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ABSTRACT

Powder metallurgy (PM) offers a cost-effective approach to produce titanium alloys
in near net shape. Conventionally, two general processes have been followed to produce
PM titanium alloys: Blended Elements (BE) and the Pre-Alloyed (PA) methods. Cost
considerations, however, favor BE over the PA method. BE titanium alloy products are
typically characterized by a significant amount of residual porosity. In general, porosity
adversely affects the mechanical properties in PM titanium. Porosity acts as stress
concentration sites and, at the same time, reduces the load bearing area, which leads to
decrease in both the tensile strength and ductility of the material. Pores also have a
greater effect in reducing the fatigue life of PM titanium. In order to improve the
mechanical properties, porosity needs to be reduced or eliminated. It has been shown that
effective densification and therefore improvement in mechanical properties of titanium
alloys can be achieved through the use of TiH, powder.

In the first part of the present work, the effects of powder processing and sintering on
tensile properties of PM Ti-6Al-4V alloy processes by a newly developed PM process
based on TiH, called “hydrogen sintering and phase transformation (HSPT)”, have been
examined. The investigation is aimed at the effect of TiH, particle size and sintering time
on the tensile properties of HSPT-processed Ti-6Al-4V. Very fine powder particles lead
to enhance densification but increase the interstitial element, leading to reduced ductility

of the PM alloy. An increase in sintering time improves the tensile ductility



by reducing the pore size, without affecting the strength of the alloy. In the second part of
the present work, the effect of residual pores on the tensile properties of PM Ti-6Al-4V
alloys processed by HSPT has been examined. The primary objective is to establish a
relation between tensile ductility of the HSPT-processed Ti-6Al-4V and the extreme-
sized pores present as a part of the low-volume-fraction porosity in the material. Even
though each sample is similar to the other in terms of average volume-fraction porosity,
there was unusually large variation in ductility from sample to sample. It is observed that
the extreme-sized pores actually control the ductility of the PM Ti-6Al-4V alloy. A
strong correlation has been found between the extreme pore size and tensile ductility. A
mathematical model is developed to predict the influence of the extreme-sized pores on
the tensile ductility based on the assumption that the pore-containing area yields, causing
strain concentration and early crack initiation.

A new sintering approach to enhance densification of PM Ti-6Al-4V alloy is
investigated in the last part of this work. The hypothesis of the approach is that the
continuous phase transition (between a and ) leads to strain due to volume change
during phase transformation in addition to the enhanced self-diffusivity of titanium,
thereby accelerating the sintering kinetics. A phase reversal experiment was performed
by cyclic sintering across the phase transition temperature (1010°C) of Ti-6Al-4V alloy.
It was found that thermal cyclic across alpha (a)-beta (B) transition temperature led to a
reduction in residual porosity. A mechanical properties evaluation of Ti-6Al-4V alloy
indicated an improved mechanical properties (tensile and fatigue) compared to the

conventional vacuum-sintered Ti-6Al-4V alloy.
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CHAPTER 1

INTRODUCTION



1.1 Background

Titanium materials are important engineering materials for structural applications.
Despite its excellent structural properties, use of titanium is restricted to a few
engineering applications such as aerospace and chemical and medical devices. The
common reason for its limited application is its cost. It was pointed out that most of the
cost of titanium comes from the cost of manufacturing processing [1]. The raw material
cost accounts only for 4% of the total cost of titanium [2]. Since the production and
manufacturing of titanium is expensive, its use is limited to high-end engineering
applications. Powder metallurgy (PM) processing method, on the other hand, proved to
be cost effective, and has been used as an alternative to the conventional processing for
titanium [3].

Conventionally, PM titanium and its alloy product follow two general processing
methods: Blended Elements (BE) and the Pre-Alloyed (PA) methods [4]. In BE method,
the raw powders are blended, compressed, and then sintered. The amount of residual
porosity in the final product, however, is large, which ultimately dictates the poor
mechanical properties. On the other hand, the PA process uses the pre-alloyed powder to
sinter. Though the properties of the final product of the PA process are better than the
BE-processed materials, the processing is not cost effective. Therefore, the BE method is
preferred over the PA method.

Different alternatives have been tried and applied to reduce the residual porosity in
BE product. In recent years, vacuum sintering of TiH, powder emerged as a prevailing
technique to produce near porosity-free titanium and its alloy. People have shown the

improved sinterability, low residual porosity, and better mechanical properties in titanium



processed by vacuum sintering of TiH, powders [5]. The improved porosity level in the
final product has been attributed partially to the hydrogen cleaning of the surfaces during
sintering. In addition, hydrogen refines and thus modifies the microstructure of the
material, therefore improving the properties. By taking advantage of hydrogen as a
temporary alloying element, a new method has been recently introduced to produce fully
densified BE product [6]. This process uses a controlled hydrogen atmosphere to sinter
the TiH, powder instead of using vacuum sintering. This process is thus called the
Hydrogen Sintering and Phase Transformation (HSPT) process. This process is able to
produce fully densified and fine microstructure of Ti and its alloys.

Though we can produce high-density PM product, the residual porosity has always
been a concern in PM materials. It is well known that the PM-processed components may
exhibit different mechanical properties (fracture-related properties) despite having the
same processing conditions, average microstructure, and alloy chemistry. The variability
can be attributed to the defects present in the materials. As we know in PM materials,
porosity contributes the major part of the defect and thus controls the properties of the
materials. Several studies have related the effect of porosity on the mechanical properties
in various material systems [7—13]. Porosity in materials greatly affects the ductility of
the materials. Similar processed components exhibit different ductility levels. Caceres et
al. [14] describe a relationship between the ductility and area fraction of porosity. Power-
law-type expression is proposed by Gokhale et al. [8] to correlate the tensile ductility and
area fraction of porosity in cast Al alloys. Note that all the studies above are focused on
the effect of total area fraction of defects on the fracture surface on the tensile ductility.

But as we know, the fracture is a highly localized phenomenon, i.e., a crack tends to form



in the weakest cross-section from a large pore. Strain localization at pores leads to early
crack initiation, thus limiting the plastic deformation, i.e., the ductility of the materials
and the fatigue life. There are pores that are big enough to act as fracture initiation sites
during applications. These pores are not part of the average microstructure but occur due
to rare events during processing.

Also, processing variables such as initial particle size, impurities, sintering
temperature, and time have significant effect on the amount of residual porosity, and
consequently the tensile properties of PM titanium change. It would be interesting to
study how raw particle size and sintering parameter affect the tensile properties of a PM
titanium alloy.

One of the objectives of this research is to systematically study of how the residual
pores at low-volume fraction affect the tensile properties of HSPT-processed PM Ti-6Al-
4V alloy. The pore size distribution and pore morphology are also investigated as part of
the study. A theoretical model based on the local strain concentration needs to be
developed to quantitatively illustrate the effect of residual pore on the tensile properties.
In addition, effects of powder process and sintering on tensile properties of PM Ti-6Al-
4V alloy processes by HSPT are studied.

A unique characteristic of HCP transition metals like titanium is that they show
anomalous diffusion behavior at phase transition temperature. In these metals, the self-
diffusivities are anomalous higher than at other temperatures, and thus do not follow the
Arrhenius law of diffusion [15]. On this basis, one of the hypotheses of this work is that
that diffusivity enhancement at phase transition temperature should cause rapid

densification at this temperature. The various sintering conditions near phase transition



temperature and their effectiveness in accelerating the densification are investigated in

this research.

1.2 Objectives of the Present Research

The general objective of this research is to investigate the processing effects on the
microstructure and, consequently, the mechanical properties of PM Ti-6Al-4V alloy. The
key objectives are the following:

1. Establish relationship between powder processing, sintering and tensile properties
of PM Ti-6Al-4V alloy made by HSPT process.

2. Determine the process variables and the microstructural constituents affecting the
tensile properties of PM Ti-6Al-4V alloy. The possible mechanisms responsible for the
varying tensile properties are also to be determined.

3. Develop a quantitative model that can explain the tensile behavior with the
microstructural discontinuities such as porosity in PM Ti-6Al-4V alloy.

4. Investigate the process that can enhance the sintering kinetics and therefore
improve the mechanical properties, including the mechanisms responsible for the
sintering kinetics caused during the sintering, and its effect on densification of the PM Ti-

6Al-4V alloy.
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2.1 Introduction

Titanium alloys are attractive for light-weight structural applications due to their
relatively high specific stiffness and strength properties, good creep resistance, and
excellent corrosion resistance [1,2]. Despite the excellent combination of physical and
mechanical properties both at ambient and elevated temperature, extensive usage of
titanium is limited to high-value aerospace and chemical industry applications. This is
largely due to the relatively high costs of the finished titanium products. While the raw
material cost is relatively high, a large portion of the total cost of manufacturing titanium
components is actually associated with the machining of wrought material into the
finished components [3]. A study [4] indicates that about 30% of the total cost of titanium
is spent in machining rough-forged titanium components to final product forms. This
figure, put in perspective, is notably higher than the cost of metal charge and casting
combined (26%). In addition, the total utilization factor (defined as the weight percentage
of raw material that becomes the final component) for machining rough-forged
components to finish product is about 17% [5]. The combined material loss and
fabrication costs inevitably increase the total cost of titanium components. Therefore,
production of near net-shape (NNS) titanium components is a very attractive option to
reduce the overall cost of the titanium product, especially if the material loss in
machining can be largely minimized.

Powder metallurgy (PM) is the principal NNS manufacturing process that has the
potential to reduce the material loss, processing steps, and fabrication costs associated
with the wrought forms. The PM approach to making sintered titanium compacts was

first reported by Kroll [6] in the late 1940s. However, the presence of residual impurities,
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especially magnesium chloride in the alloy, severely degraded the mechanical properties
and the weldability of titanium alloy [7,8]. Abkowitz et al. [8] studied the effect of
chlorine on the mechanical properties of PM Ti-6Al-4V alloy. A significant improvement
in density and mechanical properties, especially fatigue strength, was shown when the
chloride content was decreased from 0.16 wt.% to 0.016 wt.%. However, the titanium
PM route was not pursued widely due to the lack of approaches to produce high-purity
titanium powder at that time.

Since Kroll’s work, several studies have focused on developing further the PM
approach for titanium. The primary goal is to reduce cost and material loss in
manufacturing, with the need to improve mechanical properties playing a secondary role.
If a commercial NNS-processed PM Ti-6Al-4V alloy could be made at a much-reduced
cost, with properties roughly equivalent to the wrought forms, then the hurdles to
practical applications will be minimal. With this broader objective, various techniques
were developed, first, for the production of high purity titanium alloy powder in 1980s.
Secondly, two manufacturing approaches were pursued in order to establish PM of
titanium alloys as a low-cost manufacturing technique. One is the blended elemental (BE)
method and the other is the pre-alloyed (PA) powder method [9-11]. Prototype
components of titanium were made using PM and cost minimization strategies have been

demonstrated [12,13].

2.1.1 The Blended-Element Method
The BE method refers to the process of cold pressing of blended elemental powders

followed by sintering at a temperature higher than the beta-transus temperature. The
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desired alloy composition is attained by mechanically blending the elemental titanium
powder and the powders of alloy elements. The blended powder is then pressed into
desired shapes and then pressure-less sintered at high temperature, usually in the beta-
phase field, in order to homogenize the microstructure with respect to the high-melting-
point alloying elements such as V, Mo, Cr, etc. A titanium component produced by the
BE method generally tends to have poor mechanical properties, primarily due to a
significant residual porosity (94% relative density), coarse microstructure (lamellar
colonies with large prior-beta grains), and impurities from the initial powders [7,14]. A
major disadvantage of this approach is that the microstructure of the BE PM titanium
alloy cannot be refined further without any additional mechanical working, which would
very likely increase the cost of the final PM product. In general, the BE PM Ti-6Al-4V
alloys have subpar mechanical properties compared to wrought Ti-6Al-4V, especially

fatigue strength.

2.1.2 Pre-alloyed Powder Method

The PA method, on the other hand, has been found to produce components with
mechanical properties comparable to those of wrought Ti alloys. It was pursued
extensively in the 1980s for the production of Ti-alloy components with superior
mechanical properties, especially fatigue strength, the levels of which were often targeted
to rival those of the wrought titanium and with an intention of introduction into aerospace
applications. This method also uses sintering of pre-alloyed powders in the beta-phase
field. This process uses very high-purity pre-alloyed powders made by, for example, the

rotating electrode (PREP-plasma rotating electrode process) process [15]. Additionally,
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gas-atomization (GA) and electrode-induction-gas-atomization (EIGA) are some of the
techniques that have been used to produce spherical pre-alloyed titanium powder [15].
However, the pre-alloyed powders showed poor pressability or deformation
characteristics. Hence, they had to be consolidated using pressure-assisted consolidation
techniques such as hot iso-static pressing (HIP), to achieve nearly 100% density [16—19].

There is no doubt that the PA method can produce titanium components with
properties comparable to those of wrought materials, but the energy consumed in both the
powder production and the HIPing steps makes the PA method significantly more
expensive than the BE method. Cost consideration therefore strongly favors the BE
method over the PA method. Therefore, substantial research efforts, from powder
production to postsintering treatments, have been directed to improve the properties of
BE titanium. An example is the advancement of the BE approach by the use of low-
chlorine titanium powder [20-28]. It is known that a chlorine content of > 0.2 wt%
adversely affects the densification process during sintering [8,29,30]. Nearly 100%
density in PM compacts was achieved in the BE Ti-6Al-4V alloy using titanium powders
with a chlorine content less than 10 ppm [31]. Additionally, several studies have used
postsintering thermo-mechanical processing steps, such as hot forging and heat treatment,
in an effort to close the residual pores and to increase the levels of mechanical properties
[31-34]. It is therefore evident that some form of mechanical working is necessary to
bring up the properties of BE PM titanium to the levels of wrought forms—it is the
postsintering mechanical working step to close the pores in BE method and it is the
HIPing step to consolidate the poorly deformable alloy powders in the PA method. There

is no doubt, however, that the postsintering treatments, which are energy intensive,
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largely contribute to the increased cost and the complexity of processing steps in PM

titanium manufacturing.

2.1.3 PM Methods Based on Titanium Hydride Powder

In this approach, hydrogenated titanium (titanium hydride, TiH2) powder is used as
feedstock to make PM titanium alloy components. In general, hydrogen is considered an
unwanted element in titanium alloy, due to the hydrogen embrittlement of titanium at
hydrogen concentrations in excess of about 100 ppm. However, due to the high
diffusivity of H in Ti and the reversible nature of the hydrogenation reaction, hydrogen
can be easily incorporated or removed from a titanium matrix at high temperature. The
use of hydrogenated titanium for sintering a niobium-based superconductor alloy was
first reported by Gregory in 1969 [35]. Subsequently, a process to make titanium alloy
and titanium metal matrix composites using TiH, powder, by hot pressing, was reported
and was named, “decomposition sintering” [36]. Obara et al. in 1976 [37] showed that
TiH,, blended with alloying elements, can be pressed and sintered between 1273K
(1000°C) and 1773K (1500°C) to make PM titanium alloys. Since 2000, significant
progress on PM processes based on titanium hydride powder has been made [38-42]. In
general, in these studies, an increase in the green density and the green strength of PM
compact as well as a significant increase in sintered density, relative to that of
conventional PM methods, are often quoted as major advantages [22,43]. Several studies
[44-47] have shown that a relatively high-density (>98%) alloy with a highly refined
microstructure can be achieved using TiH, powder as feedstock, without using any

additional mechanical or heat treatment steps after sintering. Consequently, a significant
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increase in tensile and fatigue strengths of PM Ti-6Al-4V alloy, made using TiH, powder,
was achieved [48,49]. A detailed discussion of PM processes based on titanium hydride
powder is given in section 2.7.

The objective of this review is to present a comprehensive assessment of the tensile
property levels that can be achieved in various PM manufacturing approaches of Ti-6Al-
4V. The focus is to identify critical raw-material, processing, and microstructural issues
that need to be addressed for property improvement, which could help steer further
research and development. The present study tries to achieve these objectives by
organizing data logically in the form of strength-ductility property maps such that
meaningful comparisons can be made. There has not been any previous attempt to
collectively present the data in such a format to critically assess the processing-structure-
property relationships in PM titanium alloys. The large collection of works compiled in
this study have provided ample mechanical property data under varying powder,
processing, and microstructural conditions, and they have helped greatly in making this

critical assessment.

2.2 Relative Merits of Processing Approaches for PM Ti-6Al-4V
Alloy
A flow sheet of processing routes that have been followed to produce PM titanium
alloys is outlined in Figure 2.1. In general, the type of starting powder (BE or PA) and the
number of PM processing steps greatly influence the microstructure and the mechanical
properties of PM titanium alloys. In general, in the BE approach, three different

approaches have been followed.
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First, traditionally, the BE methods have used powders made by crushing and milling
of Ti sponge [50] or by melting and gas atomization [51], as the feedstock. The melting
and atomization may use either pure or alloy melt to produce the required powder.
However, in pure form Ti sponge is very ductile and very difficult to produce powders of
the required mesh size for PM processing. Melting and gas atomization (GA) of Ti
sponge or alloy adds to the cost of processing. Hence this approach, although one of the
feasible methods of making PM Ti alloys, is rarely practiced in making the BE
components. The majority of Ti powder for the BE approach, however, has come from
the sponge fines obtained from Kroll’s magnesium reduction process.

In the second approach, blended elemental powders or powders obtained by hydriding
and dehydriding of Ti sponge fines (HDH process) are generally used as the feedstock for
manufacturing PM titanium components. In the HDH process, first, the hydriding of
titanium sponge fines is performed to convert them into TiH,. The TiH, particles are
brittle and they can be easily milled to the required particle size. The milled powders are
then dehydrogenated to yield pure Ti powder (known as HDH titanium powder) of that
size. Although a majority of conventional BE approaches have employed titanium sponge
fines, the amount of impurity in the as-milled sponge fines is fairly high, which leads to a
large amount of porosity in the final product, causing poor mechanical properties of the
BE PM alloy. This is because significant chlorine impurity levels, often up to 1500 ppm,
are present in the titanium sponge [29,30]. It is important to note that a large increase (up
to 90% increase) in tensile elongation is achieved for PM Ti-6Al-4V alloy by using HDH
powders with low oxygen and chlorine content [52,53]. Therefore, for superior

mechanical properties, the use of HDH titanium powders as elemental titanium powder
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feed stock in PM is quite attractive.

