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FOREWORD

This report describes work performed by the Pratt & Whitney Aircraft
Division of the United Technologies Corporation for the Lewis Research
Center of the National Aeronaubtics and Space Administration under Con~
tract NAS3-1971h and NAS3-19732. The program was administered for Pratt
& Whitney Adreraft by Dr, K.D. SBheffler, Program Manager, with assistance
provided by Mr. J.J. Jackson and Mrs, D.A. Boychuck, Airfoil Stress
Analysis was performed by Mr, J.V, Ruberto under the supervision of

Mr. M. Sette., Root Stress Anmlysis was performed by Mr. W.H. Ask under
the direction of Mr, J., Rieder, Mr, A,E, Gemma acted as a consultant
for both of these analytical programs, Dr. M,L. Gell and Dr. G.R.
Leverant acted as technical consultants %o the program. The NASA Pro-
ject Mapager was My, F.H, Harf, with Dr. H,R, Gray acting as consultant,
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1,0 SUMMARY

The objective of this program was to evaluate the capability of the direc-
tionally solidified v/y¥' - §, lameller, eutectic alloy to sustain the air-

foil thermal fatigue and root atbichment loads expected in advanced, hollow,
high work turbine blades. To accomplish this objective, finite element, elastic
stress analyses were performed on typical advanced turbine blade and root
designs. Resulits of these analyses were used to establish test parameters

for thermomechanical fatigue,and root subcomponent tensile, creep, and low
cycle fatigue tests on eutectic specimens, and to evaluvate the test resulis

in terms of predicted blade life., Results of these studies are summarized

in the following paragraphs.

1.1 STRESS ANALYSIS

Three dimensional finite element elastic stress analyses which reflect the aniso-
tropic physical and elastic properties of the directionally sclidified (p.8.)
eutectic were performed in the airfoil and root-platform areas of typical
advanced, hollow, high work D.S. eutectic turbine blades. The primary cbjective
of the airfoil stress analysis wes to determine the maximum spanwise (parallel

to the blade axis) and chordwise (transverse to the blade axis) thermomechanical
strain ranges and the strain-temperature phase relationships in an advanced,

film cooled hollow eutectic airfoil, Results indicated maximum strain ranges

on the airfoil are compareble to those that would he obtained for the same airfoil
made from D.S. Mar-M200+Hf, an advanced D,S, nickel base superalloy. In the span-
wise direction, & meximum strain range of 0.0016m/m was celculated in the eutectic
airfoil, as compared to a D.S. Mar-M2OO+Hf strain range of 0.0020m/m, The
spanwise strain-temperature phase relationship tended toward Cycle I (maxi-

mum tension applied at minimum temperature, maximum compression applied at

maXimum temperature). A maximum chordwise strain range of 0.0018m/m was
calculated for the eutectic blade, as compared to 0.00lkm/m for D.S. Mar-

M20O+HE, with the chordwise strain-temperature phase relationship tending

toward a symmetrical cycle shape (i,e., maximum tensile and compressive

strains both occurring at an intermediate temperature).

Based on results of an earlier program (Contract NAS3-17811), which indi-
cated that the design-limiting property of yv/y' - 8 might be intermediate
temperature strength in shear parallel to the solidification direction,
attenbion in the root-platform analysis was focused on determination of
maximm radial shear stresses in an advanced eutectic attachment design.
Analytical results indicated local (concentrated) shear stresses approxi-
mately double the ultimate shear strengbh of y/v' - § at the maximum blade
pull, As indicated in later paragraphs, where results of root subcomponent
tests are discussed, the load carrying capability of the eubectic attachment
was found to be significantly above that predicted from the stress analysis,
primarily because of local inelastic relaxation of concentrated stresses,
which was not reflected in the linear elastic stress anelysis.




1.2 THERMOMECHANICAL FATIGUE TESTING

Results of thermomechanical fatigue tests conducted on coated* longitudinal
and transverse y/y' - 8 D,S, eutectic specimens using strain-temperaeture
cycles calculated for the advanced eutectic airfoil indicated that the eubec-
tic thermel fatigue properties should be adequate for advanced hollow blade
applications, provided large transverse Cycle I strains do not occur. Large
strains of this type were not found in the blade analyzed. The life-limiting
thermal fabigue properties were measured on & transverse specimen conteining
a similated cooling hole, Predicted TMF life for this mode of failure was

on the order of 14,000 between 471 and 910°C (880 and 1670°F) for the part-
icular advanced blade studied. Specific test resulis leading to this life-
time prediction are summarized in the following paragraphs,

Results obtained on smooth longitudi fatigue specimens tested with the
caleulated spanwise advanced blade strain-temperature cycle indicated a

strain range on the order of 0.0050m/m for 10% cycles to failure, This

strain range is more than 3 times the maximum calculated blade strain range

of 0.0016m/m. Increasing the cycle temperature from the 504-938C (940-1720°F)
calenlated range to a range of 427-1038C (800-1900°F) caused a slight reduction

of properties, to an estimated 10" cycle strain range of about 0,00i4m/m, The
application of 427-1038C (800-1900°F) Cycle T loading caused a larger reduction

of smooth longitudinel fatigue properties, wita an extrepolated 10* cycle strain
range of 0.0025m/m being obbained with this type of loading. The significant
smooth longitudinal property reduction found with Cycle I loading was abtiri-

buted to the influence of cycle shape on coating crack initiation, with the :
occurrence of high tensile strain at low temperatures being the driving force i
for early coating failure,

Testing of longitudinal “showerhead" specimens which contained an array of
simulaeted leading edge cooling holes essentially eliminated the influence o

cycle shape and temperature range on IMF life, with the strain range for 10
cycles to failure being on the same order as that estimated for smooth

Cycle I loading (R0.0025m/m). Apparently the stress concentration caused

by the presence of cooling holes provides a sufficient driving force for

crack initiatlon to eliminate large differences caused by the influence of

cycle shape on smooth specimen coating crack initiation. The longitudinal
thermal fatigue properties of the eutectic showerhead specimens were comparable
to those exhibited by B1QOO+Hf, & typical conventionally cast nickel base superall

As with smooth longitudinal specimens, cycle shape and btemperature range
were found to have a significent influence on smooth transverse TMF pro-
perties., Smooth transverse tests conducted with the calculated chordwise
blade cycle indicated a strain range on the order of 0,0030m/m for a 104
cycle blade life, Increasing cycle temperature and changing the eycle
shape to Cycle I reduced the 107 cycle strain range to respective values
on the order of ,002L and ,0015m/m. While the Cycle I result is below

% ~ 6UPm(2.5 mils) NiCrAlY + = 6um (0,25 mil) Pt.




the maximum calculated chordwise strain range, it is above the maximun
chordwise strain range of 0.0012m/m calculated for Cycle I type loading,
and does not represent the life-limiting thermal fatigue mode for the
blade analyzed, The life limiting thermnl fatigue mode was found on &
specimen which contained & simulated cooling hole and was tested with
the calculated chordwise engine cycle. Resulis of this test indicated

a thermal fatigue life on the order of 14,000 cycles for the particular
advanced hollow blade analyzed, It should be noted that thie prediction,
a8 well as the transverse Cycle I projection, are based on extrapolation
of short time data obtained at relatively high strain ranges, and that
additional testing would be desirable to confirm these predictions,

1.3 ROOT SUBCOMPONENT TESTIS

Results of tensile, creep, and low cycle fatigue pull-oubt tests conducted
on coated eutectic subcomponent attachment specimens indicabte that sus«
tained load (creep) shear pull-out of the entectic root will likely be

the design limiting property of v /y' - & for advanced blade applications.
As mentioned previously, results of tensile pull-out tests conducted at
760C (1400°F) indicate the short-term load carrying capability of a eutec-
tic attechment to be significantly above that predicted by the linear
elastic stress analysis, Triplicate pull tests indicated a failure load
on the order of 356kN (80,000 1b.) for the blade analyzed, with failure
occurring by tooth shear. When analyzed in terms of fully distributed
tooth shear stress, this failure load corresponds to a shear stress very
close to the 386MPp (56 ksi) ulbtimate shear strength of the eutectic com-
position tested, indicating that local plastic deformation fully relaxes
the high concentrated stresses calewlated in the linear elastic stress
analysis,

While some difficulty was encountered in root LCF testing of the eutectiec,
test results indicate the LCF life of the advanced eutectic attachment

to be at least 3000 cycles at the 222kN (50,000 1b,) maximum blade puil.
This result is considered marginal in terms of advanced hollow blade appli-
cations.

As mentioned above, the design limiting property of the eutectic appears

to be the sustained load carrying capability of the attachment., Sustained
load pull-out tests conducted in the anticipated operating temperature

range of T60-700C (1400-1300°F) resulted in pull-out lives in the range

of 4 to 20 hours, which is not adequate for an advanced blade applieation,
The concept of a fabricated blade having a D.S., eutectic airfoil bonded to

a superalloy root therefore is proposed as the best approach for the success-
ful application of y/¥' - & 88 a hollow blade material in advanced turbine
engines, Implementation of this coneept is considered to be within reach

of current bonding technology.




2.0 INTRODUCTION

Advanced gas turbine engines which will operate with increased turbine
inlet temperatures and/or increased rotor speeds (higher blade stresses)
will require turbine materials with strength and temperature capabilities
beyond those of current generation nickel base superalloys, Directionally
solidified eutectic superalloys containing NiCb (8 phase) reinforcing
platelets in an NigAl (v') strengthened nicke€l-chrome matrix have a potential
temperature advantdge of 56 to 83C° (100 to 150°T) at a given stress (or

40 to 60% increase in load carrying capability at a given temperature)

over thebest directionally solidified nickel hase superalloy and thus are
prime candidates to meet the challenge of advanced turbine material require-
ments.

Advenced high work turbine blades will be hollow to reduce weight and to
permit internal cooling, and will contain arrays of cooling holes %o pro-
vide film cooling of the outer airfoil surface, Demonstration of the 6-
strengthened D.S, eutectic (y/fy' - §) as a viable advanced turbine material
requires additional characterization of mechanical behavior to evaluate the
capability of this alloy to sustain the airfoil thermal fatigue and root
attachment loads imposed in this type of advanced design. To meet these
requirements, this program was conducted to generate the appropriate stress
analysis for these advanced turbine blades and to initiate the required
laboratory testing for evaluation of key mechanical properties,

The analytical effort involved calculation of anbticipated thermal fatigue
strain-temperature cycles, as well as root stress distribution, in advanced
high work eutectic turbine blades, using a three dimensional finite element
analysis technique which accounts for the anisobropic elastic properties of
the D,S, eutectic., The experimental effort included thermomechanical
fatigue testing of longitudinal and transverse y/y! - & D.S. eubectic speci-
mens with and without simulated cooling holes using the strain-temperature
cycles determined from the stress analysis., Root subcomponent tensile,
creep, and fatigue tests also vwere conducted to evaluate the advanced blade
attachment capability of y/y' - 8. Based on results of these tests, life-
time predictions were made for advanced, hollow, high work D.S, eutectic
turbine blades,




3.0 STRESS ANALYSIS

The cbjective of this task was to determine the distribution of stress and
strain in the airfoil and root-platform areas of advanced, hollow, high

work D.8. eutectic turbine blades, using analytical methods which reflect
the anisotropic physical properties of the D.S. ¥/y'-b eutectic alloy (see
Appendix). The general approach to achlevement of this objective involved
the use of o three dimensional linear elastic finite element computer pro-
gram, ASKA (Automated System for Kinematic Analysis), Applicetion of this
technique involves break-up of the root-airfoil structure into a discrete
number of three dimensional elements having directional characteristics
representative of the anisotropic elastic properties of the eutectic alloy,
Thege elements are connected at a discrete number of nodes to determine the
responge of the structure to applied loads or displacements. Definition of
the finite element bresk-up is accomplished through use of an ASKA preprocessor
which generates, lsbels, and assembles the nodes and elements into a
mathematical model of the structure. Equilibrium equations are written for
each node in terms of elements connected to that node and any external forces
and boundary conditions that may be applied. The resulting system of simul-
tanecus equations representing all nodes used to define the structure is
solved to determine mechanicel ard/or thermal displacements associated with
the applied loads. Stresses in each element are calculated from displacements
using the known anisotropic elastic constants. Specific application of this
technigue to the eutectic airfoil and root-platform structures is discussed
in the following sections,

3.1 AIRFOIL ANALYSIS

The objective of the airfoil analysis was to identify the location and magni-
tude of the most severe temperature-strain (thermal fatigue) cycles in a
typical advanced, high work turbine blade, using the ASKA three dimensional analysis
described above. The blade geometry selected for this analysis is an

advanced design incorporating a large airfoil curvative (high cember) to-
gether with a high degree of film cocling provided vie a large number of

small cooling holes distributed over the entire airfoil surface (Figure 1).

