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Abstract

A first order capabilty for high-temperature, anisotropic, inelastic design of y/4" single
crystal superalloy turbine blades is developed. The capability consists of a new constitutive
model and a computational procedure for single crystal superalloys. These two-phase y /'
materials consist of more than 65% v/ precipitates with an Ll crystal structure, in an
fcc matrix. The yielding behavior of the superalloys is dominated by that of the majority
' phase. In the present study we begin by developing a crystallographic slip model for
L1, intermetallics. This macroscopic model is guided by the current understanding of the
micromechanics of plastic deformation at the dislocation scale level. ilxperimental data from
the literature for single crystals of an NizAl-type material in several orientations over a wide
range of temperatures is used to obtain the material parameters and to test the predictive
capabilities of the model. This constitutive model for single phase 7' is then extended
to model the iwo-phase /7' material. Simple tension and compression experiments are
performed on the two-ph::se material, CMSX4, at temperatures between roen temperature
and 850°C to determine the additional parameters and to test the predictive capabilities
of the two-phase model. The model is then verified for non-homogeneous deformations of
single crystals of CMSX4 in () torsion and (i) tension of a notched bar. The predictive
capabilities of the model are very good.

The constitutive model is implemented in a commercial finite element code. Also, the
model requires only a few material parameters which are obtained from a simple set of
systematic experiments. This should allow an easy transition to actual design applications.

Thesis Supervisor: Lallit Anand
Title: Professor of Mechanical Enginecering
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Chapter 1

Introduction

1.1 Background

The drive to improve the efficiency of gas turbine engines has consistently led to increased
demands on the materials used in the engine hot sections. The trend has been towards
higher melting points, greater creep and thermal fatigue resistance and longer fatigue lives.
For these applications the current expected operating range of temperatures is around
600 - 1100°C, although new developments in materials and parts design are constantly
aimed at increasing the upper limit. As a result, several materials are currently being
investigated for this application including intermetallic compounds, ceramics and ceramic
matrix composites.

However, for some time now, turbine blades in modern gas turbine engines have been
made from large, investment cast single crystals of nickel-base superalloys. Much research
has been performed on the development and improvement of superalloys for this application,
from chemistry modifications to the development of directionally solidified materials and
single crystals, and several generations exist with minor compositional changes between
them, sometimes leading to major improvements in material performance. Figure 1-1
[Molloy, 1990] shows a time line on the development of high temperature superalloys over
four decades, with their approximate maximum use temperatures and year of introduction.
Single crystals, more recently introduced, are an attractive option for several reasons. Since
they have no grain boundaries, they are not succeptible to the common failure modes
of grain boundary oxidation and grain boundary creep fracture, and the grain boundary

strengthening elements which also act as melting point depressants have been removed,
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improving the temperature capability. Additionally, they have lower creep rates.

The blades are investment cast in final form with the (001) orientation approximately
aligned with the major axis. Figure 1-2 shows an investment cast single crystal, complex-
cored turbine blade. Significant improvements in blade design have led to these complex
cored hollow blades for air cooling, allowing the incoming hot gas temperature to be well
above the alloy temperature. Additionally, making the blades hollow significantly reduces
the mass, thereby decreasing the stresses due to centrifugal forces at the blade roots and
making them more attractive for application in aircraft engines. The fir-tree root structure
and the shape of the airfoil lead to complex stress states in the blade, rather than simple

tension or compression in the (001) direction.

1.2 Motivation for this study

Even though single crystal blades are being used in actual applications, the mechanical
aspects of the design of such blades is for the most part empirically based. This is so
primarily because nonlinear structural analysis methodologies for single crystal turbine
blades under complex stress states require accurate anisotropic, thermo-elastic, viscoplastic
constitutive models and failure criteria for cyclic thermo-mechanical loadings, but such
deformation and failure models are still in their infancy (e.g. [Sheh and Stouffer, 1990],
[Stouffer et al., 1990], [Méric et al., 1991], [Jordan and Walker, 1992]). Much remains to
be done to develop a more complete understanding of the mechanisms of deformation
and failure, and to develop a useful numerical capability for analysis and design of high
temperature structural components made from these materials.