In the third approach, the titanium hydride powder has been directly used for making
titanium alloy. The hydrogenated titanium powder, blended with the powder of desired
alloy constituents, is cold pressed and sintered, followed by the removal of hydrogen by
vacuum dehydrogenation [40,54-57]. In some recent studies [46], an additional
processing step that involves transformation of the sintered B-Ti through the eutectoid
temperature (~800 for Ti-6Al-4V-H system) is inserted to produce a very fine o+f
microstructure after dehydrogenation. In literature, this process is called the hydrogen-
sintering-and-phase-transformation (HSPT) process. Studies relying on this processing
route [45-48,58-61] indicated that a density >99% and a very fine o+ microstructure
can be achieved in PM Ti-6Al-4V alloys. Therefore, there is a significant growth
prospect for this approach in producing titanium components with high strength and
ductility.

The conventional PM titanium processing involves a consolidation step in which
titanium powders, mixed with desired alloy constituent powders, are compacted by cold-
isostatic pressing (CIP) at room temperature to make the desired shapes. The compacts
are then sintered at high temperature either in vacuum or in inert atmosphere (Figure 2.1)
in the sintering step. This process (CIP + sinter) is suitable for producing low-cost
titanium alloys for applications where dynamic mechanical properties such as fatigue
resistance may not be critical. This is because the fatigue properties of the titanium
component produced in this process are relatively inferior due to a significant amount of
residual porosity. The porosity, however, can be reduced by applying thermo-mechanical

treatments and this helps to significantly improve the fatigue properties [31,32]. Thus, the
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sintering step is followed by the thermomechanical processing step and/or heat treatment
step to reduce the residual porosity and refine the microstructure (Figure 2.1).

The alloyed powders produced by the pre-alloyed-rotating-electrode-process (PREP)
method or by the gas atomization technique, although more expensive, are desired
because of the homogeneity of alloy composition in the powders. In the PA method using
these powders (Figure 2.1), the powders are generally hot compacted, usually using hot-
isostatic-pressing (HIP), into the final shape in relatively very short time (~ 2 hrs). The
properties of the as-HIPed PM titanium compact made from these powders can be further
improved by optimizing the microstructure using the secondary processing steps such as
thermo-mechanical processing and/or heat treatment. Alternatively, the pre-alloyed
powders can also be cold pressed (CIP) and sintered to produce the titanium component.
However, the mechanical properties of CIP+sinter compacts are generally inferior to that
of HIPed equivalent due to large residual porosity [62]. It will be shown later that the
tensile strength and ductility maps compiled in this review reveal the differences in

properties between these two approaches.

2.3 Microstructure of PM Ti-6Al-4V Alloys
The typical microstructures of PM Ti-6Al-4V alloys made using different PM
approaches are shown in Figure 2.2. The microstructure of the alloy produced by
conventional BE (CIP+sinter) PM approach consists of large colonies of lamellar a plates
and massive grain boundary a (GB-a) network with distributed porosity (Figure 2.2a).
This particular specimen was sintered at 1573K (1300°C) and the reported relative

density is 94%. A significant reduction in porosity was observed when the sintered
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specimen was subjected to HIPing treatment, increasing the relative density to 99.4%
(Figure 2.2b). Almost all the pores were eliminated by HIPing, and the microstructure
morphology, although similar to that of the as-sintered specimen, exhibited some
coarsening.

The microstructures obtained using pre-alloyed powders are shown in Figure
2.2(c&d). Figure 2.2c is the typical microstructure obtained in PA PM Ti-6Al-4V alloy
after the HIPing of the powders at 1188K (915°C). The microstructure consists of large
colonies of lamellar a plates with almost no porosity in the microstructure (relative
density > 99%). The average size of the a plates or lamellar colonies in the
microstructure of the as-HIPed specimen is an important variable affecting the
mechanical properties. These sizes generally are affected by (a) type of feedstock powder
(GA or PREP), and (b) the HIPing temperature and time [63]. The microstructure of PA
PM titanium alloy that was hot-forged (at 1223K (950°C)) and heat treated (at 1233K
(960°C) for 1 hr., then water quenched, followed by annealing at 973K (700°C) for 2 hr.)
after the HIPing of PREP powders, is shown in Figure 2.2d. The microstructure shows a
fine transformed a+p microstructure with nearly globular primary alpha (o) phase.

A variety of microstructures in PA PM alloys have been produced with additional
thermo-mechanical processing [64,65] after the primary HIPing consolidation step. Thus,
a significant variation in tensile properties of PA PM Ti-6Al-4V alloy has been obtained,
which can be attributed to the variation in the microstructure cause by the thermo-
mechanical and/or heat treatment processing.

Figure 2.2(e) shows the microstructure of vacuum-sintered PM Ti-6Al-4V alloy,

made using the BE method with TiH, powders as the feedstock. A lamellar colony
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microstructure with elongated o plates can be seen, which is very similar to that of the
conventional BE alloy made from elemental powders. However, the amount of residual
porosity in the hydride-powder-based process is significantly lower compared to that in
the conventional BE approach. The microstructure obtained by heat treating the vacuum-
sintered specimen, made using TiH, powder, is also shown in Figure 2.2f. It can be seen
that heat treatment does not change the microstructure noticeably, because the lamellar
structure, already coarsened and equilibrated in the vacuum sintering step, does not
possess sufficient driving force to coarse the microstructure or recrystallize into the o+f
microstructure.

A high density and a refined microstructure of PM Ti-6Al-4V alloy can be obtained
by the HSPT processing approach as shown in Figure 2.2g. The microstructure consists
of very fine o grains and discontinuous 3 phase (forming a very fine o+ microstructure)
inside the grains. The prior B grains in this microstructure have a relatively much thinner
GB-a phase, unlike the vacuum-sintered microstructures. The refinement of the a+f
microstructure in the HSPT process is attributed to the eutectoid transformation (B-Ti(H)
— B-Ti(H) + 8-TiHy) step and this is discussed elsewhere [45]. It is to be noted that the
amount of residual porosity in the HSPT microstructure depends on the size of the initial
TiH, powder used [48, 59]. Due to high density and refined microstructure, the HSPT-
processed PM Ti-6Al-4V alloy achieved tensile strengths higher than, and ductility levels
equivalent to, that of the wrought Ti-6Al-4Valloy. Tensile strength levels are generally >
1000 MPa and ductility levels are > 10%, with this type of microstructure. However, the
HSPT process does result in a relatively low amount of residual porosity. This residual

porosity can be eliminated by using additional thermo-mechanical treatments or HIPing.
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The microstructure of HSPT processed compact that was subjected to pneumatic-
isostatic-forging (PIF) specimen is shown in Figure 2.2h. In the PIF step, which is a
variant of the HIPing process, the sample is rapidly heated to a temperature and pressure
is applied to close the porosity. This process has eliminated the porosity in the
microstructure completely. Reduction in the porosity, however, did not significantly
improve the tensile properties anymore, but a significant increase in fatigue strength

resulted [48].

2.4 Tensile Properties of PM Ti-6Al-4V Alloy

2.4.1 Strength-Ductility Map of PM Ti-6Al-4V Alloy

Presented in Figure 2.3 are the tensile strength (cyts) data and the ductility (%
elongation) data in the form of strength-ductility maps for variously processed Ti-6Al-4V
alloys. Most of the data available in literature for PM-processed Ti-6Al-4V alloy are
included in this compilation. Specifically, the tensile results of PM Ti-6Al-4V alloy made
by both the blended element (BE) and the pre-alloyed (PA) method [7,8,10,11,14,31—
34,53,62-83] are compared with that of the wrought Ti-6Al-4V alloy [84-91] in Figure
2.3. The property map of the wrought Ti-6Al-4V alloy exhibits a narrow range of tensile
strength, varying from ~850 MPa to ~1200 MPa, and the ductility varies in between 3%
to 26%. These variations in wrought Ti-6Al-4V alloy can be attributed to the possible
variations in composition (interstitial level, especially oxygen) and microstructure
variations of the alloy. This is because the wrought alloy is usually free from defects and
the microstructure, although generally refined and homogeneous, is sensitive to the

process temperature and cooling rate. For example, the martensitic microstructure of Ti-
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6Al-4V alloy, which forms due to high cooling rates, can lead to a very high tensile
strength but will greatly reduce the tensile ductility [87]. It is known that a microstructure
with lamellar o plates increases the ductility at the expense of tensile strength[86]. The
microstructure modifications due to heat treatment, which result in a change in the
properties of the wrought Ti-6Al-4V alloy, do so through the changes the volume fraction,
the shape and the size of phases (mainly the alpha phase) in microstructure. In addition,
oxygen content is known to affect the tensile properties of titanium. An increase in
oxygen content from 0.12 wt.% to 0.19 wt.% increased the tensile strength of Ti-6Al-4V
from 856 MPa to 994 MPa, without causing a significant change in tensile ductility [91].
Also, the oxygen content in the wrought Ti-6Al-4V alloy is not supposed to exceed 0.2
wt.% according to ASTM Grade 5 specification. The oxygen content below 0.2 wt.% has

almost an insignificant effect on the tensile ductility of the Ti-6Al-4V[91].

2.4.2 Factors Affecting Strength-Ductility of Blended Element
PM Ti-6Al-4V Alloy

Figure 2.3 reveals that, similar to the wrought Ti-6Al-4V alloy, the PM BE Ti-6Al-
4V alloy shows a significant spread of the property domain in the map of tensile strength
versus ductility, although this spread is not as wide as that of the wrought condition. In
contrast to the wrought version, the tensile properties of PM Ti-6Al-4V are affected
primarily by porosity and impurities, although some effect of microstructure is to be
expected. The conventional PM-processed (identified as BE: CP+sinter; Figure 2.3) Ti-
6Al-4V alloy shows relatively inferior tensile properties among all that have been made

by various PM processes. The tensile strengths are near the lower bound value of the
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wrought alloy. The tensile strength varies in a narrow range (750 MPa - 900 MPa), but a
significant variation in the tensile elongation (ranged from 3% to 13%) is also observed
(Figure 2.3). Because the BE PM titanium alloys are vacuum sintered generally, it can be
said that the tensile properties of the BE Ti-6Al-4V alloy would be primarily affected by

porosity.

2.4.2.1 Effect of Density and Purity

Commonly, the as-sintered density of the BE Ti-6Al-4V alloy, made using Ti sponge
fines, reached only about 95% of the theoretical density [14]. A maximum elongation of
6%, at this density level, was reported [14]. A high residual porosity leads to a rapid
decrease in tensile ductility, although the tensile strength is much less affected. Further,
as discussed in section 2.1, the presence of high impurity levels, especially the chloride
content, limit the maximum density that can be achieved in BE PM Ti-6Al-4V alloys.
The impurities volatilize during sintering and create pores with insoluble gas bubbles.
Thus, it was possible to achieve a high relative density when low impurity (chloride
content) HDH titanium powder [70] was used in BE PM processing. The increased
density led to simultaneous increases in both the tensile strength and the ductility. This is
probably the reason for the ductility level of 13% in conventional BE Ti-6Al-4V alloy
(the right most point in the property map for BE: CP+Sinter in Figure 2.3), made using
the HDH powder [70]. It can thus be concluded that the large variations in ductility in BE

PM titanium alloys are due to the variations in porosity and/or chloride level.



23

2.4.2.2 Effect of Post Sintering Treatment

Further improvements in the tensile properties of the BE Ti-6Al-4V alloy, to reach
the property levels of the wrought alloy, were sought through processing methods that
help to increase the density to nearly 100%. Over the years, various processes have been
developed for achieving the density close to the theoretical density of the alloy. The use
of postsintering consolidation techniques such as hot isostatic pressing (HIP) is mainly to
close the residual pores and to get a density level > 99.8%. The tensile property range of
such high-density samples of BE Ti-6Al-4V alloy (identified as CP/CW+sinter+HIP in
Figure 2.3) has significantly improved compared to that of BE:CP+Sinter alloys. This is
evident from the shift of the center-of-gravity of the strength-ductility data domain of the
former materials toward the right and toward the top, relative to that of the latter
materials. The property range now falls well within the domain of wrought Ti-6Al-4V
alloy, as illustrated in Figure 2.3.

Near-theoretical-density (> 99%) in BE Ti-6Al-4V alloy could also be achieved by
cold working of the blended alloy powder while making the green compact [71], but
before sintering. The increased contact area between the powder particles and the
generation of dislocations and shear bands during the cold working have been suggested
to cause enhanced diffusion during sintering, thus leading to high-density samples. The
increasing of density this way, to > 99%, resulted in the tensile strength of BE Ti-6Al-4V
reaching about 1000 MPa and, more importantly, the tensile ductility reaching to about
18% [71] as shown by the right-most data point in this property map. Nevertheless, it is
intriguing that the postsintering consolidation has not eliminated the significant variation

of ductility. Although the BE:CP/CW+sinter+HIP alloys have relatively higher density
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levels, the tensile strength levels do vary over a range (920 - 1069 MPa), with a wide
range of tensile ductility (6-18%), as seen in Figure 2.3. This domain of strength-ductility
map was constructed based on the data collected from literature for BE PM Ti-6Al-4V. It
IS not clear at present why the variability in ductility is not reduced after applying HIPing
or postsintering treatments to the compacts made by BE method. This variability in
ductility must be resolved before one can hope to make commercially viable BE PM Ti-

6Al-4V alloys.

2.4.3 Factors Affecting Strength-Ductility of PA PM Ti-6Al-4V Alloy

In Figure 2.3, the strength-ductility property map pre-alloyed (PA) PM Ti-6Al-4V
alloy is also given using the data from literature [63-65,67,74-83]. A wide range of
tensile properties can be observed for PA Ti-6Al-4V alloy, as well. The properties of PA
PM Ti-6Al-4V are rarely compared on the density basis, since this method for making
PM Ti-6Al-4V is intended to achieve nearly 100% density. In one of the processing
approaches, the PA Ti-6Al-4V powders are HIPed to ~100% density into the desired
shape. Alternatively, the PA powders have been first cold pressed and then hot isostatic
pressed (CHIP process) to 100% densification. The strength-ductility data map for as-
HIPed and -CHIPed PA Ti-6Al-4V is identified with the caption PA: HIP in Figure 2.3.
A surprising finding is that a much higher level of variability in both the tensile strength
(700-1068 MPa) and ductility (7.5- 21%) is observed, contrary to the expectation of a
narrower property domain, relative to the BE PM Ti-6Al-4V alloys.

It is not possible here to resolve the reasons for the high degree of property variability

in the high-density PA:HIP materials, but further research should aim to understand the
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sources of this variability. The data map for PA:HIP, however, overlaps with the property
domain of wrought Ti-6Al-4V alloys. However, few samples with exceptionally low
tensile strength and ductility have also been observed. A tensile strength level as low as
700 MPa has been reported for a PA PM Ti-6Al-4V alloy [80]. This low tensile strength,
however, corresponds to the low density (97% - 98%) of this Ti-6Al-4V alloy. Thus, the
low tensile strength may be explained on the basis of low density. This may be an
anomaly for PA:HIP PM alloys because, in general, PA method after HIPing produces
approximately 100% dense PM Ti-6Al-4V alloy component. In Figure 2.3, most of the
data points for PA:HIP are located between the tensile strength values of 850 and 1068
MPa and ductility levels of 8 and 20%. Another anomaly is the 7.5% ductility data, which
is for the hot-pressed alloy [72], which is supposedly a fully dense PM T-6Al-4V alloy.
An important factor to be considered is whether a solid material, free from any flaws,
results from such processing approaches. It is important to note that an achievement of
~100% density, either in HIPing or CHIPing or hot pressing, does not necessarily mean
that the walls of the closed pores have been completely welded during these processes.
Part of the property variations are also likely related to the microstructure differences
arising from the differences in the processing parameters. Again, an in-depth

investigation of this is warranted.

2.4.3.1 The Role of Microstructure and Heat Treatment

For PA PM Ti-6Al-4V alloys in particular, considerable work has been done to obtain
various microstructures by varying the processing parameters, e.g., the temperature and

the pressure of HIPing and/or thermomechanical treatment. Hence, the narrower range of
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strength-ductility property map, even after HIP consolidation, as shown in Figure 2.3,
may be a behavior to be expected. However, the data available are too few to make such
a generalization. Note that PA powders often exhibit a martensitic microstructure due to
rapid cooling in the powder manufacturing process, e.g., PREP or gas atomization
[79,92,93]. The martensite microstructure and its hardness are the reasons for the poor
cold-pressability of PA powders. However, during the thermal exposure due to HIPing,
the as-HIPed microstructure of PA Ti-6Al-4V alloy can undergo phase transformation
from martensite (a’) to o+P, giving rise to a typical microstructure that consists of a
lathes inside prior beta (B) grains [94]. Further, the formation of equiaxed a was found to
be related to the local deformation of powder particles, which occurs at the particle-
particle interface during the HIPing process. This can lead to recrystallization of a grains.
A higher strain energy stored in powders can result in a lower aspect ratio of alpha plate
[95-97], which is preferred for attaining a higher level of ductility in the final alloy.
Additionally, strain energy in the initial powder can be generally increased by deforming
the powder before the final compaction [71,79,98-101].

