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ABSTRACT
THE EFFECT OF MOLYBDENDUM ON THE PHYSICAL AND MECHANICAL
METALLURGY OF ADVANCED TITANIUM-ALUMINIDE ALLOYS AND
METAL MATRIX COMPOSITES
By

Jeffrey Paul Quast

This dissertation represents a systematic study of microstructure-mechanical property
relationships of titanium-aluminum-niobium-molybdenum (Ti-Al-Nb-Mo) alloys and
metal matrix composites (MMCs). The aspects investigated were the microstructures,
elevated-temperature creep behavior, room-temperature and elevated-temperature tensile
behavior, and the out-of-phase thermomechanical fatigue behavior. The specific alloy
compositions investigated were: Ti-24A1-17Nb-0.66Mo (at.%) and Ti-24Al-17Nb-2.3Mo
(at.%). The MMCs were reinforced with Ultra SCS-6 fibers and the specific
compositions of the matrices were: Ti-24Al-17Nb-0.66Mo (at.%), Ti-24Al-17Nb-1.1Mo
(at.%), and Ti-24A1-17Nb-2.3Mo (at.%). All of the materials were fabricated using a
powder-metallurgy, tape casting technique. A subtransus heat-treatment produced
microstructures containing a hexagonal close-packed a, phase, orthorhombic (O) phase,
and a body-centered cubic (BCC) phase. The higher Mo contents were shown to stabilize
the BCC phase and result in an increase the O+BCC phase volume percent and a
subsequent decrease in the a, phase volume percent. The creep deformation behavior of
the alloys and MMCs was the main focus of this dissertation. Creep experimentation was
performed to understand the deformation mechanisms as a function of stress,
temperature, and strain rate. Higher Mo contents significantly increased the creep

resistance of the alloys, which was attributed to the decrease in the number of a»/a, grain
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boundaries, increased O+BCC colony size, and Mo solid solution strengthening. This
was one of the major findings of the work. In-situ tensile-creep experiments indicated
that grain boundaries were the locus of deformation and cracking in each of the alloys
investigated. MMC creep experimentation was performed with the fibers aligned
perpendicular to the loading direction. Similar to alloy creep results, higher Mo contents
increased the creep resistance of the MMCs. However, the creep resistance of the MMCs
was significantly less than that of their respective alloy compositions. An effort was
made to model the creep behavior of the MMCs based on the creep behavior of the alloys
and fiber/matrix bond strength. The model predicted the secondary creep rates of the
MMCs well for a condition assuming no bond strength between the fiber and matrix. The
model predicts that the MMC will exhibit a secondary creep rate lower than that for the
alloy when the applied creep stress is less than the fiber/matrix bond strength. However,
no such transition was observed in the experimental data. Experimental testing and finite
element modeling revealed that the interfacial bond strength between the matrix and the
fiber was indeed very small, suggesting that the MMC creep resistance would not be
greater than the matrix alloy under practical loading applications. Overall, the work
performed in this dissertation helped fill the knowledge gap which exists for the physical

and mechanical metallurgy effects of varying Mo additions in titanium aluminides.
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Figure 4.33 Edge cracking was apparent for both the (a) Ti-24A1-17Nb-0.66Mo alloy (¢
=150 MPa, T = 710°C, € = 8.4%) and the (b) Ti-24Al-17Nb-2.3Mo (c =275 MPa, T =
650°C, € = 3.2%) alloys creep tested in air, suggesting that oxidation assisted cracking is
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Figure 4.44 Carbon layer cracking was observed for a fiber near the fracture surface for
tensile-tested cruciform sample for the Ultra SCS-6/Ti-24A1-17Nb-0.66Mo MMC (a)
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Figure 4.58 OOP TMF data for the Ti-24Al-17Nb-0.66Mo MMC tested with temperature
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Figure 4.81 (a) Low-magnification and (b) high-magnification BSE SEM images of an
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Figure 5.10 A contour stress plot showing the stress distribution resulting from heating a
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CHAPTER 1

INTRODUCTION

The work presented in this dissertation represents a systematic study of the
processing-microstructure-mechanical property relationships of titanium-aluminum-
niobium-molybdenum (Ti-Al-Nb-Mo) alloys and metal matrix composites (MMCs) with
varying Mo contents. The alloys studied were Ti-24Al1-17Nb-0.66Mo (at.%) and Ti-
24Al-17Nb-2.3Mo (at.%). The compositions of the composite matrices were Ti-24Al-
17Nb-0.66Mo (at.%), Ti-24Al-17Nb-1.1Mo (at.%), and Ti-24Al-17Nb-2.3Mo (at.%).
Henceforth, all alloy and matrix compositions are reported in atomic percent unless
specifically stated otherwise. Each composite was unidirectionally reinforced with
approximately 0.35 volume fraction of silicon carbide-based continuous fibers, termed
Ultra SCS-6 SiC fibers. The mechanical properties evaluated were room-temperature and
elevated-temperature tensile, elevated-temperature (650° - 710°C) creep, room-
temperature fiber/matrix interfacial bond strength, and out-of-phase (OOP) thermo-
mechanical fatigue (TMF). In OOP TMF the material was simultaneously exposed to
cyclic temperature and load fluctuations in an out-of-phase sequence (i.e. maximum
loading at the minimum temperature and vice versa).

To the author’s knowledge, the effect of varying Mo content on the
microstructure and mechanical properties of Ti-Al-Nb alloys has never been
systematically investigated. Therefore, this work presents new information which allows
for a more complete understanding of how relatively small Mo additions affect the

physical metallurgy of titanium-aluminide alloys and their MMCs. From this, the
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suitability of the studied materials for use in high-temperature structural applications in
aerospace vehicles can be assessed.

The main focus of this work was concentrated on obtaining two objectives: to
determine the effect that small Mo additions have on the microstructure, creep, tensile,
and OOP TMF behavior of Ti-24Al-17Nb-xMo alloys and MMCs, and to further develop
a model used to predict the MMC creep response based on the matrix creep rates and
fiber-matrix bond strengths. In order to accomplish these objectives, the microstructures
of each material (before and after heat treatment) were carefully analyzed using scanning
electron microscopy (SEM). Each microstructure was evaluated in tensile and creep
testing, and the dominant creep deformation mechanisms were determined as a function
of strain rate, stress, and temperature. Using SEM-based in-situ tensile-creep testing, the
creep d<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>