The approach to calculation of the strain and temperature distribution in

this blade involved an ASKA finite element heat transfor analysis at a number
of transient and steady state operating conditions to cetermine the temperature
cycle and thermal expansion strains experienced at various locations in the
airfoil., This information, coupled with variations of centrifugal load
through each operating point, provided the desired information concerning

the variations of strain and temperature through a typical engine operating
cycle,

External boundary conditions for the heat transfer analysis were established
by engine performance requirements analysis, which defines the temperature,
pressure, and velocity distribution of the combustion gas envelope surrounding
the airfoil, Inbernal boundary conditions were based on the amount of heat
extracted from the interior by the cooling air, which is established on the
basis of previous experience with similar blade designs.

*Additional information concerning this technigue may be found in the
ASgA Users Reference Manual, ISD Report No. 73, available from the
University of Stuttgart, Stuttgart, Germany, 1971.
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The three dimensional finite element anslysis performed on the airfoil ubilized
the Hexc 20 element of the ASKA program. This element is a 20 noded isopara-
metric three dimensional element as shown in Figure 2, The structural model

vag built from 56 element groups consisting of nine elements per group assenmbled
in a spanwise (radial) airfoil orientation, The airfoil wae completely defined
with 5206 nodal points resulting in 8012 unknowms and 208 suppressed degrees of
freedom. Figure 3 shows the resulting modeling of the concave and convex walls.

Input at each node included the temperature dependence and anisotropy of the
material properties (see Appendix). The three dimensional thermal loads were
applied using thermal strain components at the nodal locations, Centrifugal
loads were applied at the nodal location on an elemental basis, Iach of five
steady state and transient cases analyzed consisted of a unique set of thermal
and centrifugal loads and reflected the required changes in material properties
resulting from changee in the three dimensional temperature distribution.

Results of the airfoil strain-temperature analysis indicate that the maximum

normal strain ranges calerlated in the x, y, and z direction occur at different
locations on the airfoil.* Magnitudes of these strain ranges (see Figure 1) are
£zx=0,0018m/m, Aey=0.0012m/m, and Aey=0.0016m/m, respectively (Teble 1). The
complete strain-temperature cycle (peanut curves) corresponding to each of the

sbove strain ranges is shown in Figure 4, In the case of Ae, and Ay, the maximum
tensile strain ocecurs at or near the minimum temperature in ¥he cycle and the maximum
compressive strain at or near the maximum temperature in the cycle (i.e., TMF

eycle I}, For Aey, on the other hand, the maximum tensile and compressive strains
occur at an intermediate temperature (i.e., & "baseball" TMF cycle). For comparative
purposes, results of a parallel analysis for D.S. Mar-M200+Hf, an anisotropic nickel
base superalloy that is bill-of-material in advanced P&WA engines, are included in
Table I. While fey is larger for D.S, Mar-M20O+Hf (0.0020m/m vs. 0,0016m/m) and

Aeyx for ¥/y'-8 (0,0018m/m vs. 0.00l4m/m), these calculated values indicate similar
thermally-induced strain ranges for the two anisotropic alloys. Results of thermo-
mechanical fatigue tests conducted on the D.S. ¥/¥'«d eutectic alloy with temperature
gtrain cycles of the types identified above 8re discussed in section k.

3.2 ROOT-PIATFORM ANALYSIS

The objective of the root platform analysis was to determine the magnitude and dis-
tribution of stress in the root and platform areas of the advanced, hollow
eutectic turbine blade attachment illustrated in Figure 5, using a finite

element method which accounts for the anisotropic elastic properties of the
eutectic. In a separate section (Section 5.0? experimental root subcomponent
tests are presented for comparison with the analytical results.

Becauge large load and stress gradients ncrmally exist in turbine blade attach-
ments, the accuracy of a finite element root stress analysis depends on the
fineness of the elements used to represent the structure. The available core
capacity of current generation computers limits the degree of refinement which
can be achieved with a ‘three dimensional analysis such as the previously des-
cribed ASKA, A two-step approach, thereiore, was used for the eutectic blade
analysis. A three dimensional ASKA analysis of a coarse break-up was first
performed to define the overall load distribution in ‘the blade. Based on these

*¥The specific positions on the airfoil at which these cycles are found are
classified information, cobtainsble on reguest by persons having a confidential
security clearance and a need to know.
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results, a refined two dimensional enalysis was performed to accurately cal-
culate local stresses in eritical areas of the root.

To insure correct simulation of attachment stresses in the sepmrate experimental
program, two root stress analyses were performed; one on the actual root-airfoil
. configuration (Figure 5), and the other on the root configuretion machined in
the end of the test block used for subcomponent testing (Figure 6)., Ioad distri-
butions from the root-airfoll anelyses were compared with the root subcomponent
analysis to determine the degree to which the experimental test simulated the
stresses developed in the blade root.

Shown in Figure 7b ie a perspective view of the root model used for both the

blade and the test specimen 3D analyses, Included in this illustration are the
twenty nodes agsociated with a typical ASKA Hexc 20 element used to construct

the model. The mating disk-lug model is shown in Figure 7Ta. The elastic constants
Tor Vaspaloy, & typical nickel base disk material, were used in celeulation of

the lug displacements. Boundery conditions imposed on the mated root and disk-

lug are illustrated in Figure 8. The disk lug is fixed (no displacements permitted)
at the bottom, with only radial and axiel displacements being permitted along the
centerplane of the lug.

For evaluation of stresses in the root subcomponent test specimen, a uniform
displac.ment was applied to the top surface ghown in Figure 8, Stresses in
the actual blade attachment were calculated by application of calculated sub-
platform blade displacements to this same model. Calculating the subplatform
displacements was accomplished by the application of body forces (centrifugal
loads) to each element of the blade and platform model shown in Figure 9,

Based on results of an earlier study,1 which indicated that the design limiting
properties of v/v'-b may be intermediate temperature strength in shear applied
parallel to the solidification direction, primery attention in the analytical
study was focused on determination of radial (parallel to the blade axis) shear
stresses in the teeth, Shown in Figure 10 are local (concentrated) shear stress
levels determined from the ASKA (3D) analysis at various locations near the

top surface of each tooth. Comparison of results from the blade with results
from the test specimen indicates significant differences between local values
of shear stress. While some of this difference results from centrifugal loads
developed within the root, and not simulated by the application of a2 uniform
load to the neck of the test specimen, the major part of the difference
results from the fact that the centrifugal load is not distributed uniformly

in the blade neck, Shown in Figure 11 is a plot of displacement in the neck
of the blade alt the location where a uniform displacement was sssumed for cal-
culation of test specimen stresses, These data show a significant variation

of displacement (and hence stress) between the convex and conceve sides of the
blade as well as along each side. This non-uniform distribution results from
the complex stress pattern which exists at the interface between the root and
the airfoil (Figure 12). Despite the substantial variation of localized stresses
along anl among individual teeth seen in Figure 10, resultant average tooth
loads determined in the centrifugally loaded blade are relatively uniformly
distributed from side to side and among the teeth on each side (Figure 13).

Ag indicated sbove, a refined two dimensional finite element anslysis was per-
formed on the blade root to more accurately define local stresses in critical
areag of the attachment. As ghown in Figure 14, execution of the 2D analysis
involved application of boundary displacemonts celculated from the 3D analysis
to a refined two dimensional model of & mated root-half/disk lug pair. Unde-
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flected and deflected 2D break-ups of this mated pair are shown in TFigure 1k, l
vhile tooth shear and tooth bending stresses determined in the deflected model
are shown in Figure 15,

Examination of the results in Figure 15b indicates shear stresses significantly
in excess of 386MPa (56 ksi) ultimabe shear strength of the optimized yA'-8 D.S,
eutectic alloy at 760C (1400°F). This result must be interpreted in light of the fac
that the two dimensional section analyzed was taken at the most highly streesed
location of the root as defined by the 3D analysis; and that the effects of
localized plastic deformation, which would tend to "seat" the attachment in the
disk lug and spread the loading more uniformly across each tooth, are not
accounted for in the ideally-elastic analysis. As discussed in pection 5,
experimental results indicate that the effects of localized inelastic streas
relaxetion are gignificant, so that measured failure loads were considerably
in excess of those which would be predicted on the basis of results from the
linear elastic analysis shown in Figures 10 and 15.




4,0 THERMOMECHANICAL FATIGUE EVALUATION

The objective of this evaluation was to determine the longitudinal and
transverse thermomechanical fatigue (TMF) capability of v/V'-G subjected
to the types of strain-temperature cycles caleculated for an advanced
eutectic turbine blade (See Section 3.1). To achieve this objective, tests
were conducted which involved the application of synchronized, indepen-
dently programmed temperaturs and uniaxial mechanical strain cycles to

D.S. eutectic fatigue test specimens. Details of the experimental program
and test results are discussed in the following paragraphs.

4,1 EXPERIMENTAL DETAILS

The test specimen used for experimantal evaluation of TMF properties was

a tubular design incorporating interanal ridges for direct measurement and
programned closed-loop feedback servocontrol of uniaxial longituldinal strain
(Figure 16). While this specimen does not simulate possible multiaxial
strains in the actual airfoil, previous experience has shown reasonably

good correlation between test specimen and airfoil behavior., Synchronized
temperature cycling was accomplished by infra~red temperature feedback control
of an induction coupled heating apparatus. Temperature feedback also was
used to slectronically campensate the strain feedback signal for thermal
expansion, which permitted direct measurement and servocontrol of true
mechanical strain at all temperatures in the TMF cycle. All tests were
conducted at a fraquency of 0.017 Hz ( 1 minute per cycle) which provides
strain rates on the same order as these experienced during transient engine
operation. Additional details concerning the experimental technique may be
found in Reference 2.

The Wi-20.1Cb-2,5A1-6Cr-0,06C* eutectic test material was processed in two

forms for respective evaluation of TMF properties parallel and perpendicular

tu the solidification direction. Based on results reported from an earlier

NASA sponsored alloy and structural optimizetion program,” processing conditions
for both forms were selected to produce a fully lamellar (plane front solidified)
microstructure,

Castings for longitulinal test specimens (stress axis parallel to the soli-
dification direction) were processed in a previously described1 water

quench Bridgman furnace using a 1.9 cm (0.75 inch)diameter by =15 em (6 inches)
long recrystallized alumina crucible withdrawn parallel to the cylinder axis.
Based on previous experience, a solidification rate of .64 cm(0.25inch) per hour
was used to produce the desired fully lamellar microstructure shown in Figure
17a. To minimize casting cycle time, only the central 5 em (2 inches) of each
bar was solidified at this rate, with the botton and top ends being processed

at rates between 1.2 em (0.5 inch) and 2.5 em ( 1 inch) per hour. Metallographic
exsmination of longitulinal flats polished on the outside surface of each
casting and on the cylindrical core machined from the center of each hollow

T™F speeimen blank was performsd to verify the desired microstructural quality.

*Weight percent



Material for transverse TMF specimens (stress axis perpendicular to the
solidification direction) was produced in a previously described 1 modi~
fied Bridgman furnace using conventional alumine shell molds baving the
hourglass shape shown in Figure 18a, The mid-section thiclness of this
casting was reduced to promote & higher thermal gradient for achlevement
of the desired fully lamellar microstructure with the applied freezing
rate of 0.64em (0.25 inch) per hour., As indicated in Tigure 18b, & rela-
tively large pour cup was attached to the top of this casting to add
"thermal mass", which promotes higher gradients., As with the longitudinal
castings, surface examination and sectioning of the specimen core were used
o screen specimen blanks for microstructural quality. A typical micro-

structure produced by this process is shown in Figure 17b.

As shown in Pigure 1, advanced hollow blade designs typically incorporate
elaborate cooling schemes, involving numerocus small cooling holes distri-
buted over the blade surface, to reduce metal operating temperatures. To
simulate the stress concentration ceused by the presence of closely spaced
holes on the leading edge of an advanced hollow eutectic blade, selected
longitudinal tests were conducted on "showerhead" specimens which contained
a simulated leading edge cooling hole pattern (Figure 19).

Results of a prior NASA sponsored coating program indicated thabt y/v' - &
will require total surface protection for application in & gas turbine
environment. ® To simulate engin: application, all specimens were coabed
on the 0.D. with ~ 6itm (2.5 wils) of a vapor deposited NiCrAlY overlay
coating* plus m 6km (0,25 mil) Pt which was identified as the opbimum
coating system for y/y' - 8 on the previous NASA Program. = A typical
photomicrograph of this coating in the thermally exposed condition is shown
in Figure 20.

The experimental program involved & total of eighteen TMF tests, Twelve
of these tests were conducted on longitudinal specimens and six on trans-
verse specimens, Of the twelve longitudinal specimens, six were smooth
and six contained the showerhead hole pattern shown in Figure 19. While
the primary objective of the testing was to determine cycles to failure
(defined as 50% load drop) as a function of applied mechanical strain
range, crack initiation data aleo were obtained for most tests by micro-
scopic examination of surface replicas taken periodically during testing.
As discussed in subsequent paragraphs, emphasis was placed on evaluation
of TMF behavior with the engine strain-temperature relatiocnships shown in
Figure 4. However, & limited number of Cycle I tests (maximum tension
applied at minimum temperature, maximum compression applied at maximum
temperature, see Figure 21) also were conducted to determine the influence
of cycle shape on longitudinel and transverse TMF properties.