It is important to note that secondary processing steps such as thermo-mechanical
treatments and/or heat treatment do not seem to significantly shift the domain of the
strength-ductility map of PA:HIP+HT materials relative to the PA:HIP materials, as
shown in Figure 2.3. However, the interesting result is the reduction in the size of the
strength-ductility domain after heat treatment in particular, and the large reduction in
variability of ductility. However, the data points supporting this notion are relatively few.
The lack of a considerable shift in the center-of-gravity of strength-ductility domain is

probably due to the fact that nearly 100% theoretical density is already achieved in the
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as-HIPed state of PA Ti-6Al-4V alloy. Any additional processing steps will have only a
marginal effect on tensile strength and ductility combination, perhaps due to small
changes in microstructure. It is, however, difficult to make a clear conclusion here
because of the variations in the microstructure and processing parameters. Historically,
secondary processing steps were used to enhance the fatigue properties of as-HIPed PA
Ti-6Al-4V alloy. A review of fatigue performance of PM Ti-6Al-4V alloy is presented
elsewhere [49].

To summarize in this section, on the basis of strength-ductility property maps
presented here, it is evident that the PM Ti-6Al-4V alloy can achieve tensile properties
similar to that of wrought Ti-6Al-4V alloy by eliminating the porosity and impurities, and
modifying the microstructure. The spread of the data map for PM Ti-6Al-4V alloys can
be nearly as large as the strength-ductility domain found in wrought materials. Since the
strength-ductility property maps for each process heavily overlap with each other, it is
evident that multiple variables are at work simultaneously and a more meaningful
conclusion requires proper structuring of data by keeping some parameters constant in the

course of comparisons. This will be done in the following sections.

2.5 The Specific Effects of Porosity on Tensile
Properties of PM Ti-6Al-4V
2.5.1 Effect on Tensile Strength
There are several publications in literature that report on the effect of porosity on the
tensile strength of PM Ti-6Al-4V alloy. A reduction in the tensile strength caused by the

increase in porosity is commonly observed [8,23,28,32]. Generally, the effects of powder
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characteristics, sintering, and postsintering treatments on tensile strength are mainly
reflected through the effects of porosity on strength. Figure 2.4 reveals the weak
correlation of tensile strength with density. This plot was made by compiling the densities
and tensile strength levels reported in several studies [7,8,14,18,32-34,53,63-73,76—
83,102] for PM Ti-6Al-4V alloy compacts with lamellar microstructure. The data are for
PM compacts made by either BE or PA method. The volume fractions of pores were not
reported in these studies, but a lower relative density would mean a higher volume
fraction of porosity in the microstructure.

In Figure 2.4, it is clear that the tensile strength increases from about 830 MPa to
about 1075 MPa, when the relative density increased from 94% to >99% [7,8,14,18,32—
34,53,63-73,76-83,102]. The presence of porosity reduces the effective load bearing
cross-sectional area, leading to a decrease in strength because of the increased stress on
the net section of the specimen during tensile loading [103,104]. It is possible that only a
relatively small section of the tensile specimen actually plastically deforms in tension,
due to the concentration of stress/deformation between the pores. The stress
intensification in the sintered ligaments between the pores causes the ligaments to reach
the tensile fracture stress earlier than the solid regions of the specimens, during tensile
loading. This process can lead to the observation of a relatively high area fraction of
porosity on the fracture surface, compared to the bulk area fraction of porosity observed
on a metallographically polished surface. Bourcier et al. [105] indicated that the area
fraction porosity on the fracture plane is about 8 to 10 times the porosity level in bulk.
This supports the idea of stress concentration in the ligament section that is probably

created by the formation of a fracture plane that connects as many pores as possible, yet
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the plane being approximately normal to the stress axis. While this clearly leads to the
decrease in strength in proportion to the porosity, the actual porosity controlling this

behavior may be the volume fraction of porosity on the fracture plane.

2.5.2 Effect on Tensile Ductility

The plot of tensile ductility of PM Ti-6Al-4V alloys as a function of the relative
density, made using the compiled data, is presented in Figure 2.5. It is known that
microstructure can affect the tensile ductility of the materials. In fact, the wide range of
ductility, which is observed at a nearly constant strength level in Figure 2.3 for wrought
alloys, is principally attributed to the variations in the microstructure of the Ti-6Al-4V
alloy. Therefore, in the interpretations of the effect of porosity or density on tensile
ductility of PM Ti-6Al-4V, the effects of microstructure should be decoupled to reveal
the true effect of porosity on ductility. This necessitates that the porosity-ductility
correlation be examined under constant microstructure conditions for any meaningful
conclusions. For this purpose, the data in Figure 2.5, have been restricted to lamellar
microstructures of PM Ti-6Al-4V, for which the relative density ranged from ~94% to
~100% [7,8,14,18,32-34,53,63-73,76-83,102]. The data for PM Ti-6Al-4V alloys made
by both the BE and PA methods, but restricted to lamellar microstructure, are included in
the figure.

It can be seen in Figure 2.5 that the ductility increased from ~ 5% to ~ 25% when the
relative density increased from 94% to 100%, which is a much stronger effect than that
found between tensile strength and relative density. The presence of porosity causes, first,

strain concentration in the vicinity of pores and, secondly, limits the uniform deformation
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of gage section, both leading to the reduction in the macroscopic ductility. Cope [106]
considered the ligaments between the pores in the sintered specimen as the individual
miniature tensile specimens. He showed that during tensile loading, most of the
deformation occurs within the narrower parts of the ligament. Most of the strain
localization occurred at the shortest distance between the pores, causing localized and
inhomogeneous deformation. The inhomogeneous deformation causes material to
fracture at a relatively lower applied tensile stress, thus limiting the extent of uniform
macroscopic elongation before fracture

An intriguing result that emerges from Figure 2.4 and Figure 2.5 is that, although the
tensile strength does not vary much, a large variation in the ductility is observed in the
PM materials with the highest density (>99% relative density) level (Figure 2.5). At this
density level, the ductility varies from 10%-20%, which is quite surprising. Normally,
one would expect the ductility level to be high and much less varied from specimen to
specimen, because the porosity is largely eliminated at such high density levels. Such a
variation in the well-consolidated or sintered PM materials is unexpected and is not
possible to explain on the basis of the diminutive amount of porosity present in highly
dense samples. However, this result is consistent with a study on a cast alloy [107] which
showed that a large variation in ductility is possible even in a material that is supposedly
highly dense. In their study of a cast Al alloy (relative density > 99.9%), Surappa et al.
[107] reported that the tensile ductility varied from ~ 2% to ~ 15%. Based on
fractography, the authors correlated the decrease in ductility from ~ 15% to ~ 2% to the
increase in the size of a crack-initiating pore, from ~ 1 mm to ~ 3 mm, as observed on

tensile fracture surfaces. This large variation in ductility was attributed to the strain
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concentration in the vicinity of a single large pore which was found on the fracture
surface. Chawla et al. [104] also showed (using finite element modeling) that large
amounts of strain intensification can occur at a single large pore or an equivalent
configuration created by a pore cluster. The strain localization that occurs around a large
pore leads to early crack initiation during the tensile loading.

The large variation in ductility in Figure 2.5 at the highest achieved densities of PM
Ti-6Al-4V can be explained on the basis of the extreme-sized pores in the tensile
specimens. In our recent study [59,108], it was shown that a large variation in ductility of
highly dense (>99%) PM Ti-6Al-4V alloys can occur due to the presence of extreme-
sized pores. Figure 2.6 illustrates the variation in tensile ductility, as a function of the
largest pore size that was found on the fracture surface, in PM Ti-6Al-4V alloy
containing about 0.4 wt.% oxygen. The alloy was made from titanium hydride powders
using the HSPT BE approach. In the sintered samples of this material, it was found that,
due to process-induced effects, large pores randomly occur, even at a very low volume
fraction of bulk porosity (<0.1%). In this scenario, each tensile sample will have a
different extreme-sized pore in its volume, based on the statistical chance of occurrence.
Thus, the variability in the elongation in the high-density PM Ti-6Al-4V alloy can be
attributed to statistics of occurrence of the largest pore in the tensile samples. The
extreme-sized pores in PM Ti-6Al-4V alloy can limit the extent of uniform elongation
that can be attained before the fracture initiated from the pore. It has been shown [59,108]
that the extreme-sized pores in the test volume initiate tensile fracture due to strain
concentration next to the pores. The strain concentration next to the pore arises from the

localization of plastic deformation caused by the increased net section stress as well as
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the stress concentration due to the pore itself. Consequently, at any applied stress, the
plastic strain in the deformation-localized region is larger than the plastic strain in the
uniform gage section. In one extreme case, a pore having a cross-sectional area of about
50% of solid specimen localized plastic deformation severely, to the point of fracture
strain, even though the uniform gage section was nominally elastic and showed no

evidence of plastic deformation.

2.5.3 Strength-Ductility Maps at Constant Microstructure

In addition to the porosity, the microstructure of the alloy has a significant effect on
the tensile properties of PM Ti-6Al-4V alloy. In Table 2.1, a compilation of tensile
properties of PM Ti-6Al-4V alloy with lamellar microstructure at various density levels is
presented. The data included in the Table are only a sample of the dataset that was used
to make Figure 2.7. In this dataset, the reported tensile strength values vary in the range
of ~ 750 MPa to ~ 1200 MPa, while ductility varies from ~ 5% to ~ 20%. The strength-
ductility maps of tensile properties of PM Ti-6Al-4V alloy with a constant microstructure,
when compared on the basis of nearly constant density, help to isolate the shifts in
property ranges, as caused by density alone. Such maps for three density levels have been
compiled and are presented in Figure 2.7. The PM Ti-6Al-4V alloys having densities in
the range 94%-95% have a poor combination of tensile strength and ductility. Increasing
the density (to 97%-98%) resulted in a large increase in tensile ductility, and causes the
properties domain to shift towards the right, with little change in tensile strength. When
the densities increased to more than 99%, a further large increase in ductility, with one

sample having 20% elongation at a tensile strength of about 1000 MPa, is found. It is
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noted that this may be the best combination of tensile strength and ductility that was ever
achieved in a PM product, especially with the lamellar microstructure. Thus, for a given
microstructure, a high level of strength-ductility combination can be achieved by
focusing on increasing the density as much as possible during the powder metallurgical

processing of Ti-6Al-4V alloy.

2.6 Microstructure Factors Affecting Tensile Properties

The true effect of microstructure on the relative placement of the property domains in
strength-ductility maps for PM Ti-6Al-4V alloys can only be assessed on the basis of
largely pore-free microstructures. For this purpose, the tensile properties of the high-
density (> 99% relative density) PM Ti-6Al-4V alloys reported in the literature have been
grouped here into three common microstructure classes: lamellar, equiaxed, and fine-
widmanstatten microstructure. The grouped data are presented as strength-ductility maps
in Figure 2.8 [7,8,14,18,32-34,53,63-73,76-83,102]. The data included in this figure
come from a large number of sources, and only a sample of the property data that were
used in Figure 2.8 is given in Table 2.2. From the behavior of wrought Ti-6Al-4V alloys,
it is generally known that the lamellar microstructure provides limited barriers to
dislocation motion and deformation during tensile straining is inhomogeneous. This
deformation behavior leads to a relatively low strength and ductility combination. The
equiaxed o microstructure tends to show relatively higher values of strength and ductility
in general, because of an increased number of barriers to dislocation motion and a
relatively more homogenous deformation due to the fine, equiaxed nature of alpha phase.

For example, Lee et al. [33] reported the tensile properties of equiaxed and lamellar
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microstructure PM Ti-6Al-4V alloys that had nearly the same density. A significantly
higher ductility (11% EI.) was observed for the equiaxed microstructure compared to the
lamellar microstructure (7.5% ELI.). The strength of the lamellar microstructure (1090
MPa) was comparable to that of the equiaxed microstructure (1050 MPa).

The most significant observation that emerges from the strength-ductility maps in
Figure 2.8 is that the largest variation in tensile properties, both in strength and ductility,
is seen in the lamellar microstructure group. There are a number of microstructure factors
that can cause this variation—the size of the lamellar colony, the size of prior 3 grains,
and the size of grain boundary o (GBa). Lutjering et al. [109,110] showed that the tensile
strength of (a+P) alloy depends moderately on a colony size—the strength increased
slightly with a decrease in the colony size. Additionally, the average size of prior-f3 grains
has a significant influence on the tensile properties. Studies indicate that a decrease in the
prior-p grain size led to an increase in both the tensile strength [84,109-115] and the
ductility of the alloy [109,113]. A significant increase in the elongation (from 6% to 12%)
was observed when the prior B grain size was reduced from 600 pum to 100 um [109]. The
increase in the % elongation in a polycrystal is related to the mean-free distance for slip,
which is smaller for the smaller  grains. The shorter dislocation pile-up length, due to
the smaller prior beta grains, helps to reduce the stress concentration at the grain
boundary, thus delaying the crack initiation during tensile deformation. This is reflected
as an increase in the ductility of the microstructure. The size and the shape of o lamellae
are also known to affect the tensile strength and the ductility of Ti-6Al-4V alloy. A lower
aspect ratio of o lamellae exhibits a relatively high ductility—the tips of the large-aspect-

ratio o plates in the lamellae act as stress concentration sites, leading to the reduction in
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ductility [96]. Which of these microstructural factors becomes a dominant factor that
would dictate the tensile performance, depends on the powder parameters, the processing
approach, and the postsintering processes such as thermomechanical processing and heat
treatment.

It is quite surprising that the PM Ti-6Al-4V alloys with an equiaxed alpha
microstructure also exhibit a wide range of properties on the strength-ductility map, as
shown in Figure 2.8. This variation is as much as that observed for the lamellar
microstructure. The tensile strength is found to vary between 700 to 1130 MPa in the
literature while ductility varies in the range of ~ 6 to ~ 20%. Unlike the lamellar structure,
the tensile properties of an equiaxed structure largely depend of the size of the o phase. It
was shown that microstructures with a finer and equiaxed o exhibited a relatively high
tensile strength and a relatively lower ductility [63]. This may be the reason that, in
Figure 2.8, the strength data are concentrated in the upper part of the data domain, with
the exception of a few data points. The ductility spread is as much as that seen for
lamellar microstructures. While this may be difficult to explain, it is not unreasonable to
suppose that extreme pores are involved in controlling the ductility here, as discussed in
section 2.5.2. According to the studies [116,117], the phenomenon of increased strength
is due to the shorter mean-free path for dislocation motion. The increased ductility is due
to the difficulty associated with the nucleation and growth of the voids during the tensile
deformation. It was noted that most of the voids in (o+) Ti alloy nucleate at the interface
between alpha (a) and beta () phase, hence the alpha-beta phase morphology, in addition
to extreme-sized pores, may also play a complicating role. It is not possible to isolate the

individual variable affecting strength or ductility because of the possible compounding
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effects of many microstructural parameters and extreme pores.

The strength levels achieved in PM Ti-6Al-4V alloys with widmanstatten
microstructures are significant, as can be seen in the upward shifting of strength-ductility
property domain in Figure 2.8. This is again attributable to the refined nature of
widmanstatten microstructures with a much smaller dislocation mean-free-path during
plastic deformation. The very fine elongated o phase in such a microstructure acts as a
potent barrier for the dislocation motion during deformation, leading to a very high
strength. As a result, widmanstatten microstructures show relatively higher strength
levels compared to other microstructures, yet with nearly as much variation in ductility as
that seen in equiaxed and lamellar microstructures. The extents of ductility domains for
all the microstructures are largely similar, which may be due to complex microstructure
effects that are discussed before. The specific examples of strength and ductility levels

for specific microstructures from selected studies are compiled in Table 2.2.

2.7 Effect of Manufacturing Process on the Tensile Properties

The most common approach to manufacture PM Ti-6Al-4V alloy is through the use
of elemental powders, despite the fact that the BE method, in general, shows relatively
poor tensile properties (Figure 2.9 and Table 2.3). This was discussed in section 2.2 and
was attributed to low density and high impurity levels. Additional processing steps, such
as mechanical working and/or heat treatment, can significantly improve (Table 2.3) the
tensile properties of BE Ti-6Al-4V alloy, but this comes with increased processing cost.
Recently, the use of titanium hydride (TiH,) powder in the place of Ti powder in the BE

method has been shown to be effective in producing a relatively high-density material.
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For example, a 98.5% density was achieved for CP titanium when TiH, was used as
starting powder, in contrast to the 95% density achieved when Ti powder was used in
vacuum sintering under similar processing conditions [118].

The benefits arising from using the titanium hydride powder and vacuum sintering
(with dehydrogenation) to obtain PM Ti-6Al-4V compacts have been well documented in
the literature. Studies [40,42,57,119] showed that a relatively high concentration of
vacancies and dislocations are generated due to the change in volume and shearing during
the decomposition of the hydride phase, which can lead to an increase in the rate of
diffusion, which helps in PM consolidation. Also, titanium hydride powders fragment
during compaction due to their brittleness, resulting in finer particles and producing
additional new surfaces for sintering [40,57,120]. In addition, the atomic hydrogen
released from hydride powder has been suggested to clean the particle surface, thus
increasing the chemical activity of the titanium surface [120,121], which could help the
sintering process. Further, the lower oxygen content in the hydride powder is an
additional benefit resulting from the use of the hydride powder. It was found that PM Ti-
6Al-4V alloys with a remarkably low oxygen content and high density after vacuum
sintering can be obtained.

The tensile property domains of BE PM Ti-6Al-4V alloys made by vacuum sintering
(conventional Ti powder) and those made by the new HSPT process (see discussion later
for more details) are compared in the strength-ductility map in Figure 2.9. The range of
tensile strength and ductility domain for BE PM Ti-6Al-4V alloy made by vacuum
dehydrogenation sintering of TiH, powder is also presented in the strength-ductility map

in Figure 2.9. The typical tensile properties of BE PM Ti-6Al-4V alloys made by the
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vacuum sintering of TiH, powder provide a tensile strength range of 950 MPa-1050 MPa
and a ductility range of 8%-13% [40,42,55-57,118,122]. This domain for BE:Ti-Hydride
is shifted to the top relative to the BE: conventional, indicating that improved tensile
strength levels of PM Ti-6Al-4V alloy can be achieved still using the BE and vacuum
sintering approach, but employing the TiH, powder. Optimizing the variables such as
initial powder size, compaction pressure, sintering temperature and time, the tensile
strength can be further improved [120,123] in TiH, approach. When additional
mechanical processing is implemented on the conventional BE Ti powder approach (BE:
Conventional + MW/HT) and the TiH, powder-based approach (BE: Ti-Hydride +
MWY/HT), there are clearly significant increases in the strength-ductility combination of
the alloy. Two aspects are to be noted here. First, it can be seen that hydride-based BE
PM Ti-6Al-4V alloys can provide a strength-ductility property range that is comparable
to that obtained by the mechanical working/heat treatment of conventional BE compacts.
Secondly, it can be seen in Figure 2.9 that the use of MW/HT leads to a much larger
improvement in the mechanical properties of PM articles made with TiH, powder. A
tensile strength level as large as ~ 1200 MPa and a ductility level of ~ 20% were achieved
for BE Ti-6Al-4V alloy made by TiH, approach followed by additional mechanical
working steps [122]. This is probably the highest strength and ductility combination that
was ever achieved in PM Ti-6Al-4V alloys.