The recent macroscopic consitutive models for L1, materials which incorporate
considerations of the mechanics of dislocation motion during deformation of Qin and
Bassani [1992] and Cuitifio and Ortiz [1993]) have some deficiencies. Qin and Bassani [1992]
developed a time-independent model to explain the tension-compression asymmetry of yield
strength of these materials, but did not propose a mechanism to explain the anomalous
temperature dependeunce. Cuitiio and Ortiz [1993] proposed a rather complicated
constitutive model for the anomalous behavior observed in these alloys, incorporating the
contributions of the obstacles created by forest dislocations and by cross-slip pinning to the

“hardening” of these materials at high offset plastic strains. In both cases, no extension
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is made to the two-phase materials and any effect that that might have on the plastic
deformation.

The goal of this study is to develop a physically-based, readily implementable
constitutive model, guided by the operative mechanisms of inelastic deformation in these
superalloys, that will accurately represent the inelastic yielding behavior of these materials
under complex, thermo-mechanical loading conditions. This may then be used as a tool in
the design of turbine blades made from these materials. The single crystal natvre of the

materials requires that the constitutive model account for anisotropic elastic and viscoplastic

response.

1.3 Description of material studied

In this study we will focus on the latest generation nickel-base single crystal superalloy
CMSX4! with composition as given in Table 1.1. This alloy is a single crystal derivative of
Mar-M-247 developed by the Cannon-Muskegon Corporation. Single crystals of this alloy
were kindly donated by the Allison Single Crystal Operations, 5601 Fortune Circle South
Dr., Suite I, Indianapolis, IN 46241. Three orientations were available: crystals within 2-3
degrees of the (001) and (011) orientations, and crystals within 10 degrees of the (111)
orientation. They were received in the solution treated state — 1324°C, 4 hours, gas fan
cool in vacuum. Additionally, a two stage aging heat treatment is required: (7) 1141°C,
6 hours, air cool; (i) 871°C, 20 hours, air cool. This aging was performed by Cannon-
Muskegon. This aging reprecipitates the 7/, giving a regular cubic array for maximum
creep strength. Figure 1-3 is a transmission electron micrograph (TEM) of a fully heat-
treated, undeformed CMSX4. This material consists of two coherent phases. Image analysis
on a TEM micrograph gives: (i) about 68% of an approximately regular, periodic three-
dimensional array of cuboidal precipitates of NizAl (v’) having an L1, crystal structure and
of average dimension 0.45um and (ii) an fcc matrix (7y) of average channel width 60 nm.
The 4 matrix phase is simple fcc. It is much weaker than the 7' precipitate phase and
is present in narrow channels as we see in the TEM micrograph, Figure 1-3. Pollock and

Argon [1988] developed a model for the infinitesmal strain creep deformation of two-phase

!The difference in composition between the earlier generation superalloy CMSX3 and CMSX4 is that
0.5% Re is added in CMSX4 and this has been shown to slow the growth of the v’ precipitates during creep.
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Table 1.1: Nominal composition of CMSX4 (Wt %)

[Cr [Co|[W [Mo|Al [Ti [Ta [Hf [ Re [ Ni |
|8.04.6(8.0]0.6 |5.6|1.0[6.0|0.1|0.5[Balance|

CMSX3 single crystals. At low strains in the early stages of creep, only the weaker ¥ matrix
phase undergoes plastic deformation, hence the properties of the 4 phase are important.
At these levels, the dislocations are concentrated in the narrow matrix channels and are
forced to bow around the 7' precipitates, Figure 1-4(a) [Pollock, 1989]. At higher strains,
as in the later stages of creep, or at the levels where 0.2% offset plastic strain is attained in
a tension or compression strain controlled test, the 4 particles are sheared, Figure 1-4(b).
For later use we note that since the material consists of such a high volume fraction of 4/,
the properties of this phase will dominate the 0.2% and higher offset yield strength of these
materials.

At very high temperatures the microstructure becomes unstable and the precipitates
begin to raft, joining together to form long, narrow plates. Figure 1-5 shows the
microstructure of CMSX3 after very low stress (~70 MPa) creep deformation at 1050°C
[Pollock, 1989]. In the present study we will restrict our attention to somewhat lower

temperatures (up to 850°C), so that rafting will not be considered.

1.4 Plan of thesis

The plan of this thesis follows. In Chapter 2 the behavior of L1, intermetallics, the v’
phase, is d»scribed, and a new viscoplastic constitutive model is developed guided by the
present undeirstanding of the micromechanisms of deformation. The material parameters in
the model are obtained by fitting experimental data from the literature for a single-phase
v’ material which cover a wide range of temperatures and a few orientations at a single
strain rate. The capabilities of the model are tested by comparing predictions of the model
against experiments for other orientations. The successes and limitations of the model are
summarized and discussed.

Chapter 3 shows the results of the experiments conducted in this study to determine the
variations in the tension and compression yield strengths (0.2% offset) with temperature for

the v /v’ superalloy CMSX4. This alloy was tested in tension and compression in the near-
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(001), (011) and (111) orientations at several temperatures ranging from room temperature
to 850°C, and a strain rate of + .0001/sec. The (001) and (111) results were used to
determine the remaining model parameters for the two-phase material at each temperature,
while the (011) results served as predictions. By extending the results of the model for
single-phase 4’ from Chapter 2, and using the 7/ parameters obtained, a simple constitutive
model for the two-phase 7/v’ superalloys is formulated. The implications of this extension
of the constitutive model to the two-phase material and its validity are discussed.

Chapter 4 gives the results of some experiments and simulations to test the predictive
capability of the present model for the single crystal superalloy. These include room
temperature and higher temperature experiments on more complex geometries, leading to
nonhomogeneous deformations. They were: (i) a (001)-oriented thin-walled tube in torsion
and (4i) a (001)-oriented double-notched bar in tension to model the fir tree root structure of
the turbine blade. These experiments give us an appreciation of the versatility and strength
of our new constitutive model.

Chapter 5 summarizes the constitutive model and the material parameters, and describes
the methodology employed to determine them.

Chapter 6 summarizes the results obtained in this thesis and gives some discussion as
well as suggestions for future work.

Appendix A defines the Euler angles which are used in our model to describe the
crystal orientation. Appendix B describes the effect of the non-Schmid shear stresses
on the dislocation cores in these materials. Appendix C describes a simple model which
incorporates the non-Schmid shear stresses in a linear form, requiring only four temperature-
depenaent parameters. This model is appropriate for data at a single temperature, when
a quick result is required. Appendix D describes some monotonic compression and cyclic
experiments which were performed on an earlier generation superalloy CMSX3 in the (001)
orientation; this appendix also describes some micro-mechanical simulations of the two-

phase v /v’ material.
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Figure 1-3: TEM micrograph of undeformed CMS5X4 - (001) direction out of the plane
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(b)

Pigure 1-1: (a) Looping of dislocations in matrix around 7" precipitates during primary
creep. (b) Shearing of precipitates by dislocations during compression [Pollock, 1989]
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Tension axis

Figure 1-5: Rafting of 7' precipitates in CMSX3 due to high temperature deformation
[Pollock, 1989)
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Chapter 2

Modeling of L1, Intermetallics —

v/ Phase

2.1 Yielding of L1, Intermetallics

2.1.1 Macroscopic Response
Yield Strength

Westbrook [1957) was the first to observe some anomalies in the hardress of L1,
intermetallics. His experiments showed that the hardness of polycrystalline NizAl (7')
increased with increasing temperature, Figure 2-1(a). A later study [Flinn, 1960] confirmed
from tensile tests that the 0.01% offset yield strength of polycrystalline NizAl also increases
with temperature, Figure 2-1(b). This anomaly was also found in L1, compounds other
than NizAl and in two phase y/7' superalloys, and hence was attributed to the crystal
structure of the v/ material.

Thornton et al. [1970] and Mulford and Pope [1973] observed that the extent of the
anomalous increase of flow stress with temperature is dependent on the definition of yield
employed. For very small! offset strains (107°), the flow stress is almost constant or
decreases with increasing temperature over the entire temperature range, exhibiting no
anomaly, Figure 2-2 [Thornton et al., 1970]. This suggests that the anomalous increase with

temperature may be a manifestation of some microscale strain hardening of the material.

'Thornton et al. [1970] give no details of how such microstrains at high temperatures were measured.
These results seem not to have been reproduced since.
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Further studies which for the most part have concentrated on the 0.2% offset yield
strength have shown several other interesting aspects of the yield behavior of these alloys.
This is illustrated for single crystals of the v/ material NizAl40.2%B in Figure 2-3, plotted
from the data of Heredia [1990]. The figure plots the 0.2% offset yield strength in the
near-(001), (011) and (111) orientations and in one central orientation in the stereographic
triangle as a function of temperature. Also, Figure 2-4 [Copley and Kear, 1967] plots the
stress strain curves from consecutive tensile loading-unloading experiments at different

temperatures. Several features are evident:

1. At temperatures below ~1000K the yield strength increases with temperature for all

orientations, both in tension and compression. Above ~1000K the strength drops off

significantly.

2. Schmid’s law is violated: orientations with the same Schmid factor (eg. (001) and

(011)) have different yield strengths.

3. For the (001), (011) and (111) orientations, the yield strength at a given temperature
differs in tension and compression over a certain temperature range; the magnitude
and sense of this asymmetry depends on the temperature and the orientation. The
(001) is stronger in tension than in compression, and the opposite is true for the
(011) and (111) orientations. The tension-compression asymmetry is most pronounced
between room temperature and the peak, while at lower and higher temperatures it

is not significant.

4. At all temperatures the (111) orientation is weakest in both tension and compression
(at the lowest temperature the values are all close, with the (111) being slightly higher
than the other two), while the (001) orientation is stronger than the (011) in tension,
and the reverse is true in compression. There are some orientations on the inside of
the stereographic triangle, close to the (012) - (113) great circle, where the tension-

compression asymmetry is essentially zero at all temperatures.

5. Stress-strain curves show a distinct transition to plasticity, with relatively little strain
hardening, especially at the highest and the lowest temperatures, Figure 2-4. The

“hardening” effect on the yield strength with increasing temperature is reversible. On
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unloading and reloading the specimen at a lower temperature, it is possible to attain

a lower yield strength.

Slip Traces

Figure 2-5 shows slip traces for Niz(Al,Nb) deformed over a range of temperatures in the
(001) orientation(S), close to the (011) orientation(V), and close to the (111) orientation(W)
[Lall et al., 1979]. For orientation S ((001)) the resolved shear stress on the cube slip systems
is always zero, so there can be no activity on any of these slip systems, as we see is the case
for all temperatures in Figure 2-5(a) — slip traces corresponding only to octahedral slip
are observed. For orientation V (near (011)), slip traces corresponding to octahedral slip
are observed at low temperatures, while at the two highest temperatures, 595K and 800K,
slip traces corresponding to both octahedral and cube slip are observed, Figure 2-5(b). For
orientation W (near (11'}), in addition to octahedral slip at all temperatures, slip traces
corresponding to cube slip start becoming apparent at temnperatures as low as 300K (room
temperature), Figure 2-5(c). This and other surface slip trace studies show that below the
peak temperature slip occurs primarily on the octahedral slip systems ({111}(110)-type)
while above the peak cube slip ({001}(110)-type) dominates for non-cube oriented samples
([Ta¥2uchi and Kuramoto, 1973], [Lall et al., 1979], [Méric et al., 1991]). The exception is

the (111) orientation where cube slip occurs at all temperatures.

2.1.2 Crystal Structure and Dislocations in L1, Compounds

The L1, crystal structure is a derivative of the fcc crystal structure. It is typical of
compounds of composition AB3 with the minority (A) atoms occupying the corner sites
and the majority (B) atoms occupying the face centers, Figure 2-6. As a result, the lattice
translation vector in L1, compounds is (110) as opposed to %(110) in fcc materials.

Transmission electron microscopy (TEM) results show that the dislocation structure
after deformation in the temperature range where the anomalies are present consists mostly
of long straight screw dislocations, Figure 2-7 [Kear and Wilsdorf, 1962].

It has been suggested [Flinn, 1960] and electron microscopy evidence supports, that
the (110) total dislocations in L1, are dissociated on the {111} planes into two 3(110)
dislocations. Since the energy per unit length of a dislocation is proportional to pb? where

p is the shear modulus and b is the magnitude of the Burgers vector, this dissociation is
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energetically favorable. Movement of one {111} layer relative to the other by 3(110) from
position X to position Y in Figure 2-8 [Hull and Bacon, 1984] moves a B atom to an A
position, leaving behind a region of disorder, or an antiphase boundary (APB). In NizAl
the APB energy on the {111} plane is too high to allow slip of a single 1(110) partial
dislocation. Further movement of the {111} layer by another 3(110) to position Z restores
order. Consequently %(110) partials must travel in pairs separated by APBs. An example
of these dissociated %(110) dislocations, observed by TEM in the L1; compound AuCusg, is
shown in Figure 2-9 [Marcinkowski et al., 1961).

These two %(110) “superpartials” may in turn dissociate into é( 112) Shockley partials®
separated by complex stacking faults (CSF). The total dislocation in L1, structures therefore
consists of two pairs of Shockley partials each separated by a CSF, and separated from each

other by an APB, as illustrated in Figure 2-10 [Hull and Bacon, 1984].

2.1.3 Micromechanisms for Yield Strength Anomalies

There is general agreement in the literature that the major reason for the anomalous
yielding behavior of these materials is the hardening caused by the pinned segments of
screw dislocations when they cross-slip from the {111} octahedral glide planes to the {001}
cube planes. The driving force for this cross-slip process is the difference in APB energy on
the {111} and {001} planes. Flinn [1960] performed calculations based on nearest neighbor
interactions and found that the APB is a minimum on {001} and close tr a maximum on
{111}. When dissociation occurs on the {111} plane, cross-slip becomes more difficult since
the 3(112) vector lies in only the {111} plane. Therefore an individual Shockley partial
cannot cross-slip. So long as the dislocation core is extended, it is constrained to glide in
the {111} plane of its fault. Although an extended screw dislocation cannot cross-slip, it
may form a constriction and then be free to move in other planes ({001} or another {111}),
see Figure 2-11 (reproduced from [Cuitifio and Ortiz, 1993]).

The stress which causes the Shockley partials to constrict is the shear stress resolved
on the primary(p) {111} slip plane in the edge(e) direction, 7pe, Figure 2-12 (adapted from
[Asaro, 1983]). In one sense T, constricts the Shockley partials, promoting cross-slip. When

the sense of the stress is reversed (tension to compression, or vice versa) 7. extends the

2In Figure 2-9, the dissociation into Shockley partials cannot be resolved.
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Shockley partials, hindering cross-slip. Therefore, in one direction the effect of Tpe 18 tO
increase the yield strength and in the opposite direction, the effect is to decrease it.

For a given macroscopic uniaxial stress, the sign of 7. on the octahedral slip systems is
the same for the (011) and (111) orientations, while it is reversed for the (001) orientation,
This accounts for the difference in the sense of the asymmetry for the (001) orientation
and the other two. Orientations in the stereographic triangle where 7, is zero for all the
slip systems (along the (012) - (113) great circle) will exhibit no tension-compresssion
asymmetry. These trends are illustrated schematically in the stereographic triangle in
Figure 2-3.

Takeuchi and Kuramoto [1973] snggested that cross-slip is also likely to be promoted by
yet another “non-Schmid” shear stress, the stress resolved on the cube(c) cross-slip plane
in the direction of the Burgers(b) vector, 7, Figure 2-12.

According to Paidar et al. [1984], once the partial dislocations become constricted and
cross-slip they move a short distance, on the order of b/2 before they redissociate on
a {111} plane, forming a sessile segment. Figure 2-11 shows the two possibilities for a
[101] dislocation after cross-slip from the (111) plane. The two leading Shockley partials
recombine and cross-slip to the (010) plane; they then redissociate either on the primary
(111) plane or the “secondary” (111) plane. On this secondary plane, the resolved stress
which acts on the partials, causing constriction or dissociation is 74, on the secondary(s)
plane in the edge(e) 