CLASS A.

CLASS B: As.compacted preforms shall have-a-density greater than 99.7-percent-of the density of
the test sample fabricated from the same powderlot,-powder heat, ormasterpov der blend-as specified in
PITF47, CLASS A.

4.9 Grain Size

4.9.1 CLASS A: lllP parts shall have a-uniforni average-grain -size- of ASTM-No. 8 or-finer with no
outlining of prior particle boundaries. A typical acceptable IIIP inicrostructure-is shown-in:Figure -120.
Unacceptable II microstructures are shown in Figure-121. Glossy prints-are-available from -the Purchased upon
request.

CLASS B: As.compacted preforms shall have-a tiniform-average-grain-size-of ASTM No. 3 or finer.

S1 4.10 Decanning

4.10.1 flIP containers and associated diffusion zones-shall-be-completelyremoved -by-a method approved
by tie Purchaser.

S302



4.11 Re.IIIP

4.11.1 Re-IIIP procedures, when permitted, shall-be as defined ini a Quality Control Plan aipproved by -tie
Purchaser.

412 Inspections and Tests

4.12.1 All inspections or tests-required by the drawing or applicable specifications shall be performed.
The results of these inspections or tests-shall meet-the requirements of the drawing or applicable specifications.

4.12.2 Sample parts or representative material shall be evaluated with respect to microstructure and

density to the requirements of tile drawing-or applicable specification.

4.13 Records

4.13.1 All records and test results-for-each hot-isostatic pressing treatment shall be maintained for
Purchaser surveillance. These'records shall'include at least tile following information:

a) Purchaser identification-of parts-ormiuaterip! treated
b) Part or material -alloy designation
c) Autoclave identification
d) Container fabrication- and cleaning-procedures
e) Loading procedures-including-fixture tnatclials and part placement
f) Instrumentation procedures-includin" thermocouple type and placement
g) Pressure records
I) Temperature records
i) Time between sealing-container and loading-into autoclave
j) Powder container-material and containerremoval procedures
k) Pressure media
I) Metallographic-evaluation- results
m) Visual inspection -results
n) Vacuum induction melt-number,-powder lot-number, powder heat number, and master powder

blend number
o) Quantity of material retained on-ASTM-No. 40 sieve (see 4.3.3)

4.13.2 Records shall be maintained-to-provide traceability for each serialized part. Each part-shall-be

traceable to a particular hot- isostatic pressure-treatment, date, time, autoclave, and location within the
autoclave.

S. QUALITY ASSURANCEPROVISIONS-

5,1 General

5.1.1 All qualifications shall-be the-responsibility-of the prime hardware vendor. Prime vendors may
request approvals- through the- Purchaser. The-vendor shall be responsible for all testing and shall sign all

necessary forms which certify-thatqualification in -accordance with this specification has been attained.

5,1,2 Procedures for equipment qualifications, if other than those required by this specification, are
subject to approval by tihe Purchasei.
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5.1.3 The Purchaser reserves the right to observe any of the qualification tests required by this specification
to determine conformance-to-this specification.

5.2 Preheat Furnace and-Autoclave Qualification

5.2.1 Temperature Uniformity. All preheat furnaces and autoclaves sliall be-qualified for working zone
temperature uniformity-priorito use for production hot isostatic pressing. All preheatfurnaces and autoclaves
shall be requalified after anyalterations to the equipment which may affect temperature uniformity.
Requalification may-be on-a working load.

5.2.1.1 When approaching thermal equilibrium, per 5.2.2, none of the load temperature readings shall
exceed the selected control-tenperature by more than 25°F (140C). After thermal equilibrium is reached, the
maximum temperature variation-of any load test thermocouple shall not-deviate fromzthe selected control
temperature by more than ±250F (+14 0C).

5.2.2 Qualification Procedure. Temperature uniformity tests shall be conducted with the preheat furnace
or autoclave containing a-representative production load of parts or miiaterial-and a typical production pressure.
The test shall be mnade-using calibrated test-thermocouples and a potentiometer type measuring instrument
with a minimum sensitivity of0.02-millivolt. The eadouts of the test therl ocouples-shall be properly
corrected as determiiinedbytlie thermocouple calibrations. A minimum of three-testthermocouples or one
per each 5 cubic feet (l .4-m3)ofrworkingzone, whichever is greater, shall be-used for determining the
temperature uniformity. When more than three thermocouples are-required, the-additional thermocouple
locations shall be-symmetrically-distributed within the working zone. The i-itial-qualification-shall be
performed-over a temperatre-range-considered for the product as agreed-upon by-Purchaser-and vendor for
the preheat furnace-or autoclave. -Requalifications shall be performed at a convenien~temperature within the
operating- range. The temperature-of all test and control thermocouples shallibe -recorded- at-5 -minute intervals
starting immediately after-ciarging-the test load to the preheat furnace or-autoclave. Temperature measure-
ments shall-be continued- Fo at-least -1/2-hour after the control tiermocouple-indicates tliat- thermal equilibrium
has been reaclied-so-tliat the-recurrent temperature pattern of the preheat-furnace orautoclave can be
determined. In addition, IIIP quality control sampies of powder from a single powder lot, powder heat, or
master powder blend, conforming to-a configuration agreed upon by vendor and Purchaser, shall be positioned
at the center and-extremities-of the-working zone during the qualification-run. The-samples shall contain
powder conforming to-Pl1F47, -CLASS A, and shall be fabricated per the procedures-outlined in 4.2 and 4.3.
Metallographic and density examinations shall be conducted on these compacts-to ensure -uniformity of
operating-conditions.

5.3 Temperature-Measurement and Control Qualification

5.3.1 Instruments. All instruments used for temperature measuremrent-shallhave-an indicated temperature
accuracy-of ±0.25-perceutof the-maximum operating temperature over the-entire-operatiig-temperature range.
All instruments used for temperature control shall have an indicated temperature-accuracy-of-0.5-percent of
the maximum operating-temperature over the entire operating temperature-range. The indicated temperature
accuracy of each instrument shall-be determined in accordance with the equipinent manufacturer's recommen-
dations and using a known-emf input of suitable accuracy. After the initial qualification, all instruments shall
be requalified at least every 30 days, unless otherwise agreed upon-by the vendor and- the- Purchaser.

5.3.2 Thermocouples. -Prior to each use, all thermocouples shall be capable ofimeeting-the temperature-
electroinotive force- requirements- of ASTM E230 for special grade wire as-deterinined-by suitable test methods
and requalification intervals.
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5.4 Pressure Indicating Instrument Qualification

5.4.1 All-pressure indicating instruments shall be-checked in accordance with the equipment manufacturer's
recommendations. The equipment's performance shall-be -within the limits supplied by the equipment
manufacturer. After the initial qualification, each instrument shall be requalified at least every 6 months.

5.5 Process Qualification

5.5.1 Prior to production processing, detailed -process procedures and results of test samples shall-be
submitted-to the Pivrchaser for approval.

5.5.2 Process procedures shall include the same information required by 4.13.1.

5.6 Records

5.61 Allrecords and test results shall be mjintained for-Purchaser-surveillance. A special process certifi-
cation-form(s) shall-be posted near the autoclave-and othe~necessary components after qualification- indicate
compliance with this specification. The form(s)-shall-contain-the following minimum information:

a) Type-of equipment
b) Equipment manufacturer where applicable
c)- Equipment model and serial number where -applicable
d)- -Equipment location
e)- Statement indicating compliance with this specification
) Signature-of vendor's qualifying agent

I
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APPENDIX II
PROCESS CONTROL PLAN

VENDOR A VENDOR-B

POWDER PRODUCTION-

A. Input Material- PITF47 PITF47

a. Purity C50TF64, PITF47 C50TF64, PITF47
B. Crucibles Refractories Vendor Internal Spec. Vendor Interrnal-Spec.

a. Type

b. Material

c. Replacement- Rate

C. Melting Parameters PITF26 -PITF26-
D. Atomization- Parameters Vendor Internal Spec. VendorInternal Spec.

a. Nozzle Design

b. Pour Temperature

c. Gas Pressure
E. Powder Characteristics Vendor Internal Spec. VendorInternal- Spec.

a. Reproducibility ofFMesh Size -Vendor Internal Spec. Vendorlnternal -Spec.
b. Flow Rates Vendor Internal Spec. Vendorinternal-Spec.
c. Tap Density Vendor Internal Spec. -Vendor Internal- Spec.

*d. Particle Size-Distribution- C50TF64 C50TF64
F. Chemnical Analysis

a. Procedures-for Major-Elements C50TF64, PITF47 C50TF64
b. Oxygen, Nitrogen C50TF64, PITF47 CSOTF64}c. Trace-Elements P29TF19 P29TF19-

I. POWDER HANDLING

A. Source of Contamination!During: Vendor Internal Spec. Vendor~Internal Spec.

a. Removal from Atomnization

b. Transfer to-Screening-Room-

c. Screening

4d. Deorganization

e, Container Filling

i -. f. Blending

g. Sampling
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VENDOR A VENDOR B

B. Screening Procedure Vendor Internal Spec. Vendor Internal Spec.

a. Sizes-Used-

b. Cleaning Procedures for
Screens and Vibrators

c. Lot Size

d. Time andzDegree of Agitation

e. Screen Inspection and Calibration

C. Deargonization Procedure Vendor Internal Spec. Vendor Internal Spec.

a. Vacuum:-Level

b. Time

c. Temperature

d. Handling Procedures

D. ContainerEilling-Procedure Vendor Internal-Spec. Vendor Internal Spec.

a. Facilities

b. Vacuum Level

c. -ContainerCleaning Procedures
d. Vibration-Parameters

e. Sealing Technique

f. ContainerVolume
Measurement

g. Reproducible Filling
Technique

Ii. Leak Check Procedure

E. Storage Procedure (Powder and Vendor Internal Spec. Vendor Internal Spec.
Filled-Container)

a. TransientProcedures
b. ContainerCleanliness1= c. Shelf Life, Storage

-Environment

III. HOT ISOSTATICPRESSING P7TF5 P7TF5

A. Parameters Vendor Internal Spec. Vendor Internal Spec.
a. Time-Temperature-Pressure

t Profile Vendor Internal Spec. Vendor Internal Spec.

b. -Pressurizing Gas Vendor Internal Spec. Vendor Internal Spec.

c. Post-lllP Cooling Rate Vendor Internal-Spec. Vendor Internal Spec.
-[td. Special -Con tainer - Secondary

Pressing-Media,-Pumnp Down

Procedure Vendor Internal Spec. Vendor Internal Spec.
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VENDOR A VENDOR B

e. Thermiocouple- Location -

Tempe rature, Measurement P21 TF7 P21I TF7

IV. HEAT TREATMENT C50TP64, P IOTF I C50OTF64, P IOTF I
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APPENDIX III

PRODUCT ACCEPTANCE PLAN

CHARACTERISTIC REQUIREMENT METHOD

A. Chemical Composition C50TF64, Par. 3.1.2 Standard-ASTM Methods

B. Cleanliness CSOTF64, Par. 3.8.1 ASTM E45

C. Microstructure

L. Uni formnity of Grain- Size C50TF64, Par. 3.5.1 ASTM ElI2-

2. Prior Particle -Boundary C50TF64, Par. 3.5.1 ASTMEI-12
Outline

D. Density (Forged-Sample-of
HIP'e Master Powder
Blend =100 Theoretical
Density)

I. As.HIP'ed

a. QC Center Slug-Disks C50TF64 Par. 3.6.1 BuoyancyMethod per
(min. 99.9% of Theoretical ASTM-B31-1-
Den.-ty) Modified:ASTM B311I

b. Parts

2. TIP Response C5OTF64, Par. 3.6.1 Same-asWD;(a)-
(Density must not decrease
by more than 0.3%)

3. Procedures Correlation of D.L (a) and Statistical Analysis
D.1 (b) will be made

E. NDT SufcCodtoPeDrwns1A1634tadrMehd
L Ultrasonic

a.SraeCniinPrDaigs1A 634Sadr-ehd
and -355.-P3TFI with 40% P3TFI ClassfA
-Rejection Amplitude per
Drawings.

b. Requirements Standard-Metho ds
P3TFIf Class A-
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CHARACTERISTIC REQUIREMENT METHOD-

2. Fluorescent Penetrant C50TF64, Par. 4.11 P3TF2 Class D

Inspaction

F. Mechanical Propert.es C50TF64 C50TF64

1. Tensile Par. 3.3.1 Par. 4.3.5

2. Stress-Rupture Par. 3.3.2 Par. 43.6

3. Plastic Creep Par. 3.3.3 Par. 4.3.7

4. Low-Cycle Fatigue Par. 3.3.4 Par. 4.3.8

5. Cyclic Rupture Par. 3.3.5 Par. 4.3.9-

6. Hardness Par. 34.1 Par. 4.4 - ASTM-No. 10

G. Dimensional Inspection Must Conform to Drawing Standard-Methods

Ii. Records and Documentation C50TF64, Par. 3.9.1 and Standard Identification

3.10.1 + HIP Cycle and Disk
Location in Autoclave by S/N
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APPENDIX-IV
MEASUREMENT SENSITIVITY FOR-DENSITY DETERMINATION

The density measured by the buoyancy ihdod is given by:

pf WA
A

whlere

PS= Density of solid

pf = Density of immersion fluid

_WA =Weight of specimen in air

W -Weigh,. of specimen in water

Differentiating:

aps 5 z aps
Of + dWA 3 W f -(2)

From Iland 2:

WA Pf WA ~ f~
WA-WA- zPp + -f

(WA -WfY (WAWf

Combining-I and-3:

AP5  'APf PS -Pf AWf Ps -Pf AWA
ps pf Pf - + Pf W

Equation 04)-describes-the-change in) the density of specimen-due-to change in the density of fluidAp
error in -weighing-in -fluid AWf, and lte error in weighing-in-air AWA.

In order-to comply with the specification requiremient-of a 99.9-peicent densqity:
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However, since Asis also dependent on-the other variables* besides the errors-in-weighing in air and water,
the actual allowable change should not be mnore that) 10 perccnt of 10,3 , i.e., 10-4

Using-water nieasured to an accuracy of C0C:

3 x10'

and since

P fI for Rene' 95 and water-is 7.3.

Equation-(4) is:

104 x-10*5  + 7.3 x -+ 7.3

Assumning:

AWf W

Wf WA

AWA
A 10.6

-WA

Thius,-abalance sensitive enough to detect- 5-mgvariation in a 50 kg load-is required.

*Somc of-the other factors affecting the density determination are:

Bubble attachment to specimen
-Capitlary-force in wire

Viscosity-of liquid
= -Specinien-temperature

Buoyancy of wife
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