The use of a vacuum-sintering approach in consolidating BE powders with TiH; as
the starting material still results in a relatively coarse microstructure. This presents an
inherent limitation to the range of tensile properties that can be obtained in general

through a BE approach, even with the use of TiH, powder. It is known [124,125] that
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eutectoid phase transformation of hydrogenated titanium alloys refines and modifies the
microstructure of the titanium alloys. Based on this, and following some steps of the BE
route using the titanium hydride powder, a new process was recently introduced using
TiH, as the starting powder, with a view to obtaining the most refined microstructure in
PM Ti-6Al-4V alloy. This method uses hydrogen sintering in the B-Ti(H) phase field
instead of the common vacuum-sintering process. The hypothesis is that the presence of
hydrogen in solid solution in beta-titanium reduces the activation energy of Ti self-
diffusion by decreasing the Ti-Ti bonding strength [126], which could lead to an increase
in the densification rate. After hydrogen sintering, the densified samples are cooled to a
temperature below the eutectoid transformation temperature for the eutectoid phase
transformation to occur. During this process, B-Ti(H) transformed into a(H)+B(H) plus a
hydride phase (B-Ti(H) — o-Ti(H) + B-Ti(H) + 8-TiHy) and broke the interiors of coarse
B grains into fine microstructure, setting the stage for an extremely refined o+f
microstructure [46,47]. The hydrogen is then removed by dehydrogenation around 973K
(700°C), to a level lower than that is allowed in the ASTM standard (150 ppm H max;
ASTM standard B348-10) for wrought titanium alloys. The entire process is referred to as
the “hydrogen sintering and phase transformation (HSPT)” process [46]. It was shown
that this method is able to produce densities of final alloy close to the theoretical density (>
99%). Also, the oxygen content is generally low in these compacts due to the scavenging
action of hydrogen during dehydrogenation.
The strength-ductility map of BE Ti-6Al-4V alloy processed using HSPT (BE: HSPT)

is also included in Figure 2.9, along with the data from the conventional BE PM

processes discussed above. An excellent combination of strength and ductility in the BE
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Ti-6Al-4V alloy can be achieved using the HSPT process. For example, a high tensile
strength (1100 MPa) is achieved with a reasonably high elongation (~ 13%). These
improvements in tensile properties were attributed to a very fine and uniform o+f
microstructure resulting from the eutectoid transformation step in the HSPT process [45].
The effect of the subsequent MW/HT step on the mechanical properties of HSPT-
processed Ti-6Al-4V alloy has been recently investigated [61]. As shown in Figure 2.9,
the domain of BE: HSPT+MW/HT[61,127] overlap with the BE: HSPT, which suggests
that additional mechanical working and heat treatment of HSPT-processed material has
limited or no effect on the tensile properties’ combinations. Although some improvement
in strength-ductility combination appears to arise [61] after MW/HT of HSPT alloys, the

improvement is not as great as that found in other BE approaches.

2.8 Summary

Based on the critical analysis of tensile properties of PM Ti-6Al-4V alloys compiled
in the form of strength-ductility maps, the following conclusions can be drawn.

1. The principal variable that affects the tensile properties of PM Ti-6Al-4V alloy is
the porosity. A relative density > 98% is required to achieve tensile properties
comparable to that of wrought Ti-6Al-4V alloys.

2. The tensile strength of PM Ti-6Al-4V alloy is only mildly affected by porosity, on
the basis of the evaluation of properties of materials with relative densities between 95%
and >99%. This is explainable on the basis of small variations in net load-bearing area,
due to the small changes in porosity.

3. At a nearly constant relative density, a large variation in ductility was seen,
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regardless of the microstructure. This is believed to be due to the effect of pores, possibly
extreme-sized pores, in causing strain concentration and early crack initiation, thereby
limiting the achievement of uniform elongation in tension.

4. A surprising finding is that the variability in ductility is actually the highest at the
highest possible densities of PM Ti-6Al-4V alloy, when assessed on the basis of constant
lamellar microstructure. This may be due to extreme-sized pores that occur statistically
randomly in specimens, regardless of the microstructure condition.

5. The evidence also suggests that although the best tensile properties in PM Ti-
6Al-4V alloy can be achieved with very fine widmanstatten microstructure, the same
degree of variability of ductility, as found in other microstructures, persisted.

6. Mechanical working and/or heat treatment consistently improved the strength-
ductility combination of all PM Ti-6Al-4V alloys, regardless of the process by which
they were made. This is clearly due to the elimination of porosity or closing of pores and
the refinement of microstructure.

7. The PM Ti-6Al-4V alloy made by the relatively new “HSPT process” is able to
produce PM Ti-6Al-4V alloy with a tensile strength level ~ 1100 MPa and ductility ~
18%, due to an extremely fine o+ microstructure. This process is a promising approach
for potentially lowering the cost of manufacturing while maintaining the PM tensile

properties close to those of the wrought Ti-6Al-4V alloy.
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Table 2.1. Room-temperature tensile properties of lamellar PM Ti-6Al-4V alloy at
various density levels

Density(%o) Processing Density(%) oys(MPa) ours(MPa) (% El)
CIP+VS, BE[7] 94 740 830 6
CP+VS, BE[32] 95 750 810 5
CP+VS,BA[14] 94.8 683 773 6
-0R0,
(94-96%) P+ VS, PA,[56] 95 838 937 4
PIM, PA, [108] 94.8 645 720 45
CIP+VS,BA [15] 96 850 965 10
Tiara, BE,[16] 97.5 804 912 8
CP+VS,BE[14] 97 820 880 10
MIM, PA[109] 97.1 728 832 13.4
-080,
(96-98%) CIP+VS, BA[110] 96.5 815 919 7.1
Tiara, BE[64] 97.7 833 954 12
MIM, PA[109] 97.5 748 835 9.2
HP, PA[77] 99.09 800 950 13
CP+HP, PA[77] 98.46 740 830 14
CIP+VS+HIP,
BE[66] 100 864 965 13
CP+VS+HIP,
BE[65] 100 833 921 14
HIP, PA[70] ~100 967.3 900 145
cmgg;}mp, 99.4 827 896 15
0]
(> 99%) HIP, PA[58] ~100 875 995 16
HIP, PA[96] ~100 860 937 17
HIP, PA[75] ~100 931 998 11
HIP, PA[76] ~100 841 910 18
HIP, PA[63] ~100 821 910 15
CIP+VS, BE[103] 99 850 970 12.5
P+ VS, PA[56] 99 848 925 6.2
MR-9+TM+HT,
BE[33] 99.2 1090 1185 7.5

BE: blended element powder processing, CP: cold press, CIP: cold isostatic pressing, VS: Vacuum sintering, PIM:
powder injection molding, MIM: metal injection molding, HP: hot pressing, MR-9: patented BE powder processing,
HIP: hot isostatic pressing, HT: heat treatment, TM: thermomechanical treatment, TIARA: patented BE powder
processing, PA: pre-alloyed powder processing.
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Table 2.2. Room-temperature tensile properties of lamellar PM Ti-6Al-4V alloy at
specific microstructure conditions

Micro- . Density Ovs G UuTS
structure Processing (%) (MPa) (MPa) (% EL)
HP, PA[77] 99.09 800 950 13
P+ VS, PA[56] 99 848 925 6.2
CIP+VS+HIP, BE[66] ~100 864 965 13
Lamellar ~ CP+VS+HIP, BE[65] ~100 833 921 14
HIP, PA[70] ~100 967.3 900 14.5
CIP+VS+HIP, BE[8] 99.4 827 896 15
CIP+VS, BE[103] 99 850 970 12.5
HIP, PA[73] 99.23 932 980 14.8
MR-9, BE[61] 99 825 915 10
HIP, PA[63] 100 862 951 15
HIP, PA[79] >99 880 962 10.47
. CP+VS+HT+CR+HIP,
Equiaxed BE[65] >99 911 990 16
HSPT+HT[60] >09 881 952 19.2
HIP+MW+HT, PA[70] 100 931.4 1047.6 16.7
HIP, PA[73] 99.71 845 930 18.5
ROC+RA, PA[95] >99 827 869 16
HIP+HT, PA[58] 100 1000 1105 14
HIP+HVC, PA[76] 100 931 993 15
CIP+VS+HIP+HDH,
BE[34] 99.9 834 938 13
CP+VS+HT+HIP,
BE[65] 100 862 951 15
Widman- HSPT[46] >99 930 994 17.8
statten HIP+HT, PA[70] 100 931.9 1036.3 13
HIP+MW+HT, PA[70] 100 989.8 1087.8 12.7
HIP, PA[80] 100 860 937 17
CIP+VS+HIP+BUS,
BE[83] 99.9 951 1034 7
CIP+VS+HIP+HDH,
BE[83] 99.9 834 938 13

BE: blended element powder processing, CP: cold press, CIP: cold isostatic pressing, VS: Vacuum sintering, ROC:
rapid omnidirectional compaction, RA: recrystallization annealing, HW: hot working, HP: hot pressing, MR-9:
patented BE powder processing, HIP: hot isostatic pressing, HT: heat treatment, TM: thermomechanical treatment,
TIARA: patented BE powder processing, PA: pre-alloyed powder processing, HSPT: hydrogen sintering and phase
transformation.
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Table 2.3. Room-temperature tensile properties of lamellar PM Ti-6Al-4V alloy made
from different initial powders

Base Density Micro- Gvs GUTS

i 0,
powder Processing (%) structure (MPa) (MPa) (%6EL)
CIP+VS[7] 94 Lamellar 740 830 6
CP+VS[32] 94 Lamellar 737 827 5
CP+VS[32] 95 Lamellar 750 810 5
CIP+VS[32] 97 Lamellar 820 880 10
Ti CP+VS[14] 94.8 Lamellar 683 773 6
CP+VS[32] 98 Lamellar 850 920 13
CIP+VS+HIP+ Fine
HDH[34] 99.9 widmanstatten 834 938 13
CIP+VS+HT+C .
R+HIP [65] > 99 Equiaxed 911 990 16
CP+VS[127] 96 Lamellar 850 965 10
CIP+VS[46] - Lamellar 859 982 12
CIP+VS[94] 99 Lamellar 850 970 12.5
CP+ VS[40] 98.3 Lamellar 960 1040 5.7
CIP+VS+HR Fine
>
[127] 99 widmanstéatten 1054 1180 20
CIP+VS+HR+
HT [127] > 99 lamellar 1100 1180 17
Fine
HSPT[46] 99 widmansttten 943 1036 15
Til .
2 HSPT[59] og e 961 1027 13.7
widmanstéatten
Fine
HSPT[48] 98.5 . ) 955 1033 13.7
widmanstétten
Fine
HSPT[48] 99.2 . ) 946 1032 15.6
widmanstéatten
HSPT+HT [60] 99 globularized a 881 952 19.2
HSPT+HIP[48] 999 . "¢ 952 1023 182
widmanstétten
Fine
HSPT[107] 99 1016 1102 12.3

widmanstatten

CP: cold press, CIP: cold isostatic pressing, VS: Vacuum sintering, HIP: hot isostatic pressing, HT: heat treatment, HR:

hot rolling, HSPT: hydrogen sintering and phase transformation.
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Figure 2.2. Typical microstructures of PM Ti-6Al-4V alloys prepared by (a) BE compact
after vacuum sintering [7] (b) BE compact after vacuum sintering and thermomechanical
treatment [7] (c) PA compact after HIPing [64] (d) PA compact after HIPing and
thermomechanical treatment [64] (e) vacuum sintering of compacts of titanium hydride
powder [61] (f) vacuum sintering and heat treatment of compacts of titanium hydride
powder [61] (g) HSPT process [48] (h) HSPT process followed by PIF treatment [48]
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Figure 2.5. % Elongation versus % relative density of lamellar microstructures of PM Ti-
6Al-4V alloy produced by BE and PA method [7,8,14,18,32-34,53,63-73,76-83,102]
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Figure 2.7. Tensile strength versus % elongation of lamellar PM Ti-6Al-4V alloy
produced by BE and PA method [7,8,14,18,32-34,53,63-73,76-83,102]
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Figure 2.8 Tensile strength versus % elongation of Ti-6Al-4V alloy produced by BE and
PA method with density > 99% [7,8,14,18,32-34,53,63-73,76-83,102]
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MATERIALS AND EXPERIMENTAL PROCEDURE
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3.1 Starting Powder Preparation

For this study, -325 mesh, -20/+60-mesh titanium hydride (CP-TiH,), and -325 mesh
60 wt.% Al - 40 wt.% V (60AIl/40V) master alloy powder were used as starting material.
These powders were received from Reading alloys, PA, USA. The coarse (-20/+60 mesh)
powder was used to minimize the interstitial contamination in the initial powder. The -
20/+60-mesh powder was jar milled using stainless steels ball ( 2.54 cm) as grinding
media for 30 min. in Ar atmosphere. After milling, using an appropriate sieve, -325 mesh
sized titanium hydride powder was produced. Also, -400-mesh 60Al-40V master alloy
powder was produced by sieving as-received -325-mesh master alloy powder using a
standard sieve.

The milled and as-received -325-mesh TiH, powder were blended with -400-mesh
and -325-mesh size 60Al/40V master alloy in a suitable proportion to obtain the Ti-6Al-
4V composition. Blending was achieved by mixing the powders in a homemade blending
jar with lifters. The blending was carried out for a minimum of 24 hrs. to ensure complete

homogenization of powders.

3.2 Powder Compaction
The blended powders were cold iso-static pressed (CIPed) to make green compacts in
a cylinder, 13 mm in diameter and 90 mm in length. For CIPing, rubber bags were used
as mold for the green compacts. Approximately 65 gm of blended powder was poured
into the rubber mold using a funnel. After hand tapping for approximately 10 minutes
(approximately 500 taps), bags were vacuumed to remove any entrapped air in the

interstitials and then tightly sealed. The sealed bags were transferred to the cold isostatic
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press manufactured by American Isostatic Presses, model CP 360 (AIP CP360). A

pressure of 350 MPa was applied for 7 min. to prepare green compact.

3.3 Sintering

All the sintering and dehydrogenation processes were conducted in a custom-built
tube furnace. The tube furnace is equipped with a high vacuum system and capable of
reaching a temperature of 1400°C. The atmosphere in the tube of the furnace was
controlled using mass flow controllers, one for ultra-high purity hydrogen (Hz) and one
for ultra-high purity argon (Ar). The high vacuum levels were achieved using an Agilent
AX-65 diffusion pump. A vacuum level of 10™ Pa can be achieved in the tube furnace.
All the specimens were sintered in the shape of a cylindrical bar. The samples for

mechanical testing were machined from the as-sintered bar.

3.3.1 Hydrogen Sintering and Phase Transformation (HSPT) Processing

The powder mixture composed of -325-mesh titanium hydride powders and -325-
mesh 60AI/40V master alloy powder were compacted using the CIP. The compacted
samples were transferred to the tube furnace and the furnace was flushed with pure Ar.
The furnace was vacuumed to 10™ Pa and then the furnace was switched on to start
heating. The compacted samples were heated to 1200°C at a rate of 10°C/min and
sintered at that temperature for 4 hrs in a flowing Ar/H, mixture. The sintered TiH;
compacts were then cooled at a rate of 5°C/min to 650°C. The samples were held at
650°C for 4 hrs to complete eutectoid transformation in the material, followed by cooling

to room temperature. The samples were then dehydrogenated by holding at 750°C for 12
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hrs in a vacuum. The temperature was controlled within ==1. The complete processing

scheme is shown in Figurel.

3.3.2 Thermal Cyclic Sintering

Thermal cyclic sintering was performed in the same approach as discussed above.
The compacted samples were thermally cycled across the o/f phase transition
temperature of Ti-6Al-4V alloy (1010°C) with 10°C and 20°C thermal amplitude in high
vacuum for a varying number of cycles. In the present study, the number of thermal
cycles varied between 16, 32, 48, 96, 144, and 192 cycles. The heating rate and the

cooling rate was 25°C/min during the thermal cyclic sintering.

3.3.3 Isothermal Vacuum Sintering

Similar experimental procedures were followed in preparing the green compact from
the powder mixture of Ti-6Al-4V alloy composition. The compacted samples were
heated at a rate of 25°C/min to 1010°C. The sintering was done at that temperature for
varying set of time in high vacuum (10 Pa). In this investigation, five different

temperatures such as 0.9 hrs 1.3 hrs, 2.7 hrs, 5.4 hrs, and 10 hrs were considered.

3.4 Density and Chemical Analysis
The density of as-sintered Ti-6Al-4V alloy specimens was directly measured using

Archimedes’ principle as

p:Wairxpwater /(Wair_Wwater)

Densities of the samples were also determined using a Micromeritics pycnometer,
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model AccuPycll.
The average Al, V, and C composition of the dehydrogenated alloy were determined
at Aston Metallurgical Laboratory, IL, USA. Oxygen, hydrogen, and nitrogen

compositions were determined using a Leco TCH 600 analyzer.

