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The orientation of a single-crystal material is known to affect the strength and life of structural component
parts. Results are presented of an investigation of the effects of secondary axis orientation angles on the failure
of the first-stage of the space shuttle main engine alternate turbopump development of the high-pressure fuel
turbopump. First, the correlation of different failure models with low-cycle fatigue data for nickel-base single-
crystal test specimens was analyzed. Then the models with the highest correlation coefficients were used to study
the actual single-crystal blade structure. Based on the results obtained, a new failure model was proposed. A
detailed finite element model for the first-stage blade was used to calculate the stresses and strains at all blade
nodes for different material orientations. Results of the analysis showed that the critical value of the failure model
could vary by up to a factor of 3 by changing the primary and secondary material orientations. A comparison
between analytical results and engine test results showed good correlation and also demonstrated the dependence

of cracking location on crystal orientation.

Nomenclature

E = material Young’s modulus, N/m?
SN = critical failure model values
K,S empirical constants found by fitting

fully reversed torsion data to fully

reversed uniaxial data
N = number of loading cycles to failure initiation
R? = correlation coefficient
Vo = critical value of the strain-energy density, J/kg
y = primary material angle relative

to casting x axis, deg
Vmaxs AVmax = Mmaximum shear strain amplitude

generic shear strains
primary material angle relative
to casting y axis, deg

Vxys Vyzs Vax
A

Emax = maximum strain normal to a slip plane

&n, A&, = normal strain amplitude

£y €y, E; = generic normal strains

0 = secondary material angle relative
to casting z axis, deg

Omax -n = maximum normal stress, N/m?

o, = stress normal to the maximum shear
strain plane, N/m?

Oy, Oy, O; = generic normal stresses, N/m?

Oys = material yield strength, N/m?

Tyy, Tyz» T,y =  generic shear stresses, N/m?

Introduction

HE new generation of the space shuttle main engine (SSME)
high-pressureturbomachineryis known as the alternate turbop-
ump development (ATD) hardware. These turbines have undergone
rigorous hot-fire testing,includingcomponentevaluationat the Pratt
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and Whitney E8 hot-gas full-scale engine testing facility and certifi-
cation at the NASA Stennis Space Center (SSC). This advanced
hardware includes new high-pressure fuel turbopumps (HPFTP)
and new high-pressure oxygen turbopumps (HPOTP). The current
SSME turbopumps, thoughnot withouta few problems, have proven
to be quite reliable even though they were basically designed and
built 25 years ago. The aerospace community has long felt that new
high-pressure turbines should be designed that would take advan-
tage of the latest technologyin materials and analysis and that could
use the knowledge gained from experience with the current SSME
hardware.

One area in which new materials technology has been applied
to ATD hardware is in the use of single-crystal superalloy mate-
rials. Single-crystal superalloys were identified as potential blade
materials that warranted further development for advanced liquid-
propellantrocket engine turbopumps.! As part of this development,
materials scientists have evaluated the mechanical propertiesof sev-
eral single-crystal superalloys in an attempt to find a suitable can-
didate replacement blade material for the SSME turbopumps and
for other advanced rocket engines?® A well-characterized single-
crystal face-centered cubic nickel superalloy (PWA 1480) has re-
cently been selected by Pratt and Whitney as the blade material for
the ATD program for the SSME. This materialis known forits high-
temperature strength, high fatigue life, and improved resistance to
property deteriorationin the presence of hydrogen. Both newly de-
signed turbopumps, the HPFTP and the HPOTP, now employ this
material for the casting of the turbine blades.

Turbine blades of nickel-base single-crystal superalloys (includ-
ing PWA 1480) are typically directionally solidified along the low
modulus [001]crystallographicdirectionto enhance thermal fatigue
resistance. This directional solidification generates a secondary
crystallographic direction [010] that is randomly oriented with re-
spect to fixed geometric axes in the turbine blade. However, using
a seed crystal during solidification can control the orientation of
the secondary crystallographic direction* Because single-crystals
exhibit anisotropic elastic behavior, the stress-strain response and
dynamic characteristics of a turbine blade that is directionally cast
along the [001] crystal orientation can vary with the orientation of
the secondary crystallographicdirection within the blade >+