*PWA 267 specification, nominal composibion Ni-18Cr-1241-0,3Y
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k,2 TEST RESULTS
4.2,1 Smooth Longitudinal

Five of the six smooth longitudinal tests conducted in this part of the
program involved testing with the spanwise temperature-strain phase re-
lationship shown in Figure he. Two of these five tests were conducted
with the caleulated strain-temperature curve expanded symmetrically about
the mean strain to obtain data foran S-N curve, as illustrated in Figure
22, Results of these tests (Table II), plotted as open circles in Figurﬁ
23a, indicate that smooth TMF life will be substantially in excess of 10

cycles at the maximum spanwise strain range of 0.0016m/m calculated for
the advanced blade.

Because the trend for some advanced engines is toward higher operating
temperatures, a second set of three smooth longitudinal tests was con-
ducted to determine the influence of increased peak cycle temperature on
smooth longitudinel TMF behavior. For this series of tests, both the
strain and temperature ranges of the spanwise engine cycle were expanded,
again in such a way as to meintain the cycle shape shown in Figure lbc.
Results of these tests, plotted as half-shaded circles in Figure 23a,
indicate about a 75% reduction of Tatigue life as a result of the increased
temperature range. Despite this life debit, the higher cycle temperature
smooth specimen results continue to be well above the requirements for the
advanced blade analyzed,

To investigate the influence of cycle shape on smooth TVF life, & single
test was conducted with Cycle I loading (Figure 21), Results of this
test, plotted as & shaded circle in Figure 23a, indicate a substantial
influence of cycle shape on life. However, extrapolation of the Cycle

I data parallel to the S-N curves developed for the engine cycle indi-
cates that the smooth longitudinel Cycle I TMF capability of the eubec-
tic continues to be in excess of advanced hollow blade requirements,

4,2,2 Longitudinal Showerhead

Longitudinel showerhead TMF behavior was evaluated with the same three
types of cycles used for evaluabion of smooth longitudinal behavior. As
shown in Table III and in Figure 23b, the life differences resulting from
variations of cycle shape and temperature range were smaller than life
differences found on smooth specimens, In particular, the large life debit
found with Cycle T loading of smoobh specimens was not found with Cycle T
loading of chowerhead specimens, While the showerhead results generally
tended to be lower than results obteined on smooth specimens, extrapolation
of the showerhead data indicates a cyclic 1life well beyond 104 eycles at
the calculated maximum engine spanwise strain range of 0,0016m/m.
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Because of differences observed in load drop behavier for the smosth and
showerhead specimens, the showerhead date were examined in terms of 5%

load drop (& more conservative failure criterion) as well as the more
commonly used 50% load drop failure criterion. Comparison of the typical
showerhead load drop curve (Figure 24b) with the smooth load range curve
shown in Figure 2Wa reveals that, whereas the smooth specimen losd range
typically fell off abruptly very near the termination of testing, the
showerhead load range curves typically tended to drop much more gradually.
Thus, vhile the 50% and the more conservative 5% load drop failure criterion
are virtually identical for the smooth specimens, a significant difference
exists between the two criteria for the showerhead specimens. Despite
this difference, the 5% load drop showerhead results plotted in Figure

25 continue to indicate that longitudinal showerhead fatigue properties
are in excess of design requirements for the advanced blade analyzed,

4.2,3 Transverse

Transverse thermomechanical fatigue tests were conducted primarily with the
maximum chordwise engine cycle shown in Figure Ya, As with longitudinal tests,
three sets of transverse test conditions were investigated, As illustrated in
Figure 26, smooth transverse load drop behavior with all of these cycles was
similar to smooth longitudinal behavior, so that Ltransverse test resulis were
anelyzed only in terms of the 50% load drop failure criterion.

The first of the three sets of transverse test conditions involved testing
with the cycle shown in Figure ba expanded about the mean strain to develop
an S-N curve. Results of three tests conducted with these conditions (Table
IV), plotted as open diamonds in Figure 23¢, indicate that the smooth trans-
verse TMF properties of the eutectic are well above requirements for the
particular advanced hollow blade analyzed.

The second set of transverse test conditions involved expansion of the chord-
wise engine cycle about the mean temperature. The result of a single test
conducted with an expanded temperature range of 343-1038C (650-1900°F) is i
plotted as a half-shaded diamond in Figure 23c. While increasing the engine
cycle temperature range reduces the transverse TVWF capability, an extra-
polation of the avallable data parallel to the lower temperature engine

cycle curve indicates a life well above 10,000 cycles at the maximum calcu~
lated chordwise strain range of 0,0018m/m.

The result of a single transverse test conducted with Cycle I loading, which
is similar to the engine cycle shown in Figure Ub, is plotted as a shaded
diamond in Figure 23c¢. As with smooth longitudinal tests, Cycle I iocading
causes a very large debit of smooth transverse TMI properties. Based on the
previously discussed stress analysis, which indicates a chordwise Cycle I
strain range in the order of 0,0012m/m (Figure Ub), and assuming that the
Cycle I result can be extrapolated parallel to tﬁe engine cycle data,
chordwise thermal fatigue life should be abovel0™ cycles in areas of the
blade which experience Cycle I loading (see Figure 23c). It is suggested
that additiiaal data should be generated to confirm this prediction.,



Because of the relatively large size of the elemenits used for the advan-
ced hollow blade stress enalysis (Figure 3), it was not possible to accu-
rately determine whether or not the location of the maximum chordwise
strain range might be coincident with one of the cooling holes which
are distributed over the surface of the advanced blade analyzed (Figure
1)}, A single transverse test therefore was conducted using the 471-910C
(880-1670°F ) chorawise engine cycle on a specimen containing two isolated
cooling holes which were perpendicular to the load axis and were centered
in diametrically opposite .ocations along the gage section. Thls speci-
men was cycled to 1059 cycles at the maximum calculated chordwise engine
strain range of 0.0018m/m, with no cracks being detected, It was then
uploaded and cycled to failure at & strain range of 0,0037m/m, Results
of this test, shown as open diamonds with flags in Figure 23c¢c, indicate
about an order of magnitude life debit with respect to a smooth test con-
ducted with identical test conditions, Assuming that this data can be I
extrapolated parallel to the smooth duta extrapolation, & life above 10
cycles is predicted for th possible ca&se yhere the maximum chordwise
strain range occurs at a . ,0ling hole location.

Thus, depending on whether or not this situation occurs, either cooling
hole assoclabed transverse failure or chordwise Cycle I iloading appear to
represent the life limiting types of IMFcyeling for the advanced hollow
eutectic blade analyzed, with the more conservative of these two pre-
dictions {i.e,, hole associated failure) indicating a blade life on the
order of 14,000 cycles, As with the Cycle I lifetime prediction, addi-
tional transverse TMF data on Specimens containing simulated cooling
holes should be generated to confirm this prediction.

4,3 DISCUSSION
4,3.1 Smooth Longitudinal Behavior

Two separate and distinet failure modes were observed with the different
test conditions applied to smooth longitudinal TMF specimens, The first
of these was coating-initiated fatigue cracking, which was the dominent
failure mode associsted with the 504-938C (940-1T720°F) engine cycle and
427-1038C (B00-1900°F) Cycle I test conditions. Examples of this crack
initiation mode are illustrated in Figure 27, The second mode involved
failure from thermal fatigue cracks initiated at internal extensometer
ridges, This failure mode, which was dominant with the 427-1038C (800-
1900°F) engine cyecle, is illustrated in Figure 28a. As shown in Figure
28b, ridge associated crack initiation also was found in the 504-938C
(940-1720°F) engine cycle specimens which failed from coating cracks,

Comparison of the 504-938C (940-1720°TF) and 427-1038C (800 ~ 1900 °F)
engine cycle crack initiation data (Table II) indicates that increasing
the temperature range does not have a deleberious influence on costing
crack initietion life at the 0.0056m/m strain range*, While the com-
parison is not as clear at the 0.0070m/m strain range, it appears that
the change in failure mode from coating to ridge initiasbted failure must
result from the influence of temperature on substrate crack initiation
and/or propagation rate, Thus, it appears that ridge associated cracks

*Tt must be emphasized that this statement relates specifically to experi-
mental observations for the engine cycle shown in Figure lc, and cannot be
extended by implication to other cycle shapes.
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initiated in all of the smooth longitudinal engine cycle specimens, but
that ridege associated inltation and/or propagation was sufficiently
slower at the lower tempsrature to allow time for initiation and pro-
pagation of coating cracks., The reason for the occurrence of ridge
initiation, which is not frequently found in conventional and I.S.
superalloy specimens of the same design, is not clear at the present time.

The large life debit resulting from Cyele I loading is atiributed to the
influence of cycle shape on coating crack initiation. As indicated in
Table I , bhe smooth longitudinal Cycle I specimen failed from coating
initiated cracks at a2 life well below the number of cycles required to
initiate coating cracks with either of the engine c¢ycles sbudied. The
specific factors thought to be responsible for accelerated Cycle I
coating crack initiation are discussed below.

Major factors which influence coating crack initiation are the magnitude
of the maximun tensile strain in the cozting and the temperature at which
the maximum tensile strain occurs,* These factors are particularly
important if the coabing tensile strain peaks at low temperatures where
coating ductility can be relatively low. Thus, as shovn in Pigure 29,
Cycle I loading can be more damaging Lo the coating than either of the
two engine cyeles because of the lower temperature at which the maximum
tensile strain occurs.

The magnitude of the maximun tensile strain experienced by the coabing
during TMF cycling is influenced by high temperature stress relaxation

of both th2 coating and the substrate, as well as by thermal expansion
mismatch strains betwsen the coating and tha substrate. An example of
substrate stress relaxation, or "shakedown',is illustrated in Pigure 30
for specimen A76-103, Shown in Figure 30a is the measured change of
length whicu oceurred during TMF cycling of this specimen. The
corresponding shift for mean strain and stress are showa in Figure 3Cb

and 30c, while the upward shift of the effectizs strain temperature

cycle is shown in Figure 30d. The load shakedown measured for each of
the three cycles investigated on smooth longitudinal specimens is compared
in Pigure 31. It is apparent that Cycle T loading causes a significantly
greater increase of tensile strain than either of the engine cycles. As
was the case with all of the tests conducted on the program, the magnitude
of the applied strains was such that no cyelic plastic strain was experi-
enced by the specimen,.

Compounding the influence of Cycle I substrate shakedown on coabing crack
initiation are differential. coating relaxation and thermal expansion mis-
mateh strains, As discussed in more detail in Reference U, differential
high temperature relaxation of compressive stresses in the coating can
significantly increase the maximum coating tensile strain, as illustated
schematically in Figure 32, Also illustrated in this figure is the poten-
tial influence of thermal expansion mismatch strain, which can add as

much as 0,0019m/m to the 427-1038C (800-1900°F) coating strain range for
the v/y' - & - NiCrAlY/Pt system.¥*  Thus, through the combined influences
of basic cycle shape, substrate and coating stress relaxation, and thermal
expansion mismateh strain, the peak tensile strain experienced by the
coating could have achieved levels as high as 0,0075m/m at 427C (800°F)

¥T.E. Strangman , unpublished research, Pratt & Whitney Airceraft Group,
Commerical Products Division, United Technologies Corporation.
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on the 427-1038C (800-1900°F) Cycle I specimen tested at a 0,0056m/m strain
range. As shown in Figure 32, this level of tensile strain could approach
the coating fracture strain at 427C (B800°F), although additional coating
ductility data are required to confirm this possibility. The high level
of lov temperature coating tensile strain experienced in Cycle I loading
also could cause significant cyclic coating plasticity, which also would
tend to reduce coating fatigue life and contribute to the early coating
crack initiation observed in the Cycle I test.

Thus it is concluded that the relatively low smooth longitudinal

fatigue life experienced with Cycle I thermomechanical fatigue results
from high peak tensile strain experienced by the coating at low temper-
atures, which causes early initiation and enhanced propagation of coating
cracks, While additional Cycle I data would be desirable to confirm the
extrapolation shown in Figure 23z, it should be reiterated that the longi-
tudinal smooth thermomechanical Ffatigue behavior of the eutectic does not
appear to be life limiting for the particular advanced blade analyzed.

4,3.2 Iongitudinal Showerhead Behavior

As expected, examination of tested showerhead specimens showed crack ini-
tiation occurring exclusively at the similated cooling holes (Figure 33).
While initiation occurred at all locations along the hole barrel (Figure
34), a general trend was observed for preferential initiation at the
enbry and exit ends of the hole where the hole-specimen surface inter-
face geometry forms an acube angle in a plane norwal to the stress axis
(Figure 3k4a & b). By coincidence, this location on the hole barrel was
approximately co-planar for successive holes on the inner diameter (I.D.)
and outer diemeter (0.D.) surface, as illustrated in Figure 35.