3.5 Microstructure Analysis

Microstructure analysis was performed on the samples after processing to identify the
changes in the microstructure as a function of sintering temperature and time. The
samples were first sectioned using a sectioning saw (Allied High Tech — TechCut 5).
After sectioning, each specimen was hot mounted in a mounting resin using a hot press
(Buhler). The samples were first ground with 320-grit SiC paper to remove the coarse
scratches. The samples were then manually polished following a standard polishing
procedure. Etching was done using Kroll’s reagent to reveal the microstructure.
Microstructural analysis is performed using an optical microscope (Olympus OLS3500)
and SEM (FEI Nova NanoSEM, and Hitachi S4700 FESEM). The image analysis

software imageJ was used to determine the porosity fraction in the microstructures.

3.6 Mechanical Testing and Fractography
For mechanical testing, samples were sent out for machining into round tensile bars
and fatigue bars. All the machining for tensile specimens was performed by
Westmoreland Testing and Research (WMT&R), PA, USA, while samples for fatigue
testing were machined at Chemistry machining shop at University of Utah, Salt Lake City,

USA. The tensile bars are machined to ASTM E8 specifications as shown in Figure (3.2).
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The fatigue bars have a 0.25” diameter by 0.5” length gauge with 0.75” diameter smooth
ends (Figure 3.3). The fatigue samples were mirror polished before testing in order to
nullify the surface effects. The samples were polished using 320-grit SiC paper followed
by 400-, 600-, 800-, and 1200-grit SiC paper. The final polishing was done using 5 pum, 1
pm and 0.3 pm alumina powder solution (in water). Both tensile tests and fatigue tests
were performed using an MTS servo hydraulic Test System capable of up to 100 kN of
force and 60 Hz cyclic loading. Control and data acquisition are accomplished using
MTS TestSuite software. The static tensile tests are performed at a strain rate of 2 x 10—4
s—1. Fatigue tests were performed under load control with a cyclic frequency of 35 Hz
(sine wave) at the stress ratio (Omin/Omax) Of 0.1 in laboratory atmosphere at room
temperature.

The fracture surfaces from the mechanical tests were examined in a scanning electron
microscope (SEM) to determine the nature of the crack/fracture initiation. The projected
area of pore that had initiated fracture in each sample was determined by using the grid

technique and with the aid of imageJ image analysis software.



69

A
|
je—— Hydrogen Atmosphere > € Vacuum _);
' [
&) ' Phase ! '
o A B- Ti(H) sintering | transformation :(_ Dehydrogenation —)5
O 1
-t | | !
S " 1 '
y 1200°C I
(1] 1 1
b 1
[T, 1 |
Q. 1 1 !
E g ! ! 750°C :
o |£ I °
= |5 ! , |
S 12 hrs |
— ,2 1 |
o 1
%2 I
|
I
I

.

Time, hrs

Figure 3.1 Schematic of temperature and time profile of the HSPT process used for
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Abstract

Powder metallurgical (PM) titanium alloys made by
dehydrogenation of titanium hydride (TiH;) have drawn attention
due to the lower cost and excellent mechanical properties. In this
work, tensile properties of Ti-6Al-4V alloy fabricated by the
hydrogen sintering and phase transformation (HSPT) process
were investigated. The effects of powder processing and sintering
on the tensile properties of Ti-6Al-4V have been studied. It is
found that the increase in Till, powder milling time reduces the
ductility due to increased oxygen levels. An increase in sintering
time enhances the ductility of the material, due to a reduction in
pore size, without significanfly changing the yield strength and the
ultimate tensile strength (UTS).

Introduction

Powder metallurgy (PM) offers a cost effective approach to
produce titanivm alloys in near net shape [1, 2]. Conventionally,
two general processes have been followed to fabricate PM
titanium alloys: Blended Elements (BE) and the Pre-Alloyed (PA)
methods [3, 4]. Cost considerations, however, favors BE over PA
method [5]. BE titanium alloy products are typically characterized
by a significant amount of residual porosity. In general, porosity
adversely affects the mechanical properties in PM titanimm.
Porosity acts as stress concentration sites and, at the same time,
reduces the load bearing area, which leads to decrease in both the
tensile strength and ductility of the material [6, 7]. Pores also have
a greater effect in reducing the fatigue life of PM titanium [8]. Tn
order to improve the mechanical properties, porosity needs to be
reduced or eliminated. Fijita et al. [9] showed that a density level
> 99% of theoretical density can be achieved by vacuum sintering
of titanivm sponge fines or hydride-dehydride (HDI) titanimm
powder. Liu et al. [10] have shown that addition of the rare earth
element to PM Ti alloy increases the densification and reduce the
porosity through enhanced particle bonding. Such steps to reduce
the porosity, therefore, increase the processing cost and, in some
instances, can change alloy chemistry significantly.

It is now well accepted that the effective densification and
therefore improvement in mechanical properties of titaninm alloys
can be achieved through the use of TiH, powder [11]. Ivasishin et
al. [12], in their study on PM Ti-6Al-4V alloy, showed that
vacuum sintering of Till, powder with Al-V master alloy powder
increases the tensile strength and the ductility. The improvement
in the tensile properties was attributed to the higher density levels
of Ti-6Al-4V alloy sintered through this process. It was suggested
that the continuously evolving hydrogen during sintering of TiH,
cleaned the particle swiface thereby increasing sinterability of
fitanium [13]. Although, the PM ftitanium alloys can be easily
fabricated from TiH,, the microstructures resulting from the
vacuum sintering process are relatively coarse. Large lamellar
alpha colony microstructure has been observed in vacuum sintered
Ti-6A1-4V based on TiH; [12]. This type of microstructure limits
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tensile ductility, strength and the fatigue life of the titanium alloy
[14]. Post-sintering mechanical working and/or heat treatment can
be applied to refine the microstructure to improve the properties,
especially the fatigne properties [14]. However, the additional
steps complicate the processing and increase the process cost.

Tt is also known that the hydrogen as a temporary alloying
element [15, 16] refines the microstructure of Ti alloys. Based on
this, a process [17] has been developed to produce fully dense Ti-
6A1-4V alloy with refined microstructure. This method is named
as hydrogen sintering and phase transformation (HSPT) process.
In this process, first, sintering of TiH, compact under controlled
hydrogen atmosphere in B-phase region is performed and then the
sintered compact is subjected to eutectoid transformation and
dehydrogenation.  This  produces  relatively fine a+f
microstructure. Sun et al. [18] compared the tensile properties of
vacuum sintered and HSPT processed CP-titanium. They showed
that the tensile strength and the ductility of CP-Ti can be
increased by ~ 100 MPa and ~ 4%, respectively, using the HSPT
process. Significant increase in the tensile strength and the
ductility have also been observed in HSPT processed Ti-0Al-4V
[19]. These improvements in tensile properties are attributed to a
very fine and wniform microstructure resulting from the
precipitation of fine @, phases and the formation of ultra-fine (a +
8) phases in the eutectoid transformation during codling in
hydrogen atmosphere [20]. .

It is known that the processing variables such as the starting
powder size, as well as the sintering temperature and time have
significant effect on the density and consequently on the tensile
properties of PM titanium alloys. Itis therefore of interest to study
the effect of these parameter on the tensile properties of Ti-6Al-
4V processed by HSPT.

The present investigation is aimed at investigating the effect of
TiH, particle size and sintering time on the tensile properties of
HSPT processed Ti-6Al-4V. Different combinations of powder
size and sintering time have been attempted for fabricating the
alloy and their effects on tensile properties have been investigated.

Experimental Procedure

The present study was carried out using the as-received -20/+60
mesh TiH, and -400 mesh 60 wt.% Al - 40 wt.% V master alloy
powder from Reading alloy, PA, USA. The TiH; powder was jar
milled using stainless steel balls as grinding media for 30 min. in
Ar atmosphere. Using appropriate sieves, -325, -500 and -635
mesh sized powders were produced by milling. Additional -325
mesh size Til; powders were also obtained from the powders
milled for 60 min. The milled TiH, powders were blended with -
400 mesh Al-V master alloy in suitable proportions to obtain the
Ti-6Al-4V composition. The blended powders were then cold iso-
static pressed (CIPed) at 350 MPa into cylinders of 13 mm in
diameter and 90 mm in length. The compacted cylinders were



then heated to 1200°C at a rate of 10°C/min in flowing H,/Ar
(50/50) gas mixture for sintering. Two sintering times, 4 hrs and 8
hrs, were used in the present study. The sintered samples were
then cooled to 650°C at a rate of 5°C/min and held at that
temperature for 4 hrs in flowing Hy/Ar mixture. This produces
ultra-fine microstructure with p + o, + o + & phases, where & is
the hydride phase. The samples were then subjected for
dehydrogenation at 750°C for 12 hrs. Densities of the samples
were determined using a Micromeritics pycnometer model
AccuPycll. The average Al, V, and C composition of the
dehydrogeneted alloy were determined at Aston Metallurgical
Laboratory, IL, USA. Oxygen, hydrogen, and nitrogen
compositions were determined using Leco TCH 600 analyzer.
Samples were mechanically polished followed by fine polishing
with colloidal silica. Etching was done using Kroll’s reagent to
reveal the microstructure. The image analysis software image]
was used to determine the pore fractions in the microstructure.
Tensile samples were machined from the dehydrogeneted Ti-6Al-
4V bar following the ASTM E-8 standard. A strain rate of
0.0002s" was used to perform the tensile tests at room
temperature. Displacements in the gauge section of the tensile
specimen were recorded as a function of load using an
extensometer. Fracture surfaces were examined in a Scanning
Electron Microscope (SEM).

Results and Discussion

The average chemical composition of HSPT Ti-6Al4V alloys
made in this work is givenin table I.

Table I. Chemical composition of HSPT processed Ti-6Al-4V

Composition | Al v H C N Ti

Wt.% 5.99 | 3.84 | <0.001 | <0.03 | 0.02 | Balance

The effect of TiH, particle size on density and oxygen content is
shown in Table II. It can be seen that the sintered density
increases with a decrease in the TiH, particle size. This increase in
density can be attributed to the increase in sintering kinetics [21]
at small particle sizes. In addition, a larger particle size creates
large interstitial pores during the cold compaction process which
eventually leads to large and non-uniform pores in the sintered
materials.

Table II. Effect of TiH, particle size on the density and oxygen
content on HSPT processed Ti-6Al-4V

TiH, particle size, | p 1o density, % | Oxygen, wt.%
mesh size
325 (<A5um) 9778 023
-500 (<25um) 99.15 045
-635 (<20um) 9933 042

Although, a finer particle size helps in increasing the density, it is
more susceptible to oxygen contamination during milling due to
increased surface area. Oxygen in Ti-6Al4V is known to have
detrimental effect on tensile properties which will be discussed
later. Tt is clear that there is a trade-off between high density and
the oxygen contamination using fine TiH, powder.

Fgure 1 shows the optical microstructures of the HSPT processed
Ti-6Al-4V alloy. The distribution of pores in the microstructure
and the prior P grain structure can be observed. The high
magnification micrograph shown in FHg 1(d) reveals the
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transformed B structure. The microstructure can be characterized
as a fine e+f microstructure with grain boundary (GB @) phase

R

Fgure 1. Optical microstructure of HSPT Ti-6Al4V (a) -325
mesh sintered for 4 hrs (b) -500 mesh sintered for 4 hrs and (c) -
635 mesh sintered for 4 hrs (d) same material as (a) at high mag.



with uniformly distributed pores. Fg. 1 (a), (b) and (c) illustrate
the microstructures of the processed Ti-6A1-4V, using -325, -500
and -635 mesh TiH, powder sintered for 4 hrs, respectively.
Elongated pores along with a few rounded were observed in the -
325 material. The average volume fraction of pores is ~ 0.0013.
Fgure (1b) indicates a significant decrease in porosity, as Till,
particle size was reduced to -500 mesh size. Isolated small round
pores were observed in the microstructure. The average volume
fraction of pores is ~ 0.00035. The volume fraction of pores
further decreased to ~ 0.0002 when a much finer -635 mesh TiH,
was used. Therefore, it is clear that with the use of finer TiH,
particles, high densification of HSPT PM Ti-6Al-4V alloy during
sintering can be achieved.

Tensile stress-strain curves of the HSPT Ti-6Al-4V alloy samples
fabricated using the three different Till, particle size are shown in
Fg. 2. Ttis to be noted that except for particle size difference, all
the samples were processed identically (4 hrs of sintering). Table
OI summarizes the tensile properties of the samples. Yield
strength (YS) increased from 961 MPa to 1173 MPa and the
Yoelongation decreased from ~ 13% to ~ 4% as the initial TiH,
particle size was reduced from -325 to -500 mesh. Also from
Table II, the oxygen content increased to ~ 0.42 wt.% for -500
mesh TiH, from a level ~ 0.23 wt.% for -325 mesh. Therefore, the
increase in the tensile strength and reduction in ductility of the
sample can be attributed to the oxygen contamination. It is known
that strength and ductility of Ti-6Al-4V are strongly dependent on
the oxygen [22]. Oh et al. [23] showed that the dependence of
tensile properties of Ti-6Al-4V alloy on oxygen is related to the
lattice staining by oxygen. Laftice strain acts as a barrier for the
dislocation motion, therefore increased hardening and reduced
ductility of Ti-6Al-4V can be explained on this basis.

The study also evaluated the effect of sintering time, for a given
initial TiH, powder size distribution, on the tensile stress-strain
behavior. Figure 3 shows the microstructure of HSPT processed
Ti-6Al-4V based on -325 mesh Till, powder and 8 hrs sintering.
A reduction in the amount of elongated pores was observed as
compared to the material made of -325 mesh powder sintered for
4 hrs (Fg.1a). The average volume fractions of porosity were ~
0.0013 and ~ 0.0010 in -325 samples, sintered for 4 hrs and § hrs
respectively. This clearly indicates that there is not significant
change in porosity even after doubling the sintering time.
Therefore, it can be said that sintering of Ti-6Al-4V is nearly
complete around 4 hrs of sintering time. This is also supported by
the fact that the only a slight increase in density has been observed
(~97.78 % for 4 hrs sintered specimen versus ~ 98.16 % for § hrs
sintered specimen).

The stress-strain curves for HSPT Ti-6Al-4V alloy sintered for 4
hrs and 8 hrs are shown in Fg 4. It can be clearly seen that
elongation increased slightly from ~ 14% to ~ 15% as the
sintering time increased from 4 hrs to 8 hrs. There is no
measurable change in YS and UTS with the increase in the
sintering time. The slight increase in elongation in 8 hrs sintered
sample can be attributed to the reduction in the elongated pores in
the sample. This is consistent with the fact [7] that pores act as
strain concentration sites and leads to the reduction in overall
elongation of the sample. Fracture surface analysis (Fig 5.) also
indicated that localized deformation occurs around the pores. It
can be seen that such pores are slightly large in velume fraction in
4 hrs sintered sample compared to thatin 8 hrs sintered. Therefore
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Table TI1. Tensile properties of HSPT Ti-6Al-4V samples

TiM, particle Y
size, mesh size ovs, MPa ours, MPa 7o EL
-325 (<45um) 961 1027 13.76
-500 (<25pm) 1173 1214 4.20
-635 (<20pm) 1148 1187 2.26

1400
1200 |
—~1000 |
©
o
EE 800
7]
g 600
.b ——-325 mesh, 4hrs sintering
7] - - -500 mesh, 4hrs sinterin,
400 — --635 m::h, 4hz :int:ring
»® Fracture
200
0 1 1 1
0 0.05 0.1 0.15 0.2
Strain

Figure 2. Stress and Strain curves of HSPT processed Ti-6Al-4V
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Fgure 3. Optical microstructure of HSPT Ti-6Al-4V based on -
325 mesh TiH; sintered for 8 hrs
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Figure 4. Stress and Strain curves of HSPT processed Ti-6A1-4V
4 hrs sintered sample compared to thatin 8 hrs sintered.
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the ductility of HSPT Ti-6Al-4V can be increased by reducing the
overall volume fraction of pores using long sintering times.

T TIE @
) 5
AR\ LS %
i AR
Figure 5. SEM fractograph of (a) 4 hrs (b) 8 hrs sintered HSPT Ti-
6AI-4V based on -325 mesh size Ti-6A1-4V.
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Hgure 6. Stress and Strain curves of HSPT processed Ti-6Al-4V

During this work, it has also been observed that milling time also
affects the tensile properties of HSPT Ti-6Al-4V. Figure 6 shows
the stress-strain curve of HSPT Ti-6Al-4V alloy sintered using -
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325 TiH, powder obtained by milling -20/+60 mesh TiH, powder
for 30 min. and 60 min. A significant change in the stress-strain
response can be observed in the Fig. 6. The YS and UTS
increased by ~ 100 MPa while elongation decreased from ~ 14%
to~ 12% when the milling time increased from 30 min. to 60 min.
Oxygen content increased to ~ 0.28 wt.% for 60 min. milling from
~ 023 wt% for 30 min. milling. A longer milling causes a
reduction in TiH, particle size. Even though both sample used -
325 TiH, from 30 min. and 60 min. milled powder, a larger
fraction of fine powder will be found in 60 min. milled TiH,
powder than that was milled for 30 min. Smaller particle having
large surface area are more prone to oxygen contamination.
Therefore, the increased tensile strength and reduced ductility in
60 min. milled sample possibly arises from the oxygen
contamination during milling.

Conclusion

This study examined the effect of powder processing including
the powder size, milling time and sintering time on tensile
properties PM Ti-6Al-4V. The analysis of the result led to the
following conclusions.

1. Hydrogen sintering and phase transformation (HSPT)
process based on TiH, is a viable technique to produce
Ti-6Al-4V having tensile properties that are close to that
of the wrought Ti-6Al-4V. In particular, the strength
levels are either equivalent or higher than that is
typically found in wrought alloys.

Alloys with relatively higher densities, approaching that
of the wrought alloy can be achieved by using a finer
starting powder of TiH,. The largest effect on the final
density is due to the initial powder size distribution used
for the preparation of the alloys.

At smaller particle sizes, oxygen contamination during
powder processing, although leads to increased tensile
strength, reduces ductility severely in PM Ti-6Al-4V.
Therefore, there is optimal milling time for powder size
reduction that would produce acceptable levels of
strength and ductility.