During the casting process of the single-crystal blades, the crys-
tallographic orientation is currently controlled only for one axis of
the crystal. Specifically, the primary axis must be within a 15-deg
cone of the blade-staking axis while the orientations of the other
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Fig. 1 Primary-axis orientation with respect to the stacking axis.

crystallographic axes are uncontrolled (see Fig. 1). Recent engine
test results obtained using the two ATD/HPFTP constructions and
performed at NASA SSC showed that the first- and second-stage
blades for the HPFTP were experiencingcracks. These cracks were
found in the airfoil tips in multiple blades, and a few cracks grew
all of the way across the wall of the hollow-core airfoil. Those
cracks that grew across the wall propagated down the length of
the blade and, in one case, failed the blade, causing damage to the
ATD/HPFTP and the SSME. A numberof analytical studies’~® were
performed to address the concern that these cracks could result be-
cause the secondary axes of the ATD/HPFTP turbine blades were
not controlledduring the single-crystalsolidification process. These
studies typically found that the stress fields within the blades were
strongly dependent on the orientations of the nonprimary crystallo-
graphic axis.

Based on the engine test results as well as those obtained from
these studies, it became evident that uncontrolled secondary mate-
rial axis orientations can cause stress uncertaintiesin ATD/HPFTP
turbineblades, which in turn couldlead to blade cracking. Currently,
no methodologyexists that predicts crack growth for a single-crystal
material or any other material with orthotropic propertiesin a com-
plex loading environment. As a result, a new approach needs to
be developed, based on available fatigue and fracture test data, for
predicting the influence of the secondary orientation angles on the
behavior of the single-crystalmaterials. This paper presents the re-
sults of a study whose goal was to develop a new failure model that
would be applicablein predicting the influence of both primary and
secondary material orientations on the behavior of the first stage
single-crystal blade.

In the study described herein, a series of existing failure models
were examined for suitability in predicting the onset of failure in
selected single-crystal material specimens.”~ By observing how
closely the variousequationswere able to correlatelow-cyclefatigue
(LCF) test data and by how well they reduced the scatter in the LCF
data, we were able to assess their applicability in modeling the test
data. The equation with the highest correlation was then used as the
basis for a new single-crystal failure model for the SSME turbine
blades. This new model was validated by comparing its predictions
of stress concentration locations and relative magnitudes against
empirical evidence of crack formation and growth in actual SSME
turbine blades.

Overview of Current Failure Models

The majority of components and structures in service are gener-
ally subjected to multiaxial cyclic loading conditions resulting in
biaxial and triaxial states of stress. Pressure vessels, turbine blades,
drive shafts, crankshafts, and axles are common examples. To pre-
dict fatigue life of such components and structures using laboratory
testdata, a suitable multiaxial fatigue theory or criterion is required
to relate complex stress states to laboratory data. Any fatigue failure
criteriachosen must have the ability to account for high mean-stress
effects. The LCF regime is characterized by crack formation and
growth that is governed by the maximum shear-strain amplitude.

To be ableto characterizefailure onsetand growthin a crystalma-
terial, itis firstnecessaryto developequationsfor local shearstresses

and strains in each primary octahedralslip system.!® Because a crys-
tal material remains crystallineafter slip, there are limitations on the
number of ways a crystal material can slip. Often, but not always,
slip in metal crystals occurs on planes of high atomic density in
closely packed directions, where the distance between the atoms
is minimum. The most probable slip planes and slip directions in
metals depend on the crystal structure of the metal.

To model the failure of PWA 1480, two failure models were devel-
oped as a joint effort with Pratt and Whitney based on the resolved
shear strain on the crystallographic planes including the effect of
the strain normal to those planes, maximum shear strain, maximum
normal strain, shear stress, and normal stress'':

(ymax + Emax)/z = f(N)l (1)
({ Vnar + Ema0)[180/G + 90)1°3} /2) x 100 = f(N), (2)

where
A = tan™' (Vmax /Emax) X 180/7 (2a)

Brown and Miller'? proposed that cracks initiate on the maxi-
mum shear plane and, therefore, suggested that the critical param-
eters governing fatigue life are the maximum shear strain and the
strain normal to the plane of maximum shear strain. Kandil et al.!3
suggested the following convenient expression for this hypothesis
for a given fatigue life:

Vmax + ngax = f(N)3 (3)

An alternative formulation of this critical shear-strain approach
was proposed by Fatemi and Kurath,'* which is expressed for a
given fatigue life as

(A¥max /D1 + k(Omax-n/0ys)] = f (V)4 “)

This model indicates that no shear direction crack growth occurs if
there is no shear alternation.

Findley"® proposed that the alternating shear stress is the primary
cause of fatigue with the normal stress on the critical shear plane
having a linear influence on the allowable alternating shear stress.
Socie et al.'® formulated the following equation based on Findley’s
hypothesis':

Aymax/2+A£n/2+an/E=f(N)5 (5)

This equation incorporates observed changes in crack closure for
different stress and strain states. Finally, the strain energy density
criterion can be written as follows!”:

%(ngx + Oy€y + o6+ TxyVxy + TyzVyz + Tox yzx) =V (6)

Failure Model Assessment

The applicability of the failure models given by Eqs. (1-6) to the
current problem was assessed in two ways. First, each model’s use-
fulness was assessed on the basis of how well it was able to correlate
and reduce the scatter in LCF data. Those models that exhibited the
best data correlation were noted as possible candidates to be used
in the development of an improved failure model for the SSME
first-stage blade material. Next, the six failure models were eval-
uated using a finite element model of the SSME first-stage blade.
Model predictions of failure-parameter values f(N), ¢ were ob-
tained under realistic load and constraintconditions and at different
material orientations. The results are presented as contour plots in
terms of the various primary and secondary material orientations.
These comparisons provided enough information for us to be able
to identify which models warranted continued consideration in the
development of an improved failure model.

Preliminary Assessment Using LCF Data

Strain-controlled LCF tests were conducted at 1200°F in air for
PWA 1480 uniaxial smooth specimens using fourloading directions
(001, 111, 213, and 011). Figure 2 shows the crystallographic co-
ordinate system with respect to the loading coordinate system for
the single-crystalspecimen used in the LCF tests. LCF strain range
data were obtained in the loading coordinate system and are plotted
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Fig. 3 PWA 1480 LCF strain data at 1200°F.
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Fig. 4 Curve fitting the LCF test data using Eq. (1).

in Fig. 3 vs cycles to failure for the PWA 1480 single-crystalmate-
rial. To assess the failure models given by Eqgs. (1-6), stress values
were found using the strain values in Fig. 3 after converting them
to the material coordinate system. Next, by the use of the kinematic
equations for crystallographicslip planes,'? the maximum resultant
shear strain and the strain normal to those planes were found.

For each failure model, failure parameters f(N), s were calcu-
lated and plotted vs the number of cycles to failure (for example,
see Fig. 4). A least-squares method was then used to find trendlines
that would correlate the data in each case (Fig. 4). The correlation
coefficients of these trendlines are given in Table 1. Based on the
informationin Table 1, Egs. (2) and (3) stand out from all others by
having the highest R? values. Therefore, it appears that after this ini-
tial examination, these two equations warrant further investigation
and could be used in developing a failure criterion for single-crystal
materials.

Assessment Using Finite Element Models
Finite Element Model Description

The global finite element model of the ATD/HPFTP (developed
using ANSYS'® by ADAPCO for Pratt and Whitney) consists of the
first- and second-stageblade, blade spacers, disk, and shaft (Fig. 5).

Table1 Correlation coefficients
R? for modified version
of failure equations (1-6)

Failure
model R2
Eq.(1) 0.679
Eq.(2) 0.823
Eq. (3) 0.858
Eq. 4) 0.714
Eq. (5) 0.769
Eq. (6) 0.593
Pressure
w / Side
Suction
B ‘
e Leading Second Stage First Stage
Trailing / Edge Blade Blade
Edge — | /
4 i

Shaft to Pump

; Disk

Fig. 5 Global finite element model used for first- and second-stage
ATD/HPFTP blades.

The first- and second-stage blade models were built with eight-
noded three-dimensionalsolid elements, that is, ANSYS SOILD45
elements. This particular element type allows the user to input the
material properties in any orientation desired. As a result, it is ide-
ally suited for analyzing the behavior of the single-crystal material
considered in this study.