The reduced TMF properties of showerhead specimens as compared to smooth
specimens and the smaller influence of cycle shape on life are attributed
to accelerated crack initiation at cooling holes,Tables II and III, This
observation is consistent with the observaitions made in an earlier sec-
tion concerning the role of crack initiation as a capgal  factor for
variations of life seen with different cycle shapes applied to smooth
specimens, Apparently the stress concentration provided by the presence
of cooling holes provides a sufficient driving force for crack initiation
to eliminate large differences caused by the influence of cycle shape on
coating crack initiation., It is interesting to note in this connection
that the smooth longitudinal Cyecle I date point, where early crack ini-
tiation was thought to occur as a result of high peak coating tensile
strains occurring at low temperatures,falls within the scatter band for
the showerhead 5% load drop results (Figure 25),

%.3.3 Transverse Behavior

Transverse TMF specimen behevior was more difficult to analyze than
longitudinal specimen behavior, primarily because it was difficult to iden-
tify the crack initiation site(s) on transverse Practure suvfaces, The
importance of initiation as a major component of transverse UMF life is
indicated by comparison of results obtained with identical test conditions
on the smooth and simulated cooling hole specimens (compare specimen ES5T6A
and E600 &, Table IV), where life is reduced about an order of megnitude

15




by hole~associated crack initiation. ZEven on the cooling hole specimen,
vwhere initiation was known, based on visual observations made through a
travelling telescope, to occur at the hole, no clear evidence of initiation
was visible on the fracture surface (Figure 36).

Based on relatively subtle differences of oxide coloration observed on
transverse TMF fracture surfaces, it is hypothesized that initiation

generally tended to occur on the uncoated I.D, surface in locations where

the aligned structure was tangent to the inside wall (Figure 37). Corrollary
evidence for initiation in this area was found in the form of secondary

cracks found on the I.D. of most transverse specimens (Figure 38), It

appears that preferential oxidation of grain boundaries and NizCb lamellae
(Figure 39) may be involved with the transverse initiation process. It

is probable that the reduced life found with increased cycle temperature
- is associated with oxidation effects, The depth of selective NiaCb oxidation
on specimen E582C (Figure 40), on the order of 200,m (8 mils), was much greater
than was found on any of the other transverse specimens (reference Figure 38 and
39 as a typical range). This observation reinforeces previous conclusions con-
cerning the need for total surface protection in turbine blade application of
Y/V’ - 6. No secondary coating cracks were found on any of the trans- :
verse TMF specimens, which also tends to support the I.D. initiation hypothesis. .

Concerning the large transverse life debit seen with Cyele I loading, two con~
tributory factors can be proposed, First, this specimen was found to be
slightly 6 (Ni3Cb) dendritic, with failuve occurring at a 8dendrite (Figure
41). Evidence for preferential oxidation of other similarly located § den-
drites was found on the I.D. surface of the Cycle I specimen (Figure 42).

The second factor thought to be associated with accelerated failure of the

Cycle I specimen was the significant shakedown which occurred very early in
testing (Figure 43). Large shakedown was not found on the chordwise engine ‘
cycle transverse specimens because both peak tensile and compressive strain® 1
pecurred in a lower temperature range (Figure 4a). The large tensile stresses |
experienced by the Cycle I specimen after shekedown were close bo the yield
stress at the minimum cycle temperature, meaning that this specimen probably :
experienced significant cyclic plasticity. For a material with limited in- i
trinsic ductility, cyclic plasticity would tend to severely reduce cyclic :
life,

Thus, it is concluded that the low transverse TMF life of the Cycle I speci-
men resulted from the combined effects of slightly deviant microstructure and
excessive shakedown which caused cyclic plasticity associated with high peak
tensile strains applied at low temperatures, It should be reiterated that
this test was conducted at thivee times the maximum calculated chordwise Cycle
T strain range, and that, based on the extrapolation shown in Figure 23c, the
chordwise Cycle I thermal fatigue properties of the eutectic should be ade-
quate for the particular advanced hollow blade analyzed. However, additional
TMF tests to confirm these findings should be conducted.
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5.0 ROOT SUBCOMPONENT TESTING

The objective of this study was to experimentally determine the capability
of w/y' - & to meet advanced hollow blade root attachment requirements.
Ag described below, the approach taken to achieve this objective involved
creep, fatigue, and tensile pull-out tests conducted on an advanced hollow
root attachment configuration machined into the end of a directionally
solidified eutectic test block (Figure 6).

5.1 EXPERIMENTAL DETATLS

The Ni-20.1Cb-2,541-6,0C0r-0.06C eutectic test material evaluated in
this program was produced using conventional alumina shell molds which
provided castings having the configuration shown in Figure Uhi, Direc-
tional solidification parallel to the root axis was accomplished in the
previously mentioned radiation cooled modified Bridgman furnace at a
rate of 0.64 cm (0.25 inch) per hour. Metallographic examination of the
casting surface and of tested specimens indicated & fully lemellar micro-
structure in the lower part of the castings from which the fir-tree con-
figuration was machined (Figure LL),

Prior to fabrication of test specimens, machining trials were conducted
to determine the optimum parameters for machining of the fir tree con-
figuration in D.S, y/¥' - 6. Results o these trials indicated the pro-
cedure specified in Tuble V as suitable for the root machining process.

To simulate application of v/y' - & with full surface protection, root
subcomponent specimens were overlay coated with = 6him (2.5 milss of
NiCrAlY., To obtain & uniform coating thickness and assure good fit-up
between the root and broach block, the uncoated root form was ground

6ty (2.5 mils ) undersize and ® 128m (5 mils) of coating was applied

to the as-ground root. The coabed root was then finish machined to print,
leaving a =~ 64tm (2.5 mils) NiCrAlY coating envelope on the eubectic sub-
strate, '

5.2 ROOT PULL-OUT TESTS

Based on the previously discussed root stress analysis (Bection 3.2),

which indicated maximum concentrated shear stresses as high as 923 MPa

(134 ksi) in the root (Figure 15), as compared to a 760C (1400°F) ulti-

mate shear strength of 386 MPa (56 ksi) for carbon modified y/y' - 8,%°

it was expected that the root subcomponent specimens might fail at loads
significantly below the maximum blade pull of 224kN (50,386 1b.). Results

of triplicate T60C (1400°F) pull-out tests (Table VI) indicate that the
subcomponent pull-out load is more on the order of 356kN (80,000 1b.), with
failure oceurring in & tooth shear mode (Figure 45), The fully distributed
shear stresses indicated in Table VI, which were calculated using the measured
tooth shear area, are very close to the 386MPa (56 ksi) ultimate shear strength
at the 760C (1400°F) test temperature, indicating that localized plastic de-
formation of the teeth fully relaxes the high concentrated stresses calcu-
lated in the linear elastic stress analysis. Based on the above results,

it is concluded that the short term load carrying capabilities of the eutec-

' tie ispdequate for advanced blade attachment requirements,
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5.3 ROOT SUBCOMPONENT LOW CYCLE FATIGUE

Some difficulty was encountered in efforts to conduet low eyele fatigue
tests on the root subcomponent specimen shown in Figure 6., This specimen
consisted of a fir-tree roob configuration machined at one end of the

test block and a threaded hole for load-train attachments tapped at the
other end. The first two abtempts to conduct 760C (1400°F) ICF tesss with
a load range of 0-178kW (0-40,000 1b ) (Table VII) resulted in splitting of the
eutectic grip block at the load-train atbachment hole, (Figure 4b6a). The
poor transverse properties of the eutectic which resulted in this failure
wera atbributed to the highly degenerate structure in the massive block
which contained the load-train attachment hole (Figure 46b). To prevent
these failures in the remaining specimens, the thick grip sections con-
taining the atbachment hole were turned down to accept a shrink-fit supsr-
alloy collar (Figure 47), This approach prevented splitting of the eutectic
grips during subsequent fatigne tests.

Using the shrink-fit collar collar approach, a specimen was fabtigve tested for
11,140 cycles at 760¢ (1400°F), 0-178kW (0-40,000 1b.), at which point a
- erack was detected in the eubectic specimen at the root of the bottom toobh
serration (Figure 48). Attempts to conduct a test at 0-222kN (0-50,000 1b.)
load (nominal blade pull) wers not successful because of failure of the
B-1900 + Hf superalloy broach block (simulated disk slot) after UTL cycles
(Figure 49). The first attempt to conduct the 0-222ky (0-50,000 1b.) test
was made using a broach block that had sceunulated approximately 12,000
cycles during the 0-178kN (0-40,000 1b.) test. The second athtempt, made
with a broach block that had not previously been used for fatigue testing,
ran 2964 cycles before failure of the broach block. In both cases of broach
block failure, the bottom tooth of the euteetic specimen was damaged when
the block failed (Figure 50) so that further testing of the specimen was

not possible. Since the eutectic specimen did not fail prior to the super-
alloy broach block failure, the LCF life of the ¥/¥'-6root configuration
tested must be greater than 2954 cycles at 760¢ (1400°F) and the maximum
blade pull of 222kN (50,000 lb.).

Based on the eutectic root fatigus resulis, it is concluded that the root
ICF properties of ’Y/‘&"-—ﬁ may be marginal for the advanced hollow blade
analyzed, with 760¢ (1400°F) root fatigus life being above 3000 cycles

at the nominal maximum blade pull. However, additional testing would be
required to define the actual roobt ICF life, A desired goal for IOF
capability is usually 5000 to 10,000 cycles at maximun conditions. Based
on the crack found in the O-178kN (0-40,000 1ib.) specimen, it appears that
the root failure mode may involve transverse cracking abt the base of the
first serration rather than tooth shear failure as in direet pull-out.

5.4 ROOT CREEP TESTS

Results of sustained load (erezep) pull-out tests on the D.S. eubectic root
subcamponent specimens are presented in Table VIII. As with the previously
discussed short-term pull-out tests, failure occurred in a tooth shear mode
identical to that shown in Figure 45. When analyzed on a Larson-Miller
diagram in terms of fully distributed shear stresses, Figure 51, the root
subcomponent creep test results are consistent with labgratory shear creep
data generated in a previous alloy development program.
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The creep results presented in Table VIII indicate that the 760C (1400°F)
creep life of the attachment analyzed is less than 5 hours at the nominal
maximuen blade pull of 222kN (50,000 1b.). A 60C (100°F) decrease of
attachment temperature increases the attachment life, but not sufficiently
for an advanced blade application. Based on the Iarson-Miller curve showm
in Figure 51, it would be necessary to decrease the atbachment temperature
to ~600C (®~1100°F), or the shear stress level to ®~117MPa (17 ksi)
{approximately 50% stress reduction) to increase atbtachment creep life
beyond 10,000 hours, not accounting for possible safety factors. While the
lower athbachment temperabure is not unreasonable in terms of some current
generation designs, it is significantly below the anticipated operating
temperature of advanced attachments. Stress reductions of the required
magnitude also are considered to be beyond the scope of available attach~
ment design techniques., TIt, therefore, must be conecluded that the sustained
load attachment capability of 'Y/V'-ﬁ is not adequate for advanced hollow turbine
blade applications. A possible approach to solution. of this problem would
involve the development of a fabricated blade incorporating a D.S. eutectic
airfoil bonded to a superalloy root. Such a development is within reach

of current bonding technology.
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6.0 CONCLUSIONS

The objective of this program was to evaluate the capability of y/N' - &
to sustain the airfoil thermal fatigue and root attachment loads imposed
in advanced, hollow, high work eutectic turbine blades, Simulabted air-
foil thermsl fatigue and root subcomponent tensile, creep, and low cycle
fatigue tests were conducted to achieve this objective. Airfoil and root
platform stress analyses were conducted to determine appropriate test con-
ditions for the experimental program,

‘Based on results of longitudinal TVF tests conducted on smooth hollow speci-
mens and on hollow specimens containing a simulated leading edge cooling
hole pattern, it is conecluded that the longitudinal TMF capability of the
eubectic is adequate for advanced hollow airfoil applications. The minimum
longitudinal properties, which were obtained on the simulated cooling hole
specimens, indiecated the strain rangse for 10T cycle life to be greater than
0.0025m/m, which is more than 50% above the calculated maximum spanwise air-
foil strain range of 0,0016m/m. Transverse TMF properties, while somewhat
lower than longitudinal properties, still appear to be adequate for the
particular advanced blade analyzed. The life limiting transverse results
were obtained on a transverse specimen containing simulated cooling holes.
Based on these rather limited extrapolated results a thermal fatigue life

of 14,000 cycles is predicted for the particular advanced hollow blade analyzed.é