For a given powder size, an increase in sintering time
from 4 hrs to 8 hrs reduces the residual porosity slightly,
which leads to a slight increase in the ductility of PM
Ti-6A1-4V. This suggests sintering for durations longer
than 4 hrs do notincrease the ductility appreciably.
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Tensile properties of Ti-6Al-4V titanium alloy, sintered by a new process (sintering, phase
transformation, and dehydrogenation of titanium hydride compacts, termed HSPT process),
were investigated to determine how the sintering pores influence the tensile strength and
ductility. It was found that the ductility in the sintered alloy is severely affected by the size of the
largest pore, referred here as extreme-sized pore, even when the average volume fraction of
porosity is nearly constant between a large number of samples. It is shown that the rapid
decrease in ductility, with an increase in the extreme pore size, is caused by strain localization
around the extreme-sized pore and early crack initiation. This crack initiation leads to fracture
of the plane containing the pore thereby limiting the extent of uniform plastic strain that can be
attained before fracture. Interestingly, the strength properties are, however, found to be
independent of the size of the extreme-sized pore. The results are explained on the basis of stress
concentration and strain localization around the extreme-sized pores. The work also reveals that
if the extreme-sized pores are eliminated, PM Ti-6Al-4V alloy with high strength (~1100 MPa)
and gooed ductility (~12 pet), which is easily comparable to a wrought Ti-6Al-4V alloy, can be
achieved even at oxygen levels up to 0.4 wt pct.
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I. INTRODUCTION

THE prospect of achieving high density, strength,
and toughness while at the same time facilitating
near-net shape manufacturing has largely drawn focus
on powder metallurgical (PM) titanium alloy processinﬁ
research and development.['™ Research in the past!™™
focused on PM titanium alloys made by two kinds of
processes: the blended element (BE) powder process and
the }[)re-alloyed (PA) powder process. It is now com-
mon®* that densities approaching the theoretical den-
sity can be achieved by proper control of powder and
the processing parameters. Tensile ductility of PM
titanium alloys is very sensitive to porosity but there is
net much quantitative work in this area. Caceres,’® in
the study on Al-Si-Mg alloy, has shown that small
amounts of residual peres can lead to crack initiation
and reduce the tensile ductility. It is necessary to
eliminate large pores and produce nearly fully dense
products consistently if PM-processed materials are to
compete reliably with wrought materials. Major efforts
have been made in the past to improve the tensile
properties of BE titanium alloys. Liu ef al® showed
that the addition of rare earth elements enhances the
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particle bonding during sintering, resulting in reduced
porosity and leading to an improvement in ductility.
Secondary processing, such as hot forging and heat
treatment, also improves mechanical properties of BE
titanium alloys, largely due to pore closure and refined
microstructure. 157 However, additional processing steps
beyond PM sintering increase the complication in
processing and cost of the alloy, thus weakening the
prospect for commercial success.

In recent years, vacuum sintering and dehydrogena-
tion of TiH, powder has emerged as an attractive
technique to produce titanium alloys with a relatively
low amount of porosity. Studies® ™ have shown that
improved sinterability, low porosity, and better mechan-
ical properties can be achieved by this approach. The
reduced porosity level in the sintered product has been
attributed partly to the hydrogen cleaning of the particle
surfaces, during egress, which apparently leads to better
sintering ') However, the achievable tensile properties
of titanium alloys are limited by the coarse microstruc-
ture obtained in vacuum sintering of TiHs.

It is known from the literature that phase transfor-
mation of hydrogenated titanium alloys refines and
modifies the microstructure of both wrought!>'* and
sintered PM titanium alloys!"'® leading to improved
mechanical properties. This process was either referred
as “thermo-hydrogen processing (THP)” or the “Hy-
drovac” process at that time. A method!"” has been
recently proposed to produce fully densified PM tita-
nium alloy with a refined ¢+ f microstructure by
sintering and dehydrogenation of titanium hydride
powders. This recent process, named ‘“hydrogen
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sintering and phase transformation (HSPT)” process,
first uses a hydrogen atmosphere to sinter the cold-
pressed TiH, powder compact in the beta phase region.
The sintered material is then eutectoid-transformed to
achieve a fine scale microstructure. Subsequently, the
compact is dehydrogenated, leading to a fine trans-
formed «+ ff microstructure.

Although the bulk density of titanium alloys sintered
from TiH, is generally high (>>98 pct), there are some
residual pores that are randomly distributed in the
sintered material. Several studies have shown that
porosity has a remarkable effect on tensile ductility of
metallic materials.!%** 23 For example, Shore et af.?¥
have shown that the tensile ductility in Al welds
decreases from 15 to 10 pct when the porosity increases
from 0 to 5 pct. On the other hand, Surappa et o>
have shown that the tensile strength and the ductility are
affected by the size of pores on the fracture surface and
not by the volume fraction of pores. Regardless, the
large reduction in ductility at relatively low porosity
levels is a serious problem and has not been clearly
explained in any material.

In the present work, we have systematically studied
how the residual porosity at low volume fraction affects
the tensile properties of HSPT-processed PM Ti-6A1-4V
alloy. The pore size distribution and pore morphology
have been quantified through extensive quantitative
microscopy. The primary objective was to establish how
the tensile strength and ductility of the HSPT-sintered
Ti-6Al1-4V alloy are affected by the sizes of extreme-sized
pores. The results are very interesting in that, even
though each sample had nearly similar volume fraction
of porosity, a strong correlation has been found to exist
between extreme pore size and tensile ductility. A
mechanistic explanation is presented as to how the
extreme-sized pores strongly affect the tensile ductility,
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Fig. 1—Schematic of temperature and time 7!Jroﬁle of the HSPT pro-
cess used for making PM Ti-6A1-4V alloy.!
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while not having any discernible impact on yield or
tensile strength.

II. EXPERIMENTAL PROCEDURE

PM Ti-6Al-4V alloy samples with a fine scale ¢+ f
microstructure were made by PM through a series of
steps of the HSPT process:!'** ¥ pressureless sintering,
eutectoid transformation, and dehydrogenation. A
schematic of the processing steps is presented in
Figure 1. First, TiH, powder (—325 mesh) was blended
with the required proportion of (—325 mesh) Al-V
master alloy powder to yield the nominal Ti-6Al-4V
alloy composition. The blended powders were then cold
isostatically pressed (CIPed) at a pressure of 350 MPa
into cylinders of 13 mm in diameter and 90 mm in
length. The pressed samples were then heated to 1473 K
(1200 °C) at a rate of 10 K/min followed by sintering at
that temperature for 4 hours in a flowing Ar/H,
mixture. The sintered TiH, compacts were then cooled
at a rate of 5 K/min to 923 K (650 °C) this temper-
ature is below the eutectoid transformation temperature
[1123 K (850 °C)] of the (Ti-6Al-4V)-H system. The
samples were subsequently held at 923 K (650 °C) for
4 hours to complete eutectoid transformation in the
material followed by cooling to room temperature. The
samples were then dehydrogenated by holding at
1023 K (750 °C) for 12 hours in vacuum.

Chemical compositions of the samples were deter-
mined following ASTM E1447 and E1409 at Aston
Metallurgical Laboratory, IL, USA. Oxygen, nitrogen,
and hydrogen levels were determined using a Leco TCH
600 analyzer. The phases in the microstructure were
identified using X-ray diffraction (XRD) in a Philips
X’pert diffractometer. Standard metallographic prepa-
ration procedures were followed to prepare samples for
microscopy. Tensile samples were made following the
ASTM ES8 standard. The gage sections of the samples
were 31.75 mm in length and 6.35 mm in diameter. The
tensile tests were performed with a strain rate of
0.0002 s~ at room temperature. The deformation of
the gage section was recorded using an Epsilon model
3542-0100-050-ST extensometer. Yield and tensile
strength values as well as pct elongation were deter-
mined from the stress-strain curves. The values of the
strain hardening exponent (1) were determined by fitting
the true stress-true strain data to the Ludwick equation
(¢ = Kgp, where ¢, is plastic strain, K and # are the
hardening parameters). Fracture surfaces were exam-
ined in a scanning electron microscope (SEM) to
determine the nature of the crack/fracture initiation.
The pores, from which tensile fracture initiated, were
irregular in shape hence, the projected areas of these
pores were determined by using the grid technique and
with the aid of imagel image analysis software.

Table 1. Chemical Composition of HSPT-Processed Ti-6Al-4V

Composition Al A (0]

H C N Ti

Wt pct 6.09 4.15 0.43

0.001 <0.03 0.01 balance
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Fig. 2—(a) X-ray diffraction patterns of a low-ductility sample (-2 pct elongation) and a high-ductility (~12.5 pct elongation) sample, (5) SEM

micrograph, and (¢) the corresponding EDS pattern (Color figure online).

Hereafter, the term “pore size” refers to the diameter
(d) of a circular area that is equal to the area of
the irregularly shaped pore. This was calculated as

= ./ 4
= ,/porearea X =.

III. RESULTS

A. Microstructure

The measured densities of the samples after dehydro-
genation were found to be in the range of 99.02 to
99.5 pct of the theoretical density. This is equivalent to a
porosity of 0.6 to 1.2 pct by volume. The chemical
composition of the dehydrogenated samples is given in
Table I. The alloy has a slightly elevated oxygen level
(~0.43 wt pct) due to the higher level of oxygen in the
titanium hydride source powder.

The XRD patterns of the two random samples (one is
of low ductility and the other is of high ductility) of the
Ti-6A1-4V alloy fabricated in this work are shown in
Figure 2(a). The XRD patterns confirm the presence of
only « and f phases and no residual TiH, in the

2152 VOLUME 47A, MAY 2016

microstructure. The similarity of XRID patterns,
between the two samples, suggests that the difference
in ductility arises from factors other than the phases
present in the microstructure. In addition, the EDS
analysis of the typical microstructure region (as shown
Figures 2(b) and (c)) confirmed that the average com-
position of the alloy in all the samples was within ASTM
alloy specification and that there was no significant
difference in chemical/phase composition between the
low-ductility and high-ductility samples. Figures 3(a)
and (b) show the microstructure after sintering and
dehydrogenation. Prior-beta (f) grains and the distri-
bution of pores in the microstructure are seen in
Figure 3(a), whereas (b) reveals the transformed « + f
structure. The microstructure of the sintered allov can
thus be characterized as a fine-Widmanstatten « + f
structure with grain boundary alpha (GB-#) phase. The
average prior-beta grain size was found to be ~102 um.
The & phase dimensions were ~2 gm in thickness and
~5 pgm in length. Most of the pores in the microstructure
were isolated and randomly distributed within prior-f
grains and appeared to be relatively small in size
(~10 gm or less). The distribution of pore sizes in the

METALLURGICAL AND MATERIALS TRANSACTIONS A



microstructure, as determined by image analysis, is
shown as frequency and cumulative distributions in
Figures 3(c) and (d), respectively. These distributions
are based on measurements over an area of 31.67 mm®.
The distribution in Figure 3(c) indicates that the major-
ity of pores are very small; approximately 40 pct of
pores are of size <5 um and nearly all the pores are
<20 pm. However, a few extreme-sized pores, some as
large as 50 um, were present in the microstructure. In
fact, the cumulative distribution (Figure 3(d)) confirms
that about 99.8 pct of pores are below ~20 um. This
indicates that extreme-sized pores, with sizes > 20 um
are very few in number. Quantitative image analysis
revealed that the average volume fraction of pores
varied in the range of 0.0035 to 0.0094, which roughly
agrees with that estimate from density (volume fraction
range 0.0064 to 0.012).

B. Tensile Properties

Figure 4(a) shows the tensile true stress-true strain
curves for all the samples (22) tested. The crosses at the
end of the curves mark the fracture point. The tensile
properties are summarized in Table II. Since all the
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samples were processed identically, similar chemical
composition and microstructure can be assumed to exist
in all the samples. It is interesting to note that the yield
and tensile strength, and fracture stress levels are nearly
the same (Figures 4(b) and (c)), but there is a large vari-
ability in tensile elongation (Figure 4(d)). Figures 4(b)
through (d) are plotted in terms of the largest pore size
in the fracture plane. In all samples, SEM examination
revealed that fracture initiated from a single large pore
that was present in the test volume. Generally, it can be
expected that each sample will have a largest pore of a
unique size in its volume, based on statistical distribu-
tion. Thus, the variability in the elongation can be
attributed to statistics of occurrence of the largest pore
in the sample. In Figure 4(d), the data have been divided
into three groups (labeled A, B, and C). Most of the
data closely follow the trend of an exponential decrease
of pct elongation with respect to the extreme pore size
(Group A). However, some data, identified as groups B
and C, have different levels of ductility although they
seem to follow a similar trend as that of group A. While
the group C in the figure (Figure 4(d)) shows the most
severe ductility loss, group B indicates the less severe case
of ductility with respect to the extreme-sized pore. A
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calculation of the expected decrease in elongation due
to reduction in cross section caused by extreme-sized
pores was performed, without considering the stress
concentration effect. To calculate the elongations, the
increased levels of stresses due to reduction in cross
section by the presence of extreme-sized pores were
calculated. The corresponding elongations at these
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stress levels were determined through the examination
of an essentially pore-free sample’s stress-strain curve
(sample N30, Table II). This trend is shown in
Figure 4(d) as the dashed line. Figure 4(e) shows that
strain hardening exponent ‘n’ does not correlate with
the measured fracture strain. This result supports the
idea that the variation in elongation in the present
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Table T1. Tensile Properties of HSPT-Processed Ti-6A1-4V Samples

Strain
Extreme Yield Tensile Elongation Hardening

Specimen No. Pore Size, d {(mm)* Strength, vy (MPa) Strength, oyt (MPa) Pct El Exponent, n
NO1L 0.063 1016 1102 12.30 0.076
NO2 0.121 1002 1055 1.90 0.064
N10 0.135 1135 1178 6.02 0.050
NI11 0.456 1182 1208 1.15 0.046
Ni12 0.847 1101 1103 0.24 0.123
N13 0.163 1151 1177 1.26 0.044
N14 0.169 1191 1191 0.11 0.050
N15 0.301 1138 1170 1.44 0.051
N17 0.103 1010 1127 4.35 0.078
N19 0.785 1178 1195 0.5 0.077
N20 0.150 1160 1206 5.16 0.047
N21 0.217 1094 1140 2.92 0.049
N23 0.233 1197 1230 1.86 0.044
N24 0.344 1121 1134 1.88 0.055
N25 0.177 1153 1205 5.99 0.052
N27 0.230 1097 1164 5.28 0.060
N29 0.113 1247 1290 10.71 0.062
N30 0.024 1100 1164 11.84 0.064
N3l 0.084 1129 1173 10.76 0.055
N39 0.436 1252 1302 5.33 0.053
N4o 0.178 1087 1175 3.77 0.077
N41 (0.268 984 1094 7.73 0.078

* d = y/pore area(4/n).

material is due to extreme-sized pores only and
not due to any microstructural or strain hardening
characteristics.

IV. DISCUSSION

The effect of microstructure on fracture of material is
often interpreted in terms of the strength and ductility of
a material at the crack tip. For a pore-free material,
fracture toughness is correlated to the fracture stress and
fracture strain of the region at the crack tip, through the

relationship®”:
2CEg o411
Ko =4/ 1_—Cvzy, 1]

where C is a constant, F is the elastic modulus, v is the
Poisson’s ratio, & is the fracture strain, oy is the yield
stress, and # is the strain hardening exponent. Usually,
an increase in strength in metallic materials causes a
large reduction in fracture toughness. This is because the
adverse effect of a decrease in ductility on fracture
toughness is more than the positive effect due to
strengthening. Hence, the reduction in the fracture
toughness with an increase in strcn%th for various
materials, as reported in the literatureP?” is ultimately
connected to the fracture strain at the tip of the crack. In
PM alloys, fracture toughness measurements indi-
cate®%* that with an increase in porosity, both fracture
toughness and tensile strength decrease because there is
less material to support the stress at higher porosity
levels. If we follow this correlation, one would have to
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conclude that in porous materials, fracture toughness
increases with an increase in tensile strength, which is
contrary to the trend in wrought materials.

The development of such a fracture-toughness-based
explanation for the present trend in tensile ductility is
difficult for various reasons. First, to establish any
correlation between fracture toughness and tensile
properties, one would have to have test results with
varying porosity levels. This is not the case in the present
material, because the average volume fraction of poros-
ity in all the samples is nearly the same and does not
vary significantly between the samples. Secondly, all
tensile fractures in the present samples occurred from a
single extreme-sized pore. The material next to the pore
in all the samples has nearly equivalent intrinsic fracture
properties. If the fracture toughness measurements were
made on the present material, they would probably
show only a slight variation from each other, because
the variation of bulk porosity is small. Hence, analysis
of the present data based on fracture toughness is not
possible and not relevant to the present investigation.
The large variation in ductility between microstruc-
turally identical samples (Table IT} can be explained
only on the basis of the sizes of the extreme-sized pores.