The ANSYS combination element is used as a gap element to
simulate the interaction between the disk, blades, and the blade
spacersduringa steady-stateanalysis. This elementis a combination
of a spring-sliderand damper in parallel, coupled to a gap in series.
The total number of gap elements was 2200. They were divided into
two groups,each with 1100 elements, thatis, gap elements with large
stiffness, and gap elements with small stiffness. The gap elements
with large stiffness were carrying the load between the blade and
the disk. The gap elements with small stiffness were closed springs
and remained closed. The latter group of gap elements was used to
provide solution stability.

A submodel was developed from the global model to representthe
first stage-bladeto reducethe run time associated with the full model.
Boundary conditions were obtained in the form of displacements
from the global model results file and were applied at the interface
boundarynodesof the submodel. All pressure, mechanical,and ther-
mal loads applied to the submodel were consistent with the global
model.

The submodel consists of 28,734 elements and 33,572 nodes, that
is, about 22% of the global model. Run times for the submodel are,
therefore, significantly less than those of the global model. To as-
sess the validity of the submodel, maximum principal stresses for
both the baseline global model and the baseline submodel were cal-
culated and compared. The loads and constraints in both models
were developed to simulate a steady-state analysis at 109% service
life. A centrifugal force, a thermal load, and a pressure load were
applied to the global model as well as the submodel. The centrifugal
load was applied as an angular velocity about a particular axis. A
comparison between the principal stresses at a group of nodes for
the global model and the submodel showed identical results, which
verified the correctness and accuracy of the submodel!! A total
of 297 orientations was considered to cover the total range of ac-
ceptable primary and secondary orientations within the first-stage
single-crystal blade. These orientations will eventually be related
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Table 2 Single-crystal material orientations modeled by ANSYS

Case no. A, deg y, deg 0, deg

0 0 0 0, 10, 20, 30, 40, 50, 60, 70, 80
1 7.5 0 0, 10, 20, 30, 40, 50, 60, 70, 80
2 6.93 2.87 0, 10, 20, 30, 40, 50, 60, 70, 80
3 53 53 0, 10, 20, 30, 40, 50, 60, 70, 80
4 2.87 6.93 0, 10, 20, 30, 40, 50, 60, 70, 80
5 0 7.5 0, 10, 20, 30, 40, 50, 60, 70, 80
6 —2.87 6.93 0, 10, 20, 30, 40, 50, 60, 70, 80
7 =53 53 0, 10, 20, 30, 40, 50, 60, 70, 80
8 —6.93 2.87 0, 10, 20, 30, 40, 50, 60, 70, 80
9 =75 0 0, 10, 20, 30, 40, 50, 60, 70, 80
10 —6.93 —2.87 0, 10, 20, 30, 40, 50, 60, 70, 80
11 =53 —-5.3 0, 10, 20, 30, 40, 50, 60, 70, 80
12 —2.87 —6.93 0, 10, 20, 30, 40, 50, 60, 70, 80
13 0 =75 0, 10, 20, 30, 40, 50, 60, 70, 80
14 2.87 —6.93 0, 10, 20, 30, 40, 50, 60, 70, 80
15 53 -53 0, 10, 20, 30, 40, 50, 60, 70, 80
16 6.93 —2.87 0, 10, 20, 30, 40, 50, 60, 70, 80
17 15 0 0, 10, 20, 30, 40, 50, 60, 70, 80
18 13.86 5.74 0, 10, 20, 30, 40, 50, 60, 70, 80
19 10.6 10.6 0, 10, 20, 30, 40, 50, 60, 70, 80
20 5.74 13.86 0, 10, 20, 30, 40, 50, 60, 70, 80
21 0 15 0, 10, 20, 30, 40, 50, 60, 70, 80
22 —5.74 13.86 0, 10, 20, 30, 40, 50, 60, 70, 80
23 —10.6 10.6 0, 10, 20, 30, 40, 50, 60, 70, 80
24 —13.86 5.74 0, 10, 20, 30, 40, 50, 60, 70, 80
25 —15 0 0, 10, 20, 30, 40, 50, 60, 70, 80
26 —13.86 —5.74 0, 10, 20, 30, 40, 50, 60, 70, 80
27 —10.6 —10.6 0, 10, 20, 30, 40, 50, 60, 70, 80
28 —5.74 —13.86 0, 10, 20, 30, 40, 50, 60, 70, 80
29 0 —15 0, 10, 20, 30, 40, 50, 60, 70, 80
30 5.74 —13.86 0, 10, 20, 30, 40, 50, 60, 70, 80
31 10.6 —10.6 0, 10, 20, 30, 40, 50, 60, 70, 80
32 13.86 —5.74 0, 10, 20, 30, 40, 50, 60, 70, 80
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Fig. 6 Material Coordinate System, 297 orientations.

to the base crystallographic coordinate system that is used by the
ANSYS model. Figure 6 together with Table 2 present all orienta-
tions that have been used in this analysis.

Comparison of Failure Models

When the failure model described Eq. (2) was applied to an
ANSYS finite element model of the actual blade structure, a dis-
continuity was found at one of the two nodes of interest for the
first-stage blade (Fig. 7). This discontinuity occurred because the
failure parameter is automatically set to zero when the four normal
octahedral strains are negative. Because of this discontinuity, the
failure model given by Eq. (2) had to be modified. Because positive
normal strain will help the material at the crack tip to experience
all of the applied shear load, a conservative approach would be to
consider only positive strain.!® Therefore, rather than set the en-
tire failure parameter f (N ), equal to a value of zero if all normal
octahedral strains are negative, we propose that only the normal
strain be set to zero. In this case f (V), will be equal to one-halfthe
maximum octahedral shear strain. When this modification was im-

Failure Parameter f(N)2

Secondary
Orientation ©)

Case Number (Primary Orientation)

Fig. 7 Failure-parameter values given by Eq. (2).

Failure Parameter f(N)2

Secondary
Orientation (0)

Case Number (Primary Orientation)

Fig. 8 Failure-parameter values given by modified version of Eq. (2).

plemented in Eq. (2), the discontinuity was removed (Fig. 8). This
modified version of Eq. (2) will be used in all following calculations
and analyses.

Examination of the contour plots obtained using Egs. (1-6) re-
vealed that using Egs. (2), (3), and (5) resulted in nearly identical
failure-parameter contour distributions: Maximum and minimum
values were found to occur at practically the same orientation an-
gles. However, the contour plots obtained by using Egs. (4) and (6)
were significantly different. Based on these results, it is concluded
that the failure models given by Egs. (2) and (3) continue to warrant
further considerationand could be used in developing an improved
failure criterion.

Final Assessment

Note that, unlike the failure model given by Eq. (3), the modified
failure model given by Eq. (2) does not require any predetermined
constants. In addition, Eq. (2) also accounts for those cases where
there are compressive or tensile normal strains because of the pres-
ence of a mode mixity term, whereas Eq. (3) does not. From these
considerations and in light of its excellent correlation of the LCF
test data, the modified version of failure Eq. (2) is considered to be
the best candidate for a new single-crystal material failure model.
In the next section, this new model is validated by comparing its
predictions of crack growth locations against actual engine data. It
is also used to investigate the influence of primary and secondary
axis orientations on the behavior of single-crystal material.

Validation of Proposed Failure Model

A group of nodes at the tip of the first-stage blade submodel are
selected for study based on the availability of engine test results
and possible crack initiation. In addition, the calculations at these
nodes will highlight the influence of the secondary axis orienta-
tions on the behavior of single-crystal materials. Contour plots of
failure-parametervalues will be compared with test data to validate
the failure model given by the modified version of Eq. (2).
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Fig. 9 Failure-parameter contour plot at the blade tip.

Figure 9 shows the failure-parameter contour plots at the tip of
the first-stage single-crystalblade using the proposedfailure model.
Figure 9 shows that the maximum values of the failure parame-
ter exist near the locations where the nodes were picked. Failure-
parameter contour plots at tip nodes will be compared with the
engine test results in more detail in the next section to see if the pro-
posed failure model can be used to predict correctly the behavior
of the single-crystal material and the failure of the SSME turbine
blades.

Analytical Results

Contour plots were created using the proposed failure model and
consisted of the failure-parameter values plotted against the pri-
mary and secondary axis orientations. Eight tip nodes were picked
based on the engine test results and are possible locations for crack
initiation. Figures 10a and 10b show the failure parameter values
at tip nodes 124,675 and 123,739, respectively. By comparing the
maximum and minimum parameter values in Figs. 10a and 10b,
for example, it is evident that the failure parameter value could be
made to vary by up to a factor of 3 by changing the primary and
secondary material orientations. Figures 10a and 10b show that the
highest failure-parameter values occur for cases 14 and 15 and for
secondary orientation angles of & = 0-5 and 80-85 deg. The lowest
failure parameter occurs for cases 0 and 9 and for a secondary ori-
entationangle of § = 50 deg. In the failure-parametercontour plots,
a higher failure-parameter value correspondsto a higher loading on
the slip system, that is, the likely failure mechanism. A review of
all of the contour plots revealed that the highest value of the failure
parameter was at tip node 123,739. Therefore, node 123,739 was
used in the comparison of the analytical and engine test results.

Engine Test Results

Engine test data comes from two ATD/HPFTP configurations
(units F3-4B and F6-5D), which were tested on the SSME at NASA
SSC. Both units experienced cracking of the airfoil tips in multiple
blades, but only a few cracks grew all of the way across the wall
of the hollow-core airfoil. The cracks that grew across the wall
propagated down the length of the blade and in one case failed the
blade, causing damage to the ATD/HPFTP and the SSME. Crack
initiation was determined by NASA and Pratt and Whitney to be
caused by faulty fabrication of the ceramic cores used in casting
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Fig. 10a Failure parameters at blade tip node 124,675.
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Fig. 10b Failure parameters at blade tip node 123,739.
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Fig. 11b Crack size contour plot at blade tip node 123,739.

the blades.!! Specifically, rough edges on the cores were believed
to have created stress concentrations. For this reason, blades with
all orientations of material had cracks initiate, but only some of the
blades propagated those cracks.

Figures 11a and 11b show the calculated failure parameter vs ma-
terial orientation and a contour plot of experimental crack lengths
in the blade vs material orientation, respectively. The darker shad-
ing in Fig. 11b corresponds to longer cracks; the cracks that grew
through the wall are the darkest peaks. Figure 11a shows that the
highest value of the failure parameter occurred for case 15 with a
secondary orientation angle of 6 =85 deg. This prediction agrees
well with the test data in Fig. 11b, which shows that the longest
crack length occurred for case 14 and with a secondary orientation
angle of & =80 deg. Figure 11a also shows that cracks would not be
expected between cases 0 and 10 with a secondary orientationangle
of 6 =45 deg. This prediction also agrees with the test results in
Fig. 11b, which shows that there are rarely cracks in the engine test
data occurring between cases 0 and 10 with secondary orientation
angle 6 =45 deg.

These comparisons show a good correlation between the analyt-
ical predictions of peak failure-parameter value locations and the
actual locations of blade cracking. In addition, the contour plots for
both the analytical and experimental results show that the failure-
parameter values changed with changes in the primary and sec-
ondary material orientations and that certain material orientations
consistently gave low failure-parameter values. This is an impor-
tant result with serious implicationsin manufacturing SSME blades
using a single-crystal material. The failure parameter peaks can be
avoided by forcing the primary and secondary axes to be within cer-
tain orientationsin the casting process of the single-crystalmaterial.
Based on the analytical and engine test results, primary orientation
angles of A =-2.87 deg and y =6.93 deg together with a sec-
ondary orientation angle of & =45 deg about the primary axis will
give the lowest failure-parametervalue for the system and material
considered in this study.

Conclusions

The orientationof a single-crystalmaterial are known to affect the
strength and life of structural component parts. An analytical study
has been performed using the first stage blade of the SSME to study
the effects of secondary axis orientationangles on blade failure rate.
This investigation first considered the correlation of different fail-
ure equations with LCF test data for single-crystal test specimens.
Based on the results obtained, a new failure model was proposed.
A comparison between the analytical results and the engine test re-
sults showed that the proposed failure model correlates well with
test data and differentiates the blades that grew cracks through the
wall thickness from those that did not. The comparisonalso demon-
strated the dependence of blade stresses and cracking locations on
crystal orientation.
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