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ABSTRACT

THE EFFECT OF HEAT TREATMENTS ON MICROSTRUCTURES
AND PRIMARY CREEP DEFORMATION OF INVESTMENT
CAST TITANIUM ALUMINIDE ALLOYS AND
POLYSYNTHETICALLY TWINNED (PST) CRYSTALS

By

Dong Yi Seo

Several heat treatments were developed and applied to several investment cast duplex
(equiaxed+lamellar) TiAl alloys (Ti-45~47A1-2Nb-2Mn+0.8v%TiB,XD™, Ti-47Al-
2Nb-2Mn+0.8TiB; XD™ with interstitial elements, Ti-47A1-2Nb-2Cr, and Ti-47Al-2Nb-
1Mn-0.5W-0.5M0-0.2Si) in an effort to enhance creep properties. Creep behavior in
polysynthetically twinned (PST) crystals with different orientations was also investigated.

Primary creep resistance of W-Mo-Si alloys can be improved by about 10 times
with heat treatment, and the XD alloys with additions of interstitials can be improved by
about 7 times, and 47-2-2 can be improved by about 3 times, and the XD alloys can be
improved slightly, or not at all when the Al level is lower. The variation in creep
resistance with heat treatment can be explained by differences observed in the
microstructures and textures produced by the various heat treatments. The XD alloys with
high O show large lamellar volume fraction (40%), since oxygen is an a stabilizer. The
addition of carbon in the XD alloys results in grain size refinement and improvement of
primary creep resistance due to the formation of fine precipitates. These XD alloys show
no additional benefit from carbon concentrations higher than 0.065 wt% C. Precipitates in
the W-Mo-Si alloys nucleated and grew at a faster rate in the deformed part of the

specimen, as compared to the grip section, and the precipitates were generally smaller



and more homogeneously dispersed. These observations indicate that strain assisted
nucleation and/or growth of precipitates accounts for much of the excellent creep
resistance of the W-Mo-Si alloy.

Quantitative microscopic comparisons were made between microstructures in
undeformed and deformed regions using SEM and TEM techniques in the W-Mo-Si
alloys. The lamellar spacing in lamellar grains systematically decreased by 15-35% with
increasing stress, during the first 0.2-0.5% strain at the early stage of primary creep. More
refinement of lamellar spacing occurs at lower temperature and higher stress. The
refinement process is a consistent microstructural feature during primary creep
deformation in all investment cast TiAl alloys. The refinement occurred by mechanical
twinning (easy mode deformation) or/and oy shear transformation parallel to lamellar
boundary. Primary creep in TiAl alloys is divided into two stages, an initial rapid process
that refines lamellar spacing through strain levels between 0.2 and 0.5%, and a second
primary creep process, where no lamellar refinement occurs.

The stress exponent and activation energy for creep in the lamellar microstructure
depend on the direction of the stress tensor. In comparing activation energies of the early
process in primary creep in the W-Mo-Si alloy with creep in the soft orientation in a PST
crystal, the activation energies are small, near 150 kJ/mol. This indicated that the early
stage deformation in TiAl alloys correlates closely with PST crystal creep in easy mode
deformation. From simulations of lamellar refinement, computed local shear strains are
similar or higher than effective shear strain. There are some correlations between the
computed local shear strain and microstructural changes during primary creep

deformation.
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CHAPTER 1

1.1 INTRODUCTION

Gamma titanium aluminide (TiAl) based materials have been developed as
candidates for high temperature structural applications, such as heat engines, turbine
engine blades, aerospace and automobile components, because they have low density,
low coefficients of thermal expansion (CTE), high thermal conductivities, high specific
strengths and stiffness at elevated temperature, and high resistance to oxidation and
creep. TiAl alloys are beneficial in the design of components operating at high
temperature, because they are light weight, exhibit minimum thermal fatigue, and can
operate at high temperatures with external cooling. However, these alloys have lower
yield strengths, ultimate tensile strengths and room temperature ductilities than the
current titanium alloys and superalloys used in these high temperature applications.

Several investment cast TiAl alloys (Ti-45A1-2Nb-2Mn+0.8TiB; XD™, Ti-47Al-
2Nb-2Mn+0.8TiB, XD™, Ti-47A1-2Nb-2Mn+0.8TiB; XD™ with different amounts of
interstitial elements (oxygen and carbon), Ti-47Al-2Cr-2Nb, and Ti-47Al-2Nb-1Mn-
0.5W-0.5Mo-0.2Si alloy) have been developed by Howmet Corporation. Selected heat
treatments and the addition of interstitial elements to the alloys have been used to reduce
the costs of processing and to improve primary creep resistance, especially primary creep
resistance as measured by the time to 0.5% creep strain. Most of these TiAl alloys have a
duplex microstructures which have better ductility than lamellar structures. However,
duplex h structures display poorer creep resistance than lamellar structures. Most studies

of creep of TiAl alloys have focused on minimum creep rate conditions or stress-rupture



. The primary creep properties, however, are important in practical applications.
n of ordinary and super-dislocations are the major deformation mechanisms in
chanical twinning, however, is also an important deformation mechanism at
erature. Limited research has been conducted on deformation behavior of TiAl
rly stage of creep, and the creep mechanisms of these alloys are not well
d.

chapter two, the main creep mechanisms for pure metals and alloys at high
re are reviewed. In chapter three, titanium aluminides are reviewed in terms of
ructure, microstructure, deformation modes, deformation twinning, creep
and alloying effects.

search methodology is presented in chapter four. An overview of research
presented in chapter five, with the detail of these results being presented in
ix through twelve.

chapter six, the primary creep resistance (time to 0.5% creep strain) is analyzed
wo-phase TiAl alloys. Two of the alloys containing TiB; particulates produced
)™ process and a third alloy without TiB, are compared. Because the nature of
reep is affected by changes in the microstructure that arise from different heat
s and compositions, the details of primary creep are explored.

ie effect of interstitial concentration on the primary creep deformation and
ctures of investment cast TiAl alloys is presented in chapter seven. The

ctures and the primary creep deformation modes are analyzed in terms of grain

ibution of o, and 7y thickness, and a; thickness.



In chapter eight, microstructural changes during primary creep of Ti-47Al-2Nb-
1Mn-0.5W-0.5Mo0-0.2Si alloys as determined by analysis of the volume fraction of
lamellar and equiaxed microstructures, the distribution of y thickness and o, spacings,
mechanical twinning, and precipitates are presented.

In chapter nine, stress and temperature change creep tests were carried out under a
condition of combined compression and shear stress on carefully oriented PST crystals of
Ti-47Al-2Cr-2NDb alloy with <110> and <112> directions parallel to the principle shear
stress axis. Based on the measured stress exponents and activation energies, possible
creep mechanisms are suggested. By understanding the fundamental mechanisms of
creep deformation of polysynthetically twinned (PST) crystals, an understanding of the
fundamental basis of deformation of the lamellar colonies present in polycrystalline TiAl
alloys can be established.

The effects of different strengthening treatments on primary creep resistance of
four alloys are presented in chapter ten. The changes in the different lamellar and
equiaxed microstructures; y thickness, o, spacing, mechanical twinning; interstitial
levels, precipitate size, composition, and shape; and dislocation interactions with the
precipitates are quantified for each alloy.

Ti-47Al-2Nb-2Mn+0.8TiB, XD™ alloys with higher interstitial element
concentrations were developed for the enhancement of primary creep resistance and
process cost reduction by Howmet Corp. The effect of carbon concentration on primary
creep deformation and microstructures of investment cast and HIPed TiAl alloys with no

further heat treatment are compared to the same alloy with low interstitial content in



chapter eleven. Grain size, distribution of a, spacing, and volume fractions of lamellar
grains with respect to carbon concentration are also analyzed.

From previous studies have shown that the lamellar refinement is a common
microstructural feature in the primary creep behavior of TiAl alloys. In chapter twelve,
lamellar refinement is simulated u<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>