A. Effect of Porosity on Strength

From Figure 4(b), it is evident that yield strength (YS)
and the tensile strength (TS) levels are not affected by the
presence of extreme-sized pores. In addition, the fracture
stress is also largely independent of the pore size
(Figure 4(c)). These trends are surprising, because the
pores in these samples, either considered in terms of

VOLUME 47A, MAY 2016 2155
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Fig. 5—SEM fractograph of (a) ~1.5 pct elongation sample and () ~12 pct elongation sample in group A; () showing the cross-sectional view
of group A pore, (d) surface of group A pore indicating the point of EDS analysis, and (e) the corresponding EDS pattern.

volume fraction or extreme size, do not seem to affect
strength. Several studies,!'*? however, have reported
that an increase in porosity reduces the yield or ultimate
tensile strength and the ductility at the same time. These
decreases in strength levels and ductility were attributed
to the loss of load bearing area due to the occupancy of
pores in the volume of the materials. Consider the two

2156 VOLUME 47A, MAY 2016

extreme porosity samples of the present study from
Table II, that is, the sample N30 having 0.35 pct porosity
and the sample N'14 having porosity 0.94 pct by volume.
The YSs were 1100 and 1191 MPa, and the TS values are
1164 and 1191 MPa for N30 and N14, respectively. It is
clear that a factor of three increase in the volume fraction
of porosity did not change the YS or TS. This is also
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Fig. 6—(a) SEM fractograph of group B pore, (b)) high angle view after sectioning through group B pore, (¢) surface of group B pore indicating

the point of EDS analysis, and (@) the corresponding EDS pattern.
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Fig. 7—Effect of oxygen content on the ductility of PM Ti-6Al-4V
alloy.

supported by the work of Yan e al.,*” which showed that
an increase in the porosity from 1 to S pct in PM
Ti-6Al-4V alloy does not significantly change the tensile
strength properties. Mugica ez al.** in their study of an Al
alloy, however, have shown that the degradation of tensile
strength properties is directly related to volume fraction
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of porosity on the fracture surface, which is usually higher
than the global volume fraction. In the present study,
although the size of the extreme-sized pore varies from
sample to sample, the average pore volume fractionat any
cross section remained nearly the same. In addition, the
extreme-sized pores are not large enough to affect the
tensile strength. For the sample N12 with the largest
extreme-sized pore (~0.85 mm), the corresponding pore
volume fraction due to this pore was 0.0179 (bulk volume
fraction: 0.0066). The smallest extreme-sized pore
(~0.02 mm) in the sample corresponded to a pore volume
fraction of 0.000010 (bulk volume fraction: 0.0035). Both
of these samples showed nearly the same YS of
~1100 MPa. Thus, it can be argued that in the present
material even the extreme-sized pores when considered
alone do not affect the strength of the material. Therefore,
it is clear that porosity, either in the form of their volume
fraction in the bulk or their individual extreme-sized
nature, does not significantly affect the strength levels of
the present material.

B. Effect of Porosity on Tensile Ductility

The tensile ductility is plotted as pct elongation
against the size of extreme-sized pores from each

VOLUME 47A, MAY 2016 2157
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Fig. 8—(a) SEM fractograph of group C pore, (b) surface of group C pore indicating the point of EDS analysis, and (c) the corresponding EDS

pattern.

fracture surface (Figure 4(d)). The tensile ductility
decreased from 12.3 to 0.24 pct as the extreme pore
size increases from 0.063 to 0.847 mm (Table II). It is
evident that the reduction in cross section due to pores
(dashed line) is not adequate to explain the ductility
trend of any sample group in Figure 4(d). In
Figure 4(d), the data have been divided into three
groups (labeled A, B, and C), which are based on
morphological differences of extreme pores as described
below.

Figures 5(ay and (b) present the fractographs showing
the morphology of fracture initiation in group A
specimens. Multiple rounded asperities were found
within the internal surface of the extreme-sized pores.
These types of asperities were probably formed during
particle agglomeration and fusion, and reflect incom-
plete sintering of particles. Some titanium hydride
particles may have formed a large “‘cave” during the
CIPing process, resulting in incomplete densification
leading to the formation of a large pore.’* This
explanation is also supported by the EDS (Figures 5(d)
and (e)) analysis and fractography of pore surfaces
(Figure 5(c)). The EDS result indicates that these pores
have the same chemical composition as that of the
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Ti-6Al-4V matrix. Therefore, chemical segregation or
inclusions are not the likely causes for ductility loss. All
of the fracture-initiating pores in group A are this type
and they are responsible for the observed exponential
decrease in ductility. However, significantly different
morphologies of extreme-sized pores and different
ductility trends with pore size were observed for the
samples in ‘B” and ‘C” groups. This is discussed in the
following.

In group B, extreme pores with a single flat facet were
found on the tensile fracture surfaces (Figures 6(a) and
(b)). It is believed that some kind of particle layering
occurred during the powder filling and compaction
process, which remained even after sintering. These
layers probably did not bond during sintering leading to
the flat facet morphology of the pore. During the tensile
loading, these layers probably de-bonded early due to
weakness between the lavers and thus led to fracture
initiation from the pore. The EDS result confirms that
the chemical composition of the pore is same as that of
the matrix (Figures 6(c) and (d)). However, the presence
of this type of extreme-sized pore seems to affect the
tensile ductility less severely than the pores in the
samples of group A pores. For example, for a given pore

METALLURGICAL AND MATERIALS TRANSACTIONS A



size of ~0.45 mm, the group B specimen shows a
ductility of ~5 pct compared to ~1 pet for sample from
group A.

The large discrepancy in ductility at a given pore size
between samples in group A and B could be explained
on the basis of a peculiar variation in ductility with the
bulk oxygen content in these materials. The effect of
oxygen content on ductility of PM titanium alloys was
investigated by Itoh ez alP®” In their study on the
injection molded Ti-6Al-4V alloy, prepared using a
powder mixture of Ti+ TiH, + Al-40V, the tensile
ductility was found to be strongly affected by the
oxygen content. Itoh’s data are reproduced in Figure 7.
At around 0.4 wt pct oxygen, a large variation in tensile
ductility, up to a factor of about 5, was observed. The
average oxygen content of the present PM Ti-6Al-4V
titanium alloys is ~0.43 wt pct. The oxygen levels of
selected samples of the present study were determined
and are plotted along with Itoh’s data in Figure 7. It can
be seen that there is a similarity between the two sets of
data, that is, a large variation in tensile ductility is seen
at around 0.4 wt pct oxygen. A large varation in
ductility around 0.4 pct oxygen may be explained on
the basis of small changes in oxygen level around the
extreme-sized pore, affecting the level of fracture strain
needed for crack initiation. However, it is difficult to
determine the small changes in oxygen level in regions
around the extreme-sized pores. Qur previous work>®
has shown that the extreme-sized pores do not form
when the oxygen content is <0.3 wt pct. An Oxygen
content of ~0.4 wt pct or more will likely affect the
sintering kinetics greatly, leading to formation of
extreme pores in the samples. The local oxygen content
in the vicinity of the crack initiating pore in the group B
samples could be slightly lower than the average oxygen
content of ~0.43 wt pct. In addition, because oxygen is
partially removed during dehydrogenation, the extent of
this removal around the pore could vary depending on
the type of pore. Such variations can cause changes in
local fracture strain causing a large variation in the
tensile ductility as in Figure 4(d). It is quite likely that
the large variation in tensile ductility in Itoh’s data is
actually caused by the extreme-sized pores, but such an
analysis was not performed in that study. Besides the
above discussion, it is not possible to speculate any
further about the ductility behavior of samples in group
B, relative to that in group A.

In group C, profoundly elongated extreme-sized pores
were observed on the tensile fracture surfaces
(Figure 8(a)). EDS analysis (Figures 8(b) and (c)) again
indicated that the composition of the interior of the
pores is similar to that of the matrix. This confirms that
there was no inclusion or impurity in these pores. The
aspect ratios in the fracture planes of group C pores
ranged from -3 to 7.5, whereas pores from group A and
group B varied from -1 to ~1.8 and ~1.2 to ~1.5,
respectively. The aspect ratio is defined here as the ratio
of largest dimension of the exposed pore to the shortest
dimension. The local stress concentration along the pore
front will vary depending on the pore aspect ratio. The
stress intensity factor (X) and how it varies with aspect
ratio is a useful way to describe the stress distribution
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around a non-circular flaw. The Irwin’s equation®” for
the variation of stress intensity factor (K) along the front
of an elliptical crack is

1

2 1
sin ¢ + —20032 qb) , 2]
c

where K is the stress intensity factor, ¢ is applied tensile
stress normal to the crack plane, ¢ is the elliptical
integral, and 2a and 2c are the minor and the major axis
dimensions, respectively. The parameter ¢ is the angle
between the line to any point on elliptical crack front
and the major axis of the flaw.

For a circular pore of size 300 gm, that is
2a = 2¢ = 300 um, the calculated K is ~0.02¢ MPavm
and is the same at any point along the circular front of the
pore. However for a pore of the same size, ¢ = 300 pm, but
with theaspect ratio of 3, (£ = 3), the Kvalue isnot the same
along the front of the pore. The stress intensity factors at the
points of the major axis and the minor axis are ~0.016¢ and
~ 0.027¢ MPavm, respectively. Extending the crack anal-
ogy to the elongated pores in the present work, the stress
concentration in the pore vicinity along the shorter dimen-
sion of the pore is much higher than that along the longer
dimension. This non-uniform stress concentration will also
lead to a non-uniform strain distribution around the pore.
The strain at the pore front, specifically at the shorter
dimension of an elongated pore can reach to the level of
fracture strain even when the total macroscopic strain is very
small. Hence, for a given pore size, an elongated pore (high
aspect ratio) can lead to earlier fracture initiation than a
circular pore, and therefore can lead to a much lower
uniform strain in the gage section before fracture, relative to
a circular pore of the same size. Thus, the lowest levels of
ductility were observed for the group C samples.

It is apparent from the above discussion that cracks
initiated from extreme-sized pores, and grew across the
specimens, leading to final fractures. Irrespective of the
type of extreme-sized pore, the ductility of the sample
decreased exponentially with increasing pore size. This
indicates that fine pores present in the volume of the
samples do not significantly affect the ductility of the
sample. Due to stress concentration, the stress in the
vicinity of the extreme-sized pore can reach the fracture
stress even when the macroscopic stress (in a pore-free
region) is much lower.">¥** The strain distributions,
therefore, are non-uniform during the tensile loading of
samples, and the plane containing the pore can reach the
level of fracture strain much earlier than the bulk
material. Hence, the fracture begins in the pore vicinity
and propagates toward the surface, thus reducing the
extent of plastic deformation of the uniform section and
the overall elongation. Similarly, ductility reduction in
Al alloys due to the presence of large pores has also been
reported in the literature,”**! but has never been
attributed to the extreme-sized pores in these materials.

C. Mechanism of Pore Size Effect on Ductility

Most previous investigations!"?*?¥ that examined

the effect of pores on the ductility of cast, PM, or
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wrought materials have emphasized the significance of
bulk volume fraction of pores in the material, but not
the extreme-sized pores. In this section, we develop a
mechanistic explanation for the effect of extreme-sized
pores on tensile ductility.

As discussed in the earlier sections, it was apparent that
the fracture alwaysinitiated from an extreme-sized porein
the samples of the present material. The mechanism of
ductility reduction due to extreme size pores can be
explained with the aid of Figure 9. Consider that the
pore-free volume of the specimen has a cross-sectional
area 4, and an effective cross-section area of the plane
containing the pore is A, When a specimen is under
tensile stress o, the level of uniform stress and strain in the
pore-free section are o, and &,, respectively, while the
corresponding quantities o, and ¢, are the average stress
and strain in the plane containing the pore. In the vicinity
of a pore, the concentrated strain is defined as &. It is
evident that the stress levels in the three regions (the
pore-free section, the plane containing the pore, and the
region next to the pore) would be different at any time
during the loading of the sample. As an example, if we
assume a stress concentration factor of 3 in the pore
vicinity and the stressin this region is oy, the average stress
in the plane containing the pore, o, should be
3 3]

Gp =

The corresponding stress in the uniform region o, is
given by
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4

Equations [3] and [4] indicate that the stresses in the
three different regions considered above will be evidently
different. The corresponding strains will be also signifi-
cantly different, as illustrated schematically in the
stress-strain curve (Figure 9(b)). The differences between
the strain levels in the three regions will be strongly
affected by the strain hardening characteristic of the
matrix. For the present material, where the true stres-
s-true strain curves are nearly horizontal (Figure 4(a)),
the difference between the local and the uniform macro-
scopic strains can be very large. A very small increase in
stress after yielding can thus cause a large increase in
strain near the pore, even with a small stress concentration
factor, even though the plastic strain in the uniform
sectionis very small. Thus, the materialin the pore vicinity
will be traveling along the stress strain curve far ahead of
the uniform strain and can reach the fracture strain much
earlier than in the uniform section. Hence, fracture is
initiated prematurely around the pore region when the
fracture strain is reached in that area, before the pore-free
section has a chance to be plastically deformed to a
maximum extent. The larger the extreme-sized pore, the
earlier will be the fracture initiation during deformation,
thus severely limiting the extent of plastic deformation of
the gage section. Thus, the exponential decrease in
ductility as a function of extreme pore size can be
explained.
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V. CONCLUSION

This study has examined how extreme-sized pores

control the tensile properties of HSPT-processed PM
Ti-6Al-4V alloy. The specific conclusions are as follows:

1

Extreme-sized pores lead to a rapid decrease in
tensile ductility of the PM Ti-6Al-4V alloy. Three
distinct trends of decreasing ductility with increases
in the extreme pore size were seen and were
classified on the basis of the type of extreme-sized
pores found in the material.

A surprising finding is that neither the volume
fraction of pore nor the extreme-sized nature of the
pore affects the tensile strength properties in the
material. The strength properties remained nearly
constant in all specimens.

Fracture always initiated from an extreme-sized
pore in the material with the remaining smaller
pores did not play any significant role in affecting
the tensile properties.

The shape of pore and the oxygen concentration of
about 0.4 wt pct play a unique role in severely
degrading the ductility. The former effect is
attributed to the increased stress concentration in
an elongated pore. The latter is yet to be investi-
gated in more detail.

A mechanistic explanation, based on stress concen-
tration around the pore and how that limits the
uniform elongation of the material, is provided to
explain the ductility trend observed. This revealed
that the ductility variation as a function of pore size
could also be a function of the strain hardening
exponent. However, no systematic effect on ductil-
ity, due to a variation in the strain hardening
exponent at a given pore size could be discerned.
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6.1 Introduction

The wide application of materials containing residual porosity, such as cast
components and powder metallurgy (PM) components, is hindered by a large scatter in
their fracture properties. Components made using similar processing conditions often
show varying tensile properties due to the presence of random pores. Studies [1-6] have
shown that the presence of porosity significantly reduces the tensile ductility in metallic
materials. A decrease in tensile ductility of aluminum (Al) welds from 15% to 10% was
observed when volume fraction porosity increased from 0% to 5% [7]. Chawla et al. [8]
studied the effect of volume fraction of pores on the tensile properties of sintered steel.
They showed that the tensile ductility decreased from ~ 7% to ~ 2% as the porosity
volume fraction increased from ~ 3% to ~ 10%. Bourcier et al. [3] reported a decrease of
50% in tensile ductility of PM Ti-6Al-4V, when the porosity increased from 2% to 4%. It
is clear that porosity, even at small volume fractions, has a strong detrimental effect on
tensile ductility. The reduction in ductility was attributed to the strain concentration
around the pores. Over the years, various relationships have been developed to
quantitatively correlate the ductility to the volume fraction of porosity [3,9,10]. Caceres
[11] assumed strain concentration due to pores, and presented a simple model to predict

ductility in the presence of defect:

Oj (1— f)Aoe—é'i =(ThAoe_5h (61)

where ojé&i and oy, en are the true stresses and the true strains in the pore region and in the
pore-free region of the specimen, respectively. The tensile ductility was numerically

determined by solving Equation (6.1). However, in addition to the difficulty with
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numerical calculations, the model underestimated the tensile ductility, when compared
with the experimentally observed ductility values of cast Al alloy containing small
volume fractions of porosity [12]. Gokhale et al. [9] correlated the tensile ductility to the
area fraction of porosity found on the fracture surface in cast Al alloys, as given in the

following equation (6.2):

e=e,(1-f)" (6.2)

where e is the percentage tensile elongation, ey is the percentage elongation of defect-free
cast alloy of similar microstructure and n is an empirical constant. The authors explained
the ductility reduction due to porosity on the basis of volume fraction. However, studies
showed that in low volume fraction porosity, it is the size of the largest pore in the test
volume that controls the ductility of materials. For example, Surappa et al. [13] carried
out a study on the effect of low volume fraction porosity (<0.40%) on the ductility of an
Al alloy. They found that the tensile ductility increased with an increase in the volume
fraction of porosity. It was pointed out that this could be due to the nonuniform
distribution of pores in the test bar. They showed that the reduction in tensile ductility
could be related to the projected area of macropores on the fracture surface. The tensile
ductility rapidly decreased from ~ 15% to ~ 2% when the projected area increased from ~
1 mm? to ~ 7 mm?. Microcracks that were observed near the macropores indicated that
stress concentration around the pore led to the crack initiation and fracture. Similar
findings are reported for PM Ti-6Al-4V alloy by Kumar et al. [14,15]. Therefore, it
appears that ductility is affected by the size of macrospores on the fracture plane rather

than the volume fraction of pores. Porosity present in small fractions can, therefore, make
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the tensile behavior of materials unpredictable. In general, the large reductions in
ductility at low porosity levels, observed in many metallic materials, are a serious
problem and remain to be clearly explained.

In the literature, investigations that carefully examined the effect of pore size on
tensile ductility are very rare [13-16]. Nilsson et al. [17] developed a probabilistic
fracture model to correlate the size of defect with ductility. Teng et al. [18] studied the
effect of pore size on tensile ductility in Al alloy and established a linear relationship
between fracture strain and pore size. However, most of studies showed that the tensile
ductility does not vary linearly with pore size. A better model is, therefore, warranted to
explain the tensile ductility behavior of PM Ti-6Al-4V with pore size.

In the present work, an analytical model is developed to predict the influence of size
of the largest pore in the test volume on tensile ductility, based on assumption that the
pore-containing area yields first, causing strain concentration and early crack initiation.
The model is evaluated here using the experimental data from the literature for cast and
PM materials. The practical significance of this study is that with an analytical
relationship one would be able to predict the ductility of high-density cast and PM
materials if the size of the largest pore can be measured using nondestructive methods

such as ultrasonic, x-ray tomography etc.

6.2 Mechanism of Fracture Due to Presence of a Large Pore
The presence of porosity in a tensile sample reduces the load-bearing area. Therefore,
it can be said that a region containing pores will yield first, leading to strain concentration

when uniform macroscopic load is applied. The rate of strain concentration will depend
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on the strain hardening characteristics of the materials as described in section 6.4.