Based on results of root subcomponent tests, it is concluded that the sus-
tained load (creep) properties of the eutectic in shear parallel to

the solidification direction represent the life-limiting design property
of y/y' - 6, Short time root subcomponent pull-out tests indicated an
ultimate load carrying capability 60% above the maximum pull for the parti-
cular attachment anslyzed. Root LCF properties may be marginal, while root
creep lives are not adeguate for an advanced blade application, At the mexi-
mum blade pull of 222KN (50,000 1b.}, root subcomponent pull-oub lives on
the order of 4-20 hours were measured in the anticipated operating temper-
ature range of 760 to T0O0C (1400 to 1300°F), with failure occurring by a
tooth shear mode. Based on the observation that neither reduced root
operabting temperature nor lower stress root designs could provide & large
enough root creep life improvement, it is concluded that application of
v/y' - & as an advanced turbine blade material will require the develop-
ment of a fabricated blade incorporating a D.S5., eutectic airfoil bonded to
& superalloy root., The development of such a blade is considered to be
within the reach of current bonding technology.
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TABLE T

Maximum Thermal Fatigue Strains Determined
From 3D Finite Element Analysis

Direction (Reference Figure 1)

X v Z
Masximum D.S.
Strain Range Lutectic 0.0018 0.0012 0,0016
(m/m)
D.S. Mar- 0.0014 - 0,0020
M200+Hf

22
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Reéults of Iongitudinal Thermomechenical Fatigue Tests Conducted on Smooth v/¥' - & D,8, Eutectic
IVF Specimens Comted on the 0.D. withw Blum (2.5 mils) NSCrAlY + = 6um (0.25 mil) Bt

(2)
Strain Minimum Mexdmm Cycles to First Cyeles to
Renge Temperature Temperature C-ycle(l) Surface 505 Load
mn/m ’C o “C °F Shepe Indication Drop Comments
AT6-103 0.00%6 50k glip 938 1720 8.E.C, 1527 < {1 < 2555 5224 Failed from coating crack, secondary
eracks found at extenscreter ridges
A76-216 0.0070 5ok gho 038 1720 8.E.C. 300 < £ <1260 1820 Failed from coaking crack,secondery cracks
Tound =t exbensometer ridges and on inside
diameter of gage section
AT5-813 0,0056 Yz 800 1038 1500 5.E.C, Not detected 1938 Tailed at extensometer ridge,no coabing cracks
detected
AT76-120 0.0056 ey 800 1G38 1900 s.B.C. Not detected 2220 Feiled from extensomeber ridge,no coating
cracks detected
AT6-171 0.0070 har 800 1038 1500 8.E.C, 261 < i« 562 562 Failed from extensomeber ridge,secondary
coabing cracks observed
a76-211 90,0056 hay 8oo 1038 1900 Cycle I  1<239 239 Feiled from costing crack

(1) 8.E. C, = Spanvise Engine Cycle (See Figure lc)

Cycle I ~ See Figure 21

(2) As-determined by microscopic evaminstion of surface replicas
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TABLE IIT

-

Results of Longitudinal Thermomechanical Fatigue Tests Conducted on Showerhead y/fy' - & D.S.
Eutectic TF Specimens Coated on the 0.D. with ® 6lum (2 .5 mils) NiCrAl¥+™é&im (0.25 mil) Pt

Cycles %o

. Strain Minimum Maxir um (1) Cycle?zto Cycles to
Specimen Range Temperature Temperature  Cycle First(2) sur- 5% Load 50% Load
Numbex m/m _"C_L"’I:'k °C °F Shape face Indication  Drop Drop
AT76-3130  0.0056 50k 9ho 938 1720 S.E.C, i< 109 250 351
AT6-122 0.00ko 504  gho 938 1720 8.E.C, i < 200 320 795
A76-207  0.003% 50k 940 938 1720 S.E.C. i < 1329 4600 5175
A76-12h 0.0028 504  9ho 938 1720 S8.E.C. i < 2565 hzob 8545
A76-21%  0.0040 L27 800 1038 1900 S.E.C, 576 < i < 876 1000 2520
AT6-128  o,00k0 b27 800 1038 1900 Cycle I i<101 450 592

(L) S.E.C. = Spanwise Engine Cycle - See Figure le

Cycle I - See Figure 21

(2) As-determined by microscopic examination of surface replicas
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3] E TABLE IV

& ) . .

o Results of Transverse Thermomechanical Fatigue Tests Conducted on v/¥t - 8

LR D,S. Eubectic T™F Specimens Conted on the 0.D, with & 6lum (2 .5 mils ) NiCrAlY + = 6im { 0.25 mil) Pt

=
¢ 2 Btrain  Minimm Maximim Cycles to Cycles %o
Specimen  Range = Tremperature Temperature cle (1) First Surface 507 Lead
Rumber m/m “c °F °C °F hepe - Indicatica Drop Comments
Esaaa(e) 0,005 bl 880 910 1670 C.E.C. None detected  T20 Failed in threads, no coating cracks found
on wafailed gage section
wyeal®) 00037 WL 880 910 1670  C.E.C. 821 <i<1075 1857
2
; EBTQB( ) 0,0027 k71 880 910 1670 C.E.C. 15,000 < i >15,000 Test discontinued, no indications
n Eﬁﬁzc(a) 0.0037 3h3 650 1038 19500 C.E.C. - 360 Yot replicated prior to failure
: EEBOC(a) 0. 0037 kot 800 1038 1900 Cycle I - 37 Not replicated prior to failure
E600 A-I(s) 0.0018 b 880 910 1670 C.E,C. None detected 1059 Cycling terminated-specimen uploaded,see
test E6CO A-II

E6Q0 A-n(3)o.0037 L, 8eo 910 1670 C.E.C. - 188 Uploaded from 0,0018m/m - see specimen

(1) C.E.C.= Chordwise Engine Jycle - see Figure la

Cycle I - See Figure 21

{2) Smooth Specimen

(3) Simulated Cooling Hole Test

E600 A-I for prior cycling history, not re-
plicated prior to failure
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TABLE V

General Specification for Grinding Procedures for
Machining of v/v' - & Eubectic Turbine Blade Roots

Rough grind root section to a machining envelope of +0.010" over
finished print dimensions bangent to the root tip serrations. TUse:
384-(46 to 60)-I or J-8V7 or equivalent 7" diameter x 1" wide wheel.
Remove 0,001"-0,002" per pass at wheel speed of 3600 rpm, flood
coolant - soluble oil and water,

Rough grind end faces of root to +0,010" over finish per as above
(see No, 1), Finish grind root end faces removing a maximum of
0.0005" per pass with 2 to 3 spark-oub passes.

Single point form grind & root grinding wheel to finished print
dimensions using a diaform type dresser. Use: 38a-(60 to 70)-I
or J8V7 or equivalent 7" diameter X 1" wide vheel,

Rough grind root serrations to +0.010" over finished print dimensions
with wheel from No. 3 above, redress as required. Use a plunge cub
and hand feed to remove 0,001" to 0,002" per cut., Wheel speed: 3600
rpm, flood coolant, soluble oil and water.,

Finish grind root serrations to finished print dimensions removing

a maximum of 0,0005" per cut using same parameters as No, L above.

Complete operation with 2 to 3 spark-out passes using newly-dressed
wheel,
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TABLE VI

Results of T760C (1400°F) Root Subcomponent Pull-Out Tests

Pull Out Load

Fully Distribubed

Specimen Tooth Shear Stress .
Number kN Pounds MPa, ksi
E596 368 82,750 Lo 58.2
E588 375 8,250 301 56.7
E597 359 80,750 Loo 58,0

27




Specimen

Number

E58hL

E583

E577
E578

E592

|
|
!
;
TABLE VII |
?
Results of 760C (1400°F) Root Subcomponent LCF Tests f
(Cycled from Zero Load to Indicated Maximum Load) %
i
|
Cycles 2
Maximum Load To
K Lb Failure Comments ;
|
178 40,000 487 Failure of eutectic at load- L
train attachment hole. g
178 140,000 593 Failure of eutectic at load- |
train attachment hole, %
178 40,000 11,140 Crack detected, test terminated. g
222 50,000 b7 Failure of superalloy simulated
disk slot.
222 50,000 2,96k Failure of superalloy simulated
disk slot. :
i
|
%
28 L
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TABLE VIII

Results of Sustained Load Root Subcomponent Pull-Out Tests

Fully Distri-

Applied Test buted Tooth
Specimen Toad Temperatbure Shear Stress
Number XN Lb °C °F MPa, lsi. Life, Hr,
E545 267 60,000 760 100 201 42,2 0.17
ES89 222 50,000 760 oo 232 33.7 bb
E586 178 k0,000 760 oo 192 27.8 39.5
E585 222. 50,000 700 1300 2h7 35.9 20,5
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Figure 1 Advanced tﬁrbine blade being modeled for evaluation of

Y/Y =% thermal fatigue performance capabilities. Axes

indicate co-ordinate system employed for finite element
analysis

Figure 2 Typical ASKA (Automated System for Kinematic Analysls)
Hexc twenty element |
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Fipure 3 ASKA three-dimensional airfoil model
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Figure 4 Temperature-strain relationships exhibiting the maximum
strain range in the indicated directions (reference Figure 1)
as determined by three-dimensional finite element analysis
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All dimensions are inches (1.0 inch = 2.54 cm)

Figure 5 Schematic representation of advanced turbine blade
modeled to evaiuate 7/yY'=§ root attachment
capabilities
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a) Root subcomponent specimen b) Mated root-pull block assembly

(Root dimensions as per Figure 5)

Figure 6 Specimen used for experimental evaluation of ¥ /'-8D.S. eutectic
root attachment capability
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' a) Left lug model

Figure 7 ASKA root and left disc lug models, showing nodes defined
for a typical Hexc twenty element
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A
: displacement applied to upper surface of model

S N N O

Attachment model

/ )

fixed to allow sliding %\_ g
) D

5

5

along bearing surface

s

8 -— radial and axlal motion only

»

D)

D)

D

o

O radial

E
Left lug modal Rightlug modelE axial
NANARAR tangential

fixed to ground —_—- 7777

Figure 8 Boundary cenditions used for analysis of root stresses
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Figure 9 Airfoil - platform model used for ASKA three-dimensicnal stress analysis

(layers separated to permit presentation of element detail)
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Figure 10 Concentrated shear stresses, MPa (KSI) determined at tooth bearing
surfaces using ASKA three-dimensional finite element analysis
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Figure 11 Radial deflections at top of attachment model due to biade pull
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Figure 12 Radial stress at



T = nominal {fully distributed)

Concave side tooth shear stress ~ Convex side
46,050N (10,353 1) 33,168N {7457 (b}
(20.5%} l {14.8%)

’ t Lo = 20 wpa Tn = 206 e a
L HE g UR ) (288 KSl) {il

35,0084 (7891 Ik}
{15.7%)

37,003 N (8313 I}
(16.5%}

; T = 220 wpa \

i Ty = 217 wpa (33.3 kS }

{ib=< 316ks0 il
' ;

Tn = 246 Mpa
33,120 N {7446 1b) : (35.7 KSI} b 39,676 H (8920 [b)
{14.8%) v, - e M (17.7%)
L& (20.8 Ksh ’
Concave side load distribution = 51% Gonvex side Inad distribution = 48%

Total resolved tooth load = 224,117 (50,386 b}

Figure 13 Resclved tooth loads
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boundary conditions

Figure 14 Model used for two-dimensional root stress analysis - section analyzed
is located at the trailing edge on the convex side
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a) Normal stress across teeth
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: 434 WPa (83 KSli
| _sve 379 WPa (55 KSI)

lug J

b) Shear stress

Figure 15 Local (concentrated) stresses calculated from two-dimensonal

analysis
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US Standard
- .750 - 16 UNF -3A

Thread
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1.382 in. (.544 in.) Dia.
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Figure 16 Thermomechanical fatigue test specimen




b) Transverse TMF Specimen E582B

Figure 17 Typical transverse microstructures found in longitudinal

and transverse TMF castings
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@ Solidification direction normal to paper

1.27 cm 1.27 cm
(.5 in.) (.5 in.)
2.54 cm 2.86 cm
- —_—
(1.125 in.) (1in.) (1.125 in.)
2.22 cm
— 0.4cm
(.156 in.)
—r 10.8 cm (4.25 in.) -
a) Casting cross section
A

Solidification direction

b) Photograph of casting

Figure 18 Casting used to produce material for transverse
TMF specimens
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SECTION A-A

Figure 19 “Showerhead” thermomechanical fatigue test specimen used to evaluate
the influence of leading edge cooling holes on thermal fatigue behavior

k7

$ AR




* : 1‘
‘: f e 54 ‘o .."
%4‘ W*“%wﬁ

el a s

a-xmu% P R VT S VSR

. - 2 o3 = P " TR AT A —r A(‘hr.
PR RSN e T A A, PP Y O
« e e g

Figure 20 Coating microstructure found in specimen A76-122
cycled 865 times from 504 to 938°C (940 to 1720°F)
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Figure 21 Schematic illustration of Cycle | thermomechanical
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Figure 22 Scaling of maximum spanwise engine cycle to increase strain range

for generation of S-N curve



04

Strain range, m/m

010
L0081 . ,

= 3) longitudinal smooth results © 504-938C (940-1720F) spanwise engine cycle
006 X ~a. — @ 427-1038C (800-1900F) spanwise engine cycle

—— @ 427-1038C(800-1900F) cycle [
.004 = "--__‘
*-_\
e eev——.
B —
- —— —
-.._‘__-. —_
002 —— —_—
Advanteed blade maximum spanwise strain range Jen - - - N

00t - Lt g1 ; gl 1 [ rJul L NI NNEY
008
006} . - 1 504-938C (940-1720F) spanwise engine cycle

. b) longitndinal showerhead resuits R 427-1038C (800-1900F) spanwise engine cycle
004f M 427-5038C (860-1900F) cycle I

a o]

S -'"-'—b..__
o0y e—
Advanced blade maximum spanwise strain fange  ——3mm ——- - -

001 gt atal s 1 gl 1 RN NERT
008
006§ c) transverse resulis @ 471-910C {880-1670F) chordwise engine cycle
* * 427-1038C (B0)-1900F) cycle |
ovak e —— Q 343-1038C (650-1900F) chotd\:\nse engine cycle ]

[ —~— =& 471-910C (880-1670F) chordwise engine cycle with

simulated cooling hole
002 -5:- e Advanced blade maxitmum chordwise strain range
——
- - -_::'_-_._ Advanced blade maximum cycle I chordwise strain range
001 B R R T IRTE TR R T Y o3t gl
2 4 6 8 2 4 6 8 6 8
10 102 100 2 4 108 2 4 6 840

Cycles to 50% load drop

Figure 23 Results of thermomechanical fatigue tests on7/y-% D.S. Eutectic alloy
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Figure 24 Typical load-drop curve for smooth and showerhead
longitudinal thermomechanical fatigue specimens
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FIGURE 25 Longitudinal thermomechanical fatigue resuits characterized in terms of
5% load drop failure criterion
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a) Coating cracks found on surface replica of specimen A76-103 at 3782 cycles

b) Fracture surface of specimen A76-103 showing c) Secondary coating cracks found in specimen A76-21
coating-initiated fatigue crack (arrow)

Figure 27 Typical coating cracks found in smooth longitudinal
tharmnmeachaniral fatione snecimens



a) Extensometer ridge failure found in smooth longitudinal
specimen A76-171 tested with 427-1038C (800-1900F)
spanwise engine cycle

R T = e Ty e e e R W

S e = =g
- - omemeR T S s

b) Incipient extensometer ridge cracks found in smooth
longitudinal specimen A76-103 tested with 504-938C
(940-1720F) spanwise engine cycle

Figure 28 Cracks found at internal extensometer ridges
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Figure 29 Comparissn of three strain-temperature relationships investigated on ¢mooth
longitudinal specimens (0.0058 m/m strain range shown)
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FIGURE 31 Load shake down observed for three types of strain-temperature cycles
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Figure 32 Potential influence of differential coating shake down and differential
thermal expansion on thermomechanical strain experienced by coating



a) Specimen A76-128 surface view

(stress axis) <>

b) Specimen A76-130 polished just through coating

Figure 33 Typical cooling hole crack pattern observed on showerhead
thermomechanical fatigue specimens



: } coating

b) Crack initiation at the 1.D. end of a cooling hole c) Crack initiation in hole barrel coating

Figure 34 Typical crack initiation sites (arrows) found on showerhead
longitudinal thermomecanical fatigue specimen A76-128
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Figure 35 Cross-section through the wall of a showerhead thermomechanical:
fatigue specimen showing approximately coplanar location of "
preferred 1.D. and 0.D. fatigue crack initiation sites {arrows) on
successive hioles along specmen axis

62



Figure 36 Fracture surface of transverse specimen E600A containing simulated
cooling hole. Tested with 471-910C (880-1670F) chordwise engine
) cycle (Figure 4a). Cycled 1059 cycles at 0.0018 m/m engine strain
range with no indications. Uploaded and cycled for 188 cycles to failure at
0.0037 m/m. Stress axis normal to plane of photograph

1000um
iasfanl; |

Figure 37 Fracture surface of smooth transverse specimen E576A tested 1857
cycles to failure with the 471-910C (880-1670F) chordwise engine
cycle (Figure 4a) expanded to a 0.0037 m/m strain range. Arrow

indicates suspected initiation site. Stress axis normal to plane of
photograph
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Figure 38 Secondary crack found on uncoated I.D. surface of transverse specimen E576A
tested 1857 cycles to failure with the 471-910C (880-1670F) chordwise
engine cycle expanded to a strain range of 0.0037 m/m. Stress axis horizontal

20pm
_—

Figure 39 Selective oxidation of Ni,Cb lamellae found on uncoated I.D. surface of transverse
specimen EGO0A tested with 471-910C (880 - 1670F) chordwise engine cycle.
Total exposure time=22 hours
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Depth of selectively
oxidized zone
2200 pm (=0.008 in.)

a) Showing depth of selective oxidation and secondary cracks

b) Detail of selective oxidation

Figure 40 Selective oxidation of Ni,Cb lamellae found on the uncoated
1.D. of specimen E582C tested 360 cycles to failure with the
chordwise engine cycle (Figure 4a) expanded to a temperature
range of 343-1038C (650-1900F). Total exposure time

~7 hours. Stress axis horizontal
65



Figure 41 Fracture profile of smooth transverse specimen E580C
tested 37 cycles to failure with 427-1038C (800-1900F)

Cycle | loading. Stress axis horizontal

Figure 42 Selective oxidation of Ni,Cb dendrite found in smooth

transverse specimen E580C. Total exposure time
~1 hour. Stress axis horizontal
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a) Photograph of casting b) Typical transverse microstructure
in area from which fir-tree was
machined

Figure 44 Casting used for fabrication of root subcomponent test specimen
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sectioned for/

metallographic
observation

Figure 45 Failed root subcomponent tensile pull-out
specimen E588



b) Microstructure in grip area

Figure 46 Longitudinal splitting of eutectic grip on root
subcomponent LCF test E583
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sectioned for
metallographic observation

Figure 47 Shrink fit B1900 + Hf collar used to prevent
splitting grip on eutectic root subcomponent
LCF specimen
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Figure 48 Crack found at root of bottom fir-trée serration
on specimen E577 tested 11,140 cycles at

760C (1400F), 0-178 kN (0-40,000 Ib)

Figure 49 Failed broach block used for root subcomponent
LCF test
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sectioned for
metallographic observation

Figure 50 Fir-tree damage caused by fatigue failure
of superalloy broach block
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Figure 51 Comparison of root subcomponent sustained load pull-out results
with previous creep shear data
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APPENDIX
A, MATERTAL PROPERTIES USED FOR STRESS ANALYSIS

The stress anmlyses performed on this progrem required knowledge of the
thermal and elastic properties of the DS eutectic alloy. Specific pro-
perties required were heat capacity, thermal conductivity, thermel ex-

pansion coefficient, and elastic modulus. To fulfill this requivement,
results obtained from tests conducted on other programs were assembled

and are presented in this appendix.,

Because of the unigue crystallographic alignment of each phase with the
direction of solidification, the physical properties of the DS eutectic
are anisotropic. Since the typical transverse grain structure of fully
lamellar material is essentially equiaxed and of relstively fine size
{(~25 to 100Mm), the bulk material behaves in an axi-symetric fashion;
that is, the properties differ in the longitudinel and transverse direc-
tions, but do not vary in any direction lying in the transverse plane.

While the thermal properties of the vy/y' phase are isotropic by virtue
of the cubic crystal symmetry*, thermal conductivity and thermel ex-
pansion coefficients, being second order tensor guantities, are direc-
tional in the lower symmetry orthorhombic Ni_ Cb reinforcing phese. By
virtue of the previously mentioned microstruétural symmetry about the
freezing direction, these two quantities can be specified for the poly-
erystalline DS eutectic composite by, at most, two constants measured in
the longitudinal and transverse directions, As shown in Figure A-l, the
therms) conductivity of the eutectic is slightly different in these two
directions, while thermpl expansion is, by coincidence, essentielly in-
dependent of direction (Figure A-2). Heat capacity, being a scalar
quantity, is independent of orientation and depends only on temperature,
a8 shown in Figure A-3.

As shown in Figuve A-h, seven elastic constants are reduired to fully

characterize the elastic behavior of the directionally solidified lamellar

eutectic. Room temperature values of these sevep consfants are given in
Table A-I, Four of these valués (Ep, Ep, vy, and GLE) were measured
experimentally. The remaining three were calculated from the four
measyred values using the following relations

bp
\’TL =E__ VI
T

. ={GLT E,
2 (1+vrr)

v ET
IT = v 1
2Gqp

#J,F, Nye, Physical Properties of Crystals, Oxford University Press,
London, 1957,
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The temperature dependence of Ef,, shown in Figure A-5, was measured
experimentally, The assumed temperature dependence of the remaining
constants shown in this figure was scaled from the measured longitudinal
modulus data.
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Room Temperature Elastic Constants of D.S. ¥/y' - & Fubectic Alloy

TABLE A-I

Constent

v

_ Value _ P
GPa,___ TSI x 10-7
248 36
207 30

78 1.3

86 12,5

0.30 (Dimensionless)
0.25 (Dimensionless)

0.20 (Dimensionless)
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Figure A-1 Influence of temperature and orientation on the thermal
conductivity of ¥/v'= §
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z = growth direction

Z U-z
o4
K
l —— Y
/ xy = transverse ¥
lane : -
X p VEL=G.2/ Ez_ WDLT =~E- /E
a} Definition of orthogonal axes with respect _ > L
to crystal orientation b) Definition of E, )¢
z
3
R

y
E, = O . -
1. y/E.y, -0.”_ G-z/*’iy

-~

c) Definitlon of Ep @) Definition of Vg
TZ = growth dirsction ' Tz = growth direction
T2y
T ax Py
r yz 'ny
4 o
LT = sz/exz . e T?X/ny
e} Definition of G 7 f] Definition of Gyy

Figure A-4 Definition of efastic constants reguired to characterize
a transversely isotropic D.S. eutectic material

81



Temperature, °F

0 400 800 1200 16060 2000 2400
l T - | A R L L —
950k ~ " e.30
: Assumed to he
Do = 0.95 independent of
L temperature
200
Note: i
Temperature dependence
of EL phtained
experinmentally -
< 150 Temperature dependence
& of Ep: Brpy By
2 scaled from Ey .
= dependence ]
=
100 -
G -
\Q
LT — |
50
1 ! | 1 { ] 1
0 200 400 600 800 1000 1200 1400

Temperature, °C

38

-136
134

32
30
28

126

24
22

20
18

16

14

12
10

Modulus, psi X 107

Figure A-5 Elastic constants of 6Crv/y '=§ D.S. Eutectic Alioy

82



o]
w

MR, J. ACURIN
48 771-5

BASA LEWIS UESBARCH €TR,
21809 8POIKPARK BOAD
CLEVELAND, QHID L0135

ASHBROOK

us w9-3
HASP LZWI5 FSSZARCH CTR.
210CD BROOKDPASK WOAD
CLEVELAND, 0HID 44135

Dé. B.L.

MR. C.P. BLANKENSHIP
’ ' 35 105-1
HASA LEYIS GESZATCH CTR
21003 DAGOKIAZK ROAD
CLEFELAYD, OHIO 68135

DR. H.B. GRAY (1m
45 49-12
BASh LEWIS FESEVRCH CTR.
21000 BROOKPAFX RNAD
CLEVELAND, CHIQ 04135

%R, P.l. HARF . (5]
%3 49-3

HASA LEWIS KSSEARCH CTR
21900 RRCOKFARK WCAu
CLEVELAND, GH1O uut135s

DR. H.B. PRODST
nSs 49-3

RASA LEHIS RESEASCH CTH.
21009 BPOJKDAEK BOAD
CLEVELAKD, OQHIO 46135

YR, C.M. SCHEBEPKAKYX
B 49-]
NASA LFVIS LISEARCH CTH,
210606 BHENIKLARK 204N
CLEVELAND, 04I0 Lu135

DISTRIBUTION LIST FOR NASA CR-135005
CONTRACTS NAsS3-19714 AND NAS3-19732

PONT TU AN

(THE NUXGLSR TN DAITNIHESES 3HDAS dH0d “ANY COPIES
ADDRESS.

IF NORZ THAN QU ARE Tn D0

DH. C.¥W. ANDREHS
HS 49-3

HASA LEWIS PESFARCH CTR.
21200 BROOKPARK ROAD
CLEVELAND, OUID 44133

HR. G.H. AULT
Hs 3-S5

NASA LEWIS RESEARCE CTR
271000 BROOKPARK HUAD
CLEVEILAND, OHID R413S

HB. J.C, FRECHE
HS 49-1

NASA LFHIS RESEARCH CTR
21000 BROOEPAPK RCAD
CLEVELARD, QHIO 48135

MR. R.H. HALL
HS 49-1

NASA LEWIS RESEARCH CTR
21n0" BROOKPARK ROLD
CLEVELAND, OHIO L4135

HR. H.H. HIRSCHSERG
#H5 49-1

NESA LFHIS WFSEARCH CTR,
2100C BRCOR=aRK ROAD
CLEVELAHD, JOBIO 441135

nR. M,T. SAGHDEDS
us 105-1

SASA LEWIS RESFARCH CTR

21000 DRPOUKPARK ROAD

CLEVELAND, OHIG 4u135

MR, R.A, SIGNOWSLLT
M5 1le-1

HAGA LEWIS RESEARCH Ciad.
21038 PAODKPATK BOAD
CLEVELARD, OHTO Ugt13in

HR. J.¥.

WEETON H
#s 106-1

HASA LEWIS RESEARCH CTR.

21060 BRODKTARK ROAD

CLEVELAND, UGHIO 44135

%P G. C. DEUTSCH / RB
NASA HEADUUARTERS

HASEINGTOH, JC
20546

KR. J. HALTZ / EWY
HASA HEACDYARTERS

WASHIKGTON, DC
29546

#R. W.J. SCHULZ

AFHL/
BEADQUARTERS

¥RIGHT PATTERSON LFB.
Le):] us4133

DR. B.J. AHEAQJY AHXNT-BX
ABAY HATIRIALS AUD
MECUANICS RESEARCH CTR.
WATFARTOWU, MA r2172

¥R. I. BACHLIH ATIR-520318
HAVAL AIR SYSTEMS CCONMAND

HAVY DEPARTMEU™
RASHIHGTON, DC 20261

#R. J.¥. GLAT?
KAVY DEPARTZEST
BAVAL ATH DwQP.
TREKTOH, NJ DBA23

TR« CTPR,.

Ak, J.P. GUIAS
NAVY DEPARTMZNT
BAVAL SWIP FRD CRNTER
ANBRPOLLS, MARYLAND 21422

AJ. P.J. GASPPRICH
APSC LIAINON HS S501-3
HASA LEXIS RESSARCH CTR
210G RRADKPARK ROAD
CLEVELAND, OHEO %4135

4R, J. GANGLER / RWN
HASA HEADQUARTERS

HASHINGTON, DC
20546

CAPT. R. DUNCO
AFEL/LLC
HEADQUABTERS
¥RIGHT PATTERSON AFD.
0H 45413

CAPT. D.%. ZABIERER
AFABL/TDRP
HEADQUARTERS
WRIGHAT PATTERSON AFB.
oA 450833

DR. J.C. HURT
ARHY HESEARCH OFPICE

BOX CH
DURHAM, NC 27706

48, B. SCHNIDT ALR-352031a
HAVAL AIR SYSTEMS CONNARD

HAVY DEPARTHENT
VASHINATON, DC 20361
AR. H.K., TROMAS
COoDZ 323
CENTZER

NAV. AIR DEV.
WARMINSTEd, PA 18974

JR. B. HCDINALD
CODE w71, ONRH
DLPAKTHENT OF TAE NAVY
ASLINGTON, VA 24217



18

%K. J.R, LANE
MATERIALS ADV. 9D,
HAT. ACAD. OF SCIENCES
2107 COHSTITUTION AVE,
FASHIRGTON, DC 20418

Ma, Y.E. BOYER
AM. SOCILETY FOR HITALS
HETALS PARK
HOVIELTY, OF dud73

HCIC
BATTELLE HEMORIAL INST,
505 RINlG AVEHUES
COLUNBUS, ORIO 43201

DR. J.K. TIZN
HEHRY KRU¥B SCH. CF MINES
COLIHBIA UNIVERSITY
HEW YORK, NY 10027

PROF. A. LAWLEY
DBPT. OF METALL., EHGEG.
DBEXEL UNIVERSITY
PHILADELPHIA, Pa
19104

DR. D.L. ALBRIGHT
DEPT. MET. & MATL. ZHNGRG.
ILL. INS5T. OF TECEH.
CHICAGO, IL 60616

PROP. J.D. VEHHOEVEN
DEPARTUENT OF “METALLNEGY
IOHA STATE URTVERSITY
AYEE, TOdA 59619

DR. d.B. KRAFT
DEPT. MEZT. & HATL. SCL,
LEAIGH NSIVRASIDY
RETHLEHEH, PA 18215

D%, C.W. SPEKCER
MATERIALS ADV. ED.
HAT. ACAD. QOF SCIENCES
2101 CONSTITUTION AVE.
WASHINGTON, DC 20418

4H. D.J. HAYKUTH
BATTELLE MEMORIAL INST.
COBALT INFOWMATION CENTER
505 KING AVEHIE
coLu%BUus, OR n3201

DR. H.5. SELTZER
BATTELLE HEMORIAL INST,
505 XKIKG AVENUE
COLTNBUS, OH1O 43201

#R. T.2. RATTANIS
SCHOOL OF ENSINFIRING
UNIVERSITY OF CONWECTICUT
STORRS, CT {6268

YR. A.T. CHAPHAN
GRORGIA INST. OF. TECIiH.
ATLANTA, GA 30730

DR. R.A. GOTTSCHALL
UNIVERSITY OF ILLTNOIS
URBANA, IL 61801

DR. ®. HERTIBERA
DEPT. HET. & HATL. SCT.
LE2AIGH URIVERSITY
BETHLEHEN, PA 180615

PROP. M.C, FLEMINGS
p=r?, OF METALLURSY
%ASS, IKST. 0F TECHEILOGRY
CA{BHRIDGE, XA N213y

PROF. T.H. COHRTHEY
HICHEGAN TECHAGLOGICAL
URIVENSTTY
HOUGHTON, MI u4BRAY2

PROF., H.5. STOLOFF
RENSSZILAER POLYTECAMICAL
INSTITUTE

TPOY, NHY 12100

MR. L.J. FIEDLER
AVCO LYCUHING DIV,
550 S,.%AIN STREELT
STRATFORD, CT 06497

DR. S.T. HLODPEK
STELLITE DIVISIOW
CAHUT CORPORATIUN
10230 H. PARX AVE
ROKod0, IN 46901

MR, H. MOFBDY
CLINAX MOLYBDENUM CORP,
1, GREZHRICH PLACE
GRESY?ICH, CT 06830

DR. M.G., BENZ
CrD
GENERAL ELFUCTRIC COMEANY
P.O. BOX R
SCHENECTADY, H.Y. 1230%

DR, #.P. HENRY
CRD
GERERXL ELECTRIC COXNPANY
P.C. BOX #
SCHTSECTADY, H.Y¥, 12301

LIBRARY
ADVANCED TEUMHOLOGGY LAS
GESERAL ELEUTHRIC CORPANY
SCHEBECTADNY, NY 123u4d

DR. S.A. DAVID
D2PT. OF HAETALLUAGY
UNIVERSITY OF PIT™SBURGH
PITTSBURGH, 2PA 15212

DR. T.T. COURTNYEY
UNIVERSITY OF TEXAS
MATLS.SCI. LAB.
ADSTIN, X 78712

HR. B. GOLDSLATT
AYCO LYCOMIAKG DIV.
550 S.HAIN STREET
STRATFORD, CT 06497

DR. D.R. NOZYRA
CARPERTER TECHHEOLOGY CORP
RES. £ DBV. CENTER
P.0. BOX 462
RZADING, PA 19603

DE. R.F. RIRBY
CRIEP, MATERTALS 3G,
GARHFTT AIRESEARCY
402 s, J6TH STREET
PHOERIX, AR 853348

DR. M.F.X, GIGLIOTTI
R. & D. CENTER
GZUERAL ELECTRIC COYPaNY
P.0. BOX 8
SCHEHECTADY, B.Y. 123C1

HR, J.L., WALTER
CRD
GENERAL ELECTRIC CONPAXRY
P.0. BOX A
SCHENECTADY, H.Y. 12301

TECHN. INFPONHATION CENTER
ATG
GENER2L ELECTRIC COMPAKY
CINCINNATI, OHID 45275



IrTvod 004 0

a8

g](ﬁ{ﬁﬂ&.ﬂﬁ55ﬂ£ﬂ§H3

PH. P. ALDRED
AFEG/GED
GENTHAL ESLECTRIC COMEANY
CINCINMATE, OHIO 45215

HB. R.W. SHEASHEY
AEG/GED
GENERAL ELECTRIC COMPANY
CINCIKHATI, OHIO 85215

LIBFARY
MATZRIALS SCIFHCE LAB.NS
DETROIT DITSSL ALLISON
GENERAL MOTORS
IHDIANAPOLIS,IN 46206

DE. A. CHALDEP
AQWHET CORPORATION
HISCO DIVISIOH
O¥E BISCO DDIVE
WHITEHALL,MICHIGAR 49u61

DR. J. BENJAHIX
INTERRATIONAL NICKEL CO.
HERICA RESEARCH LAB
STEHLING POREBST
SUFFERN, NY 19901

DR. G. GARHONG
ROCKWELL INTERNATIONAL
SCIENCEZ CENTER
TROUSAND OAKS, CALIFORNIA
91360

. DBs T. PINOHKRA

HATERTIALS TECHEOLOGY
TRY EQUIPMENT GrOuP
23555 BUCLID AVZHUS
CLEYELAND, OHIO 44117

DR, E.A. STEIGERHALD
TEW METALS DIVISION
BIULRYA, OR 4uns7

BR. J.H. SENMEL
AEG/GED

GEWERAL ELECTRIC COHPAWY

CINCINNATI, OHIO 45215

DR. M. HERHAN

DETROIT DIESEL ALLISCN DV

P.0. BOX 8294
INDIAKAPOLIS, IN 46206

HR. E.Jd. CARROZZA
HOWHMET CORPORATEGCH
RUSTEMAL DIVISION
DOVER, #J 07801

DE. R.P. DECKER
IYTERNATIONAL KICKEL CO.
OHE HEW YORK PLAZA
N YOPK, HY 10004

DR. L. RAUFHAH
MANLABS, INC
21 ERIE STRERT
CAMBRIDGE, MA 02139

DR, W. SUTTON
SPECTAL HETALS
CORPOBATION
UEW HABTFORD, N.Y. 13412

LIBRARY
HATERIALS TECHNOLOGY
TRR EQUIPEENT cROlP
23555 EYCLID AVENUE
CLEVELAUD,OH Lu137

HR. R.¥W. PAWLEY
WILLIANS RESEARCH COHP.
2280 W. HAPLE RUAD
WALLED LAKE, 41 4B0&8

M B S DIVISION FILFS
Hs 49-1
NASA LEWIS TEGEARCH CTR
25000 2300KPANR LHOAD
CLEYELARD, 04I0 L8135

CONTRACTS SECTION B
T 520-313
HASA LE415 DESEARCH CTR
21000 SRODKPAAK RCAD
CLEYELARD, ©fl 4u135

22PORT CONTROL OFFICE
Hs 5-5
BASA LEWIS [ESERECH CTR
21G00 BROOKPARK ROAD
CLEYELAND, CHIO 44135

LIBBAHY
LHASA
GODDARD SPACE FLIGHT CIR
GREENBELT, NARYLAKD 23771

LIBRARY
NASA
MARSHALL SPACE TLIGHT
CENTER
HONTSVILLE, AL 35812

LIBRARY - ACQUISITIONS
JET PEOPULSINY LAR.
GBI OAK GROVE DJRIVE
PASADEHA, CA 91152

LIBRARY - REPOATS
us 2n2-3
HASA ANES RESEASCH CENTER
HOFFETT FIELD, CA 94D3S

DEFERCE DOCYUNENTRTION CTR
CANTROH STATICH
5010 CUKE STREET
ALEXANDRTA, VIPGIHIA
22310

42, J.P. HERUTKA
K5 u9-3
KASA LEWIS RESEARBCH CTR.
21000 RRODKPARK BOAD
CLEVELAND, OHID 44135

LIBRABY {21
Hs 50-3
HASA LEWIS RESEARCH CTB
21000 BROOKPARK ROAD
CLEVELAHD, OHIO 4#135

TECHNOLOGY UTILIZATION
Hs 3-19
HASA LERIS RESEARCH CTR
21000 BROOKPARK HOAD
CLEVELAND, OHIOD 44135

LIBRARY N5 185
RASA
LANGLEY RESEARCH CENTER
LANGLEY FIZLD, VA 23355

TECHNICAL LIBRARY / JHE
HASR
JOHUSOH SPACE CESTER
HODSTON, TX 77058

LIBRARY
HASA
DRYDEN FLIGHT RES. CTR.
P.0. ROX 273
EDRARDS, CA 93523

ACCESSIONING DEPT (10)
HASA SCIENTIPIC & TECHH.
INPOREATION FACILITY
BOX 8757
BALTINORE, HD 21280

TRCHNICAL LIBHARY
AFHL/LAYN
HEADQODARTERS
HRIGHT DPATTERSON AFD,
OH 45433



93

TECHNICAL REPOETS LIBRARY
ERDA
RASHINGTON, DC
20545

DR. G.R. HALFORD
45 u49-1
NASA LEWIS RESEAHCH CTH.
216C% BROOGKPAHK EQAD
CLEVELAND, 2110 44135

MB. T.K. GLASGOW
BS 49-3
HASA LEWIS BZSEARCH CTR.
21000 BROOKDPARK ROAD
CLEVELAND, OHID uu4135

¥H. B.H. KEMP
H5 439=3
HASA LENWIS EZSEAPCH CTE.
27000 BROODLPARK ROAD
CLEVELAUD, 0T 8?33

Antolovich, Stephen D
Dept Hatl's 3ci1 & Met Eng
482 Fhodes Hall
Oniv of Cincinnati
Cincinnati, oy 45221

Bernstein, dactin ©
Foster-wheeler
110 S Orange Ave
Livingston, HJ 27739

Boesch, ¥ J
Special Hetals
Hiddle Settlencnt R4
Few Harttord, NY 13413

Collins, Prof Jack A
Dept of Mach Enyrg
Ohin State lniv
206 ¥ 18th Ave
Columbus, OH 43210

R, P,T. BIZON
HS 49-1
HASA LEWIS RESEARCH CTR
27000 BEROOKPARK R0AD
CLEVELAHND, OHIO 48135

DH., R.L. DRESHFIELD
uSs 105-1
HASA LETWIS RESEARCH CTR.
21000 BROOKPATK ROAP
CLEVELAND, OHdI0 #u135

HB. S.J. GRISHFPT
#s5 49-3
HASA LFWIS RESEARCH CTR
21000 BROOKPARX R0AD
CLEVELAND, OHIO 44135

MR. J.L. SHIALEK
ns u4g9-3
HASMA LEWIS RZISEARCH CTR
23000 BROOKPARX RCAD
CLEVELAND, OHIO L4135

pates, Dr C B
SRI
2G6(0 9th Ave S
Bitmingham, AL 35205

Bluhm, Joseph 1
Atmy Hatls & Mech Res Ctr
Watertown, MA 02172

Caupett, Dr John T
NET=-CUT
3980 Rosslyn Dr
Cincinnati, 0¥ 65209

Ccontad, Dr Hans
Anderson Rall
Oniv of Kentucky
Lexington, KY 47526

Cotten, Prof 4 T
3214 Talhot Lab
Oniv of Tl
Orbana, il 613801

Dieter, Dr feorge E
pir - Proc #es Inst
Carnegie-fellen Oniv
Scaife Hall
Pittsburgh, P& 15213

Findley, Prof William N
biv of Engry
Box D
Brown Oniv
Providence, I 92912

Freesdn, Willian R Jr
¥Y.P. & Tach birector
Howzet - Technical Crtr
699 Benston Rd
Yhitehall, HI 49451

tarofalo, Dr Frank
Inland Stecl Res Lab
20T £ colupbus Dr
E Chicago, IN 46312

Gerde2n, Prof Japes C
Dept of ME-il4
Michigan Tech Univ
Houghton, XI 49337

Grady, Harold F
Director - 2&D
AVCD - Lycoring
550 S Main 5t
Stratford, CT $6497

Gross, Slien
1224 Yashtonaw #10
Ann Avbor, Al 44104

Creighton, BC D L
Kech & Aero Inqry Dept
Univ of Hissouri

Esztergar, B 2
442 Westbourne St
La Jolla, ca 92017

Finnie, Prof T
Dept tHech Engrcg
Univ of Cal
Berkeley , CA 94720

fuchs, Dr Henry O
Hech Engrg Dept
Stanford Univ
Stanford, CA 94305

Gayley, Harry B
Delaval Turbine
Hottinghan Way
Trenton, IJ 28602

Gleich, Daviad
Arde Inc
19 Industrial ave
vahwah, H3 07430

PROF. H.J. GRANT
D2PT. OF ZETALLURGY
MAS55. INST, OF TECHNOLOGY
CANMDBDIDGE, HA 02139

Grosskreutz, dr J €
Consultant
dlack & Vcatch
Sox BuLS
Kansas City, 40 641134



® 800 o

XIFTYg

e
fout
=

b
=
B

2=

.
Y
fas
o
B
lpn
<

OIS

R

L8

Handlngten, iawar R
Sunastrani Aviation
4747 tarcison Ave
Bocktord, Ii 61101

fleydt, Gerall B
Carpenter Tech
Box wh2

RED Ctr
Readinyg, PR 18603

Himelblau, Harrcy
14266 #ulhollanl Dr

Los Angelaes, CA 90024

Howes, Dr % &4 H
Hetals Div
ITT Res Inst
10 # 35th 5¢
Chicagn, IL &NG16

Jaske, Carl E
BCL
505 Xirng Ave

Colupbus, 64 4320

Raplan, Dr Akrer
Tid Systems Sroup
One Space DPurk, NB/2937
Fedundo P2ach, Cp 90273

faye, Pref a L
Purdpe Univ
Caluzet Caaopus
2233 171sr £t
Hamnond, IN u6323

Klecnann, W
7 Riddlewsod Dr
Yedia, Pa 150613

Herfert, R ¥
Rorthtop Corp 3771-62
33€1 ¥ Broadway
Hawthorne, Cca 902535

#illberry, Prof B #
School of dech Engrg

Purdue Univ
# Lafayette, IN 47997

flolt, J %
#5=-64
Tesearch Ctr
dethpage, L.I., KY 11714

»

Hulsizer, Rilliam
Int'l Nickol
One Mew York Plaza
Nev York, HY 10094

Jonas, Otakar
1113 Paun R4
Hilnington, DEZ 193L3

Kattus, J R
Consulting Netallurgist

112 Azalea Rd
Birmingham, AL 35213

Kennedy, Dr C B
Het & Ceramics Div
Q,.R.4.L,

Box X

Dak PRidge, TN 37330

Kourwer, Dick
franklin Institute
Research labs
2Gth & Parkway
Philadelphia, PA 19103

Enlin, Ir 5 aAndres

ars
21 Trie 5t
Tankridge, %A (31239

Jdaggett, Richard
Inttl dickel
#“erica Res Lab
Steriing Forest
Suifern, NY 18407

Dane, J (SAVII=-SU-TAD?)
Fustas Directorate

TSAANLREDL
®Epr+t Zystis, VA 23634

Iew, T T
224271 philivricn St
ppiland 3ills, ca 91364

Mar+tino, Alberr A {PE4)
#igr, RET SToup

‘WAPIC

Trenton. H3 G262

—=31jer, C P

Bas Turbine Res
Taech CTtr -1
Taterpillar Tractor
Bporia, IL 61511

Xiller, 57 A
Bethlehen Steel
Hooer Peseatch Labs

Bethliohen, PA 190175

=iller, Dr William B
Dept of dech Engrng
PUniv of Tael-do
Toledo, 4 L36Ce

Kgo, Dz Albert §
499 Lipk Hell
Syracuse tniv
Syracuse, BY 13217

Laird, Pr Camphell
%et & Matl's Sci School
Uair of Penn
Philadelphiae, P2 19174

Le Coff, Jesse
Catalytic Inc
Centre Sguar?e Uest

1500 Narket St
Philadelphia, 24 13132

Little, Prof Robert B
Engrg Dept
Oniv of Michigan
5391 Everqreen Rd
Dearbarn, JI 88128

¥eshii, Prof 2
Dept NHatl*s Sci
¥ortkwestern Tniv
Evanston, IL 90227

#iller, Porbes 8 - Dir.
¥all coloonoy
27120 John B
petroit, BI 43203

Killer, koy ®
Atxins B jerrill, Inc

fiain St
Ashland, 8k 01721

sitchell, N R
3C6-C Talbot Lab

TAH Dept
Univ of Iliinois

Crbana, IL 61801



88

Yoen, 5 G
Turkine Engtg
Yoariberq Mrg
uaGE % Naclborough
Ailuvavkee, WI 332N

Boteff, br J
Depr Hatl's Sci & et Eng
Lotation 12
Iniv of Cincinnati
Cincinnati, O 45221

OfOrian, John L
Arthur [ Lictle
15 Acorn Park 15L/115
Canmbridge, %A 027140

Packpan, Prof Paul P
Box 3245 - Station 8
Vanderbilt Univ
Rashville, T3 37235

Reensnydar, Haralld §
dorer Researsh Labs
Bethlehen Fteel
Bethlehag, PA 18016

Boy, 91 A ~ Hanagert
Chrysler Corp
Box 1118 (413-19-3™y
betroit, I 4823%

Sandor, Prof dela I
Dept Engrng Hech
235% Tngineering Bldg
Univ of Hisconsin
Hadison, WE 537035

- Schlatter, 7

Fesearch & lDoveleopmant
Latrobe Steel

Box 31

Latrobe, 234 15650

Aogmul, J
Dir ~ Matl's Znqrg
Curtlss-uright
1 Passaic 5t
Yood-Kidge, ¥J 07075

Hunse, Prof ¥ #
2129 Civil Eng Bldg
Univ of Ill
Urbana, IL 618081

GfJonnell, Dr # J
0'Dornell & Assoc
5100 Centre Ave
Pittsburgh, PA 15232

Pelloux, Prof Regi M
11T, fn 8-237
77 Yass ave
Cawbridge, A 02139

Rostoker, Prof Williae
Dept Matl's Engrng
Univ of Illinois
Box u3gn
Chicage, IL 50680

Rundell, Gene
Simonds Steel
Ohio St
Lockport, NY 14094

Schaefer, 3 ©
¥ P C
United ¥nginearing Center
N5 E 47th S5t
Kew fork, NY 10017

Schvenk, E 8
32¢ Arpistead
Richland, ¥a 99352

-Senchyshen, Or ¥

clipax Mecly
1600 Huron ®arkway
Ann Arbor, HI 48103

Shzrpe, Willian W JrC .
Dept Ketallurgy Yechanics
and Katerials Science
Hich State iniv
£ Lansing, AT 488620

sines, Prof George .
xatlts Dept, Engineering
UCLA
Los Angeles, CA 90024

Suith, Prof G ¥
104 Berkshire T4
Ithica, KY 13850

snow, Alfred L
12 Nottinghas DU
greensburg, PA 1561

Stephens, Prof Ralph I
Hatl®*s Zngrg Div
gniv of Towa
fowa City, IA 52242

Straub, EBdward Jr
Faicrchild Bapublic
Showalter A1
Hagerstosn, 4D 2174)

Tagart, Sam ¥ Jr
Huclear Setvices Corp
1709 Dell Ave
cacbell, CA 950928

Senonek, 4 7
Iat*l Harvester
5400 pearborn Pkuy
Davners Grove, IL 80515

Sherhy, fraf 0leg D
nopt of %atl's Sci
stanford fUniv
Stanford, CA 94305

Slot, Dr T
2 Yorkshire Terrace
clifton Park, UY 12365

Snith, Dr Thomas E Jr
¥qr, Research Analysis
Raukesha Engine Div
St Paul Ave
Raukesha, WI 53186

Starkey, ¥ L
#ech Engrg Dept
296 7 18th Ave
Ohio State Oniv
Columbus, OH 43117

Stetson, Alvin R
Solar Division
2200 Pacific Highuay
San Diego, €A 92138

Stroup, Jaaes P
Latcobe Steel Co
2526 S Ligoanier St
Latrobe, PA 15650

Thielsch, Helnut
140 Shaw ave
Cranston, %I 02303



valdez, Paul J
30lar =Chiaef tetallurgist
Int'l Barvaster
2200 Pacific Bighway
San Diege, Ta 32133

Yoorhees, Howard B
Batlts Iech Corp
fox 358
Ann Arbor, NI 43107

¥ebster, Dr Georga &
Dept ¥ech Engtrg
Ieperial Colilege
London, 57
ENGLANWD

Wells, Ot Clitfcrd H
Southwesi Research
P.0. Drawer 28510
San Antonio, TX 782384

Yao, Prof J T P
Civil Fngzg
Pyurdue Univ
¥ tafayette, IH 479C6

vanderveladt, lWenlrixus #
Nead, %2tals Engrcn Br
Coda 2R14
Haval Ship REP Cir
Annapolis, 4D 21492

Walker, E Kan
Rox 822
Fillmore, CA 31395

Reertman, Prof Julia @
bapt of Mtlts Sci
Korthwestern 7Tniv
gvanston, IL 66201

9ilson, Jay H
Cooper Enerqgy Servires
Hount Vernon, OH 43050