It is apparent from the studies that tensile fracture initiates from a large pore in the
samples. A large pore locally creates stress concentration, which results in incipient neck.
The plastic instability due to this neck and fracture of the sample can be described with
Figure 6.2. In Figure 6.2, a schematic diagram of gage section of a tensile specimen is
showing the three different regions, the pore-free volume, the pore-containing region, and
the region next to the pore. With reference to Figure 6.2, the cross-section of the pore-
free volume of the specimen has a cross-sectional area Ay, and the cross-section area of
the plane containing the pore is A,. Under applied tensile stress o,, the average uniform
stress and strain in the pore-free section are o, and &, respectively, and, quantities ¢, and
gp are the average stress and strain in the pore containing plane. The strain in the vicinity
of the pore is defined as &:. During loading, the stress levels in the three regions of the
gage section of the sample would be different. For example, if we assume a stress
concentration factor K (always >1) in the pore vicinity, the average stress in this region,

of, should be
o =Ko, (6.3)

The corresponding stress in the uniform region oy, is given as follows:

_9t (P
oy = K(Au] (6.4)

The above equations (6.3, 6.4) indicate that the stresses in the three different regions
considered will be evidently different. The corresponding strains will also be different

and the differences between the strain levels in the three regions will be decided by the
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strain-hardening characteristic of the materials. Considering the Surrapa et al. [13] study,
for which the true stress-true strain curve of the material is nearly horizontal. The
difference between the strain next to the pore and the uniform macroscopic strains can be
very large. A very small increase in stress due to stress concentration factor can cause a
large increase in strain near the pore even though the strain in the uniform section is very
small. Therefore, the material in the pore vicinity can reach the fracture strain much
earlier than in the uniform section. Hence, fracture is initiated prematurely around the
pore region when the fracture strain is reached in that area, even before the pore-free
region reaches to the maximum plastic deformation. The larger the extreme-sized pore,
the earlier will be the fracture initiation during deformation, thus severely limiting the

uniform strain of materials.

6.3 Analytical Model
It is considered that a material with small pores deforms uniformly and reaches to
maximum uniform strain during tensile loading. However, the extent of uniform strain is
limited in a material containing an extreme-sized pore due to strain concentration in the
extreme-sized pore region.
The true-stress versus true-strain behavior of metals can be described by the Voce

relationship (Eq. 6.5):

(U_Gy J = 1 exp{- an} (6.5)
o,—0,

where o is the true stress at any uniform strain € and oy and o, are the yield stress and the

saturation stress corresponding to the ultimate strain, respectively. The parameters C and
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n characterize the strain-hardening characteristics of the material.

6.3.1 Case I: Material Containing Uniformly Distributed Small Pores

Deformation behavior in this case (Figure 6.1a) can be given as

1—[MJ = exp{-CgSO} (6.6)
o,—0,

where o, and &, corresponds to uniform stress and strain, respectively, in the specimen.

In this case, each pore in the material is equally responsible for the fracture of the
material. The fracture of the material occurs through the fracture of the ligaments
between the pores. The ligaments will fracture when the local strain reaches the fracture

strain. By Re-arranging equation (6.6), fracture strain &, can related to the stress in

fracture plane (o, ) as follows:

o, =0 —(O'OO—O'V) exp{- Cg?} (6.7)

Po o

where o, is stress in the fracture plane.

The stress next to pore (0:0) will be given as follows:

0:0 =K_o, (6.8)

o Uy

where, K_ is stress concentration factor due to the pore, which is related to the

theoretical elastic concentration factor K;, which is described in section 6.4.
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Now, in this case uniform section (o, ) is related to o, as follows:

(6.9)

Ou, =9,

From equation (6.7), (6.8) and (6.9)
o, =K, |:O'w —(O‘w —O'y) exp {- Cg?}] (6.10)
6.3.2 Case Il: Material Containing Extreme Size Pore

Deformation behavior in region away from the plane containing pore can be written

as follows (Figure 6.1b):

1{@] = exp{-Cel) (6.11)
o,—0,

where o, and &, correspond to stress and strain, respectively, in the region away from the

plane of the extreme-sized pore.
In this case, local fracture initiation and necking will occur around the extreme-sized
pore. The fracture strain, therefore, can be related to the stress on the pore-containing

plane as follows:
c,=0, —(O'w —O'y) exp {- Cg?} (6.12)

where o is stress in the plane containing the extreme-sized pore.

The stress at the tip of the extreme-sized pore (o ) can be written as follows:
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o, =K_o (6.13)

where, K_ is stress concentration factor due to the extreme-pore.

Here, o, is related to stress in the region away from pore (o, ) as follows:
oy =(1-Ar ), (6.14)

where A, is area fraction of extreme-sized pore.

From equation (6.12), (6.13) and (6.14)
o) =(1-A)K,_ [aw ~(0,-0,) exp{-Cs} }] (6.15)

Now, uniform strain due to presence of extreme-sized pore can be obtained by

dividing equation (6.6) by equation (6.11),
1n
a1 o, —0O
&y = (gu ——In{ L D (6.16)
* C |o.-o,

6.3.3 Fracture Conditions

When the uniform strain of a specimen with infinitesimally small pores is equal to

fracture strain, i.e,

£, =& (6.17)

Uo

and the uniform stress is equal to the local fracture stress in both conditions, i.e.,
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o, =0y, (6.18)
o, =0, (6.19)

substituting fracture conditions in Eq. (6.16) leads to

.1 O'm—(l— Ap)KU {Gw—(Gw—Gy) exp {- Cg?}}

6.20
C o,-K, {GOO—(G —Uy) exp {- Cg?}} (620

0

It can be seen that the relationship is developed in terms of the strain-hardening
characteristics of the material and that when the extreme-sized is zero, the fracture strain

of material is recovered.

6.4 Stress Concertation Factor
Beyond the elastic limit, the effective stress and strain concentration factor can be
given by Neuber’s rule [19]. According to Neuber, the effective stress and strain

concentration factor is related as follows:

1

K, = (K K,)? (6.21)

where the theoretical elastic concentration factor (K; depends on the geometry and

dimension of the notch.

From the definition, the effective stress concertation factor, K = Zmx and the

JhOI‘I’]

. . . &
effective strain concentration factor, K, =%  where o, and o, are stresses at

gnom
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notch and nominal stress respectively, ¢, and ¢,,, are strain at notch and nominal

axX

strain respectively.

The stress concentration factor, K_, can be determined by solving Eq. (6.21) and the

appropriate stress-strain relation. Papirno [20] developed the analytical solution to
determine the effective stress concentration factor in terms of strain-hardening exponent,
n, and the elastic concentration factor, K;. When notch deforms plastically, the stress

concentration factor (K,) is given as follows [20]:

K, =KZ2? (6.22)

where n is the hardening parameter, which can be found from the stress-strain curve of
the material. A range of K; values based on the geometry and dimensions of the notch is

reported in the literature.

6.5 Comparison with Experimental Data

The predictions of the tensile ductility behavior with the size of the crack-initiating
extreme-sized pore from Equation (6.20) are evaluated against the experimental data
from the literature for cast aluminum alloys and powder metallurgy (PM) Ti-6Al-4V
alloy in Figure 6.2(b-d). In making this assessment, only tensile ductility data are
considered where authors have specifically reported the fracture initiates from a large
pore. The predicted tensile ductility with the size of the crack-initiating large pore in the
figures was generated using the parameters given in Table 1. The hardening parameters
(nand C in Eq. (6.20)) given in Table 1 were obtained by fitting the experimental stress-

strain curve using the voce hardening relationship (Eq.(6.5)). It was assumed the
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extreme-sized pores were in an ellipsoidal shape. The K; values for ellipsoidal cavities
under tensile loading are calculated and reported in the literature [21]. Kubicki [22]
studied the stress concentration of pores in sintered-materials and concluded that the K;
values for most of the pores vary in the range of 2-5. The experimental data from the
literature were fit by varying K; values between 2-5.

For tensile behavior were obtained by varying the K; values. It is found that, in the
work of Surrapa et al. [13], the elastic concentration factor due to the extreme-sized pore
varies from 2.05-2.85. In Teng et al. [18], K; varies between 3.10-3.77, while in the work
of Kumar et al. [15], K; ranged from 2.85 to 3.03.

Figure 6.2(a) shows the true stress-true strain curve of three different materials: cast
Al-7Si-0.3Mg alloy [13], aluminum low pressure die casting [18], and PM Ti-6Al-4V
alloy [15], published in the literature. These experimental stress-strain curves were quite
accurately reproduced using the Voce relationship using the n and C values given in
Table 6.1.

Figure 6.2(b)-(d) presents the comparison of the experimental data for cast aluminum
alloys from Surappa et al. and Teng et al., and for the PM Ti-6Al-4V alloy from Kumar et
al. along with the prediction from Eq. (6.20). It can be seen that the present equation
provides an excellent description between the upper and lower bound of the variation in
ductility, with the size of the crack-initiating large pore in porous materials. Hence, it is
clear that there is a unique relationship between the size of the pore and the tensile
ductility exists. The present study established a power function between the tensile
ductility and the size of the crack-initiation pore, contrary to a linear function suggested

in previous studies [16,18].
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Thus, in a porous material, the uniform strain will be limited by fracture initiation at
the large pore and the necking of the section containing that pore. Therefore, the
macroscopic uniform tensile fracture strain of a porous material corresponds to the
deformation condition that is limited by the local fracture initiation and necking around a
large pore. Eq. (6.20) suggests that the dependence of tensile ductility on pore size can be

represented by the materials’ hardening parameters and the stress concentration factor.

6.6 Effect of Strain Hardening on the Prediction of Tensile Ductility

As discussed in Section 6.2, it has been shown that the level of tensile ductility
achieved when a large pore is present is strongly dictated by the strain-hardening
characteristics of the materials. The mathematical expressions are generally used to
describe the strain-hardening characteristics of metallic materials. These expressions
relate true stress (o) and true strain (g) using certain parameters. These relations are
known as strain-hardening laws. Among various relations, voce equation has attracted
more attention due to its sound interpretation of stress-strain curve [23,24]. The voce
relationship is given as Eq. (6.5). The parameters n and C in the equation are empirical
constants, which describe the strain hardening behavior and the shape of the stress-stress
curve. The value of ‘n” in Eq. (6.5) is usually lying between 0 and 1. The stress-strain
curve predicted using the voce relationship for cast aluminum alloys from the work of
Surrapa et al. with various n values is shown in Figure 6.3(a). The higher the value of n,
the more pronounced is the strain-hardening characteristic of the materials. For cast
aluminum alloy [13], the characteristic strain-hardening behavior is predicted with n=0.4

in the voce equation.
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Now, three different regions of stresses were identified in the present model. The
stress next to the pore is higher, followed by the stress in the plane containing the pore
and the uniform section of the samples. The corresponding strains will depend on the
strain-hardening characteristics of the sample. As shown in Figure 6.3(a), with decreasing
‘n” values, the stress-strain curve flattens, i.e., lower strain hardening of the materials
with decreasing ‘n’. Thus, materials with lower strain-hardening characteristics can cause
a large strain concentration near the pore compared to the strain in the uniform section.
Figure 6.3(b) shows the predicted variation in tensile ductility of cast aluminum alloys
[13] with the pore size for various strain-hardening characteristics (n values). It is evident
that the effect of pore size diminishes with increasing strain hardening in the materials.
For example, a significant reduction in elongation from ~ 16% to ~ 1% can be observed
for n=0.3, while for n=0.5 a reduction from ~ 16% to ~ 13% can be seen when the pore
size increases from 0 to 2 mm. A large strain concentration can occur in the material next
to the pore, even at a low stress-concentration factor, in the low strain hardening
materials. Thus, a large difference in the strain in the pore vicinity and the uniform
section can be observed. Material in the pore vicinity can reach to fracture strain even
when the strain in the uniform section is very low, leading to a localized fracture
initiation in the pore vicinity and limiting the overall elongation of the materials.
Therefore, it can be argued that the decrease in ductility due to the presence of the large

pore is sensitive to the strain-hardening characteristics of the materials.
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6.7 Conclusion
A universal function relating the tensile ductility of the material to the pore size has
been established for a wide spectrum of materials. A simple power function that relates
these two variables has been found to express this relationship fairly accurately. It was
found that the ductility in the presence of the pore is highly sensitive to the strain-
hardening characteristics of materials. Higher strain hardening rates of materials manifest

a moderate effect on tensile ductility due to the presence of extreme-sized pores.
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Table 6.1. Parameters used for the prediction of pore size effect on the tensile ductility of
cast and PM alloys

Hardening Elastic concentration

parameter factor, K;

Reference data oy (MPa) | Fracture

Upper Fitting Lower

n C strain, &
bound data bound
Surappaetal. [13] 0.42 0.26 210 0.160 2.05 2.50 2.85
Teng et al. [18] 0.43 0.29 170 0.166 3.45 3.60 3.77

Kumaretal. [15] 0.61 0.45 1016 0.130 2.85 2.98 3.03
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Figure 6.1 Schematic diagram of strain distribution in (a) sample containing uniformly
distributed small pores, and (b) a sample containing a large pore, under tensile loading
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Figyire 6.2 Prediction of experimental data (a) shows true stress and true strain curve
prgduced using Voce relation (Eq.3), The predicted strain with the experimental data of
(b) cast Al-7Si-0.3Mg alloy [13] (c) low pressure die cast [18] aluminum (d) PM Ti-6Al-

4V alloy [15]
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7.1 Introduction

Despite an excellent combination of structural properties [1,2], the use of titanium is
restricted to high-end engineering applications such as aerospace, medical, and chemical
due to cost limitations. Powder metallurgy (PM) is one of the processes that are generally
used to make titanium components in net-net shape configuration in order to reduce the
total cost [3-5]. Presence of residual porosity in the PM alloy, however, significantly
reduces the mechanical properties of the alloy compared to the traditional wrought
component.

It is now well accepted that use of TiH, can increase the densification processes,
leading to enhanced density of the titanium alloy [6-8]. Densities more than 98%
theoretical density have been reported for Ti-6Al-4V alloy made using TiH,. Joshi et al.
[9], however, reported a much lower theoretical density of ~ 96% of PM Ti-6Al-4V alloy
by vacuum sintering of blended TiH,+ AIl-V master alloy in the B-phase region.
Densification close to theoretical density (>99%) was achieved by mechanical
deformation using hot rolling. Hence, to achieve full densification of the titanium alloy,
additional processing methods such as thermo-mechanical processing are required and
have been used in previous work [10-12]. Thermomechanical processing beyond the
sintering step can lead to processing complexity and high cost.

During sintering, the densification of metallic powder at elevated temperature is
controlled by time-dependent deformation mechanisms such as diffusion of individual
powder in contact [13]. Because of the sluggish diffusion, sintering kinetics during
isothermal sintering is limited. Thus, any other deformation mechanism operating in the

metals can be utilized for powder densification, in principle.
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It has been shown that a significant increase in densification rate in metal powders
can be achieved by cyclic phase transformation [13-18]. For example, Kohara [19]
reported substantial improvement in sintering Kkinetics in iron powder under repetitive
phase transformation through a-y phase under compressive load. Schuh et al. [14] carried
out experiments on sintering behavior of CP Ti powder under both isothermal and cyclic
phase transformation thermal conditions. The densification during cyclic sintering across
the B transus temperature occurred more rapidly than in the isothermal process, despite
the average temperature in cyclic condition being 60°C lower than the isothermal
condition. Similar phenomena of enhanced densification rate for pre-alloyed (PA) Ti-
6Al-4V alloy powder due to phase-transformation-induced plasticity are reported [17].
The enhanced densification process during cyclic sintering was attributed to the
irreversible strain produced due to the phase transformation. Leriche et al. [20] calculated
the contribution from phase transformation-mismatch plasticity during the first and
second cycles in densification process of Ti-6Al-4V alloy powder and reported that it was
higher than the contribution from the diffusional mechanism. All the above studies
indicating the improved densification kinetics by cyclic sintering across allotropic
transformation temperature used external pressure during sintering. In general, using
pressure-assisted sintering is a limiting factor in the production of PM components.

The studies on the effect of repeated allotropic transformation on densification during
pressure-less sintering of metal powder are limited in the literature [21-23]. Few studies
have reported an enhanced sintering kinetics due to repeated allotropic change during
sintering [22]. However, a study carried out by Powell [23] indicates no improvement in

properties due to cyclic phase transformation in iron and titanium. Thus, experimental
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results reported in the literature are not consistent and not explored in detail. Sarma et al.
[24] reported that diffusion kinetics can be enhanced using thermal cyclic treatment
across the phase transformation in titanium. It is also noticed that transition metals such
as titanium, zirconium, and hafnium show anomalous diffusion behavior, i.e., elevated
diffusion rates close to the transition temperature relative to the normal Arrhenius-type
behavior [25]. The “anomalous diffusion” behavior near phase transition is believed to
have a positive effect on densification behavior in these metals when sintering at the
transition temperature.

In the present study, we have explored the possibilities of increased densification
behavior of PM Ti-6Al-4V alloy by a systematic study of effect of thermal cyclic
sintering. We have demonstrated that continuous phase reversals due to thermal cycling
help in closing the pores during sintering of PM Ti-6Al-4V alloy. Isothermal sintering of
PM Ti-6Al-4V alloy close to phase transformation temperature shows better densification
behavior. The microstructure and tensile and fatigue properties of PM Ti-6Al-4V alloy
sintered by thermal cycling are examined and compared with that isothermally sintered at

phase transition temperature (1010°C).

7.2 Experimental Procedure
TiH; powders (-325 mesh) were blended with a proportion of 60Al/40V master alloy
(-400 mesh) to yield a composition of Ti-6Al-4V alloy. The blended powders were
consolidated into billets of cylindrical shape 90 mm in length and 13 mm in diameter
using cold-isostatic pressing (CIP) at a pressure of 350 MPa. The resulting billets were

vacuum sintered following both cyclic variation in temperature and at constant
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temperature (isothermal). In the cyclic sintering experiment, two sets of experiments
were devised. The limit temperatures of one experiment were 1000 and 1020°C
(condition 1), while the other sets’ limits were 990 and 1030°C (condition 2). In both the
cyclic conditions, the mean temperature was 1010°C, which is the phase transition
temperature of the present alloy. Thus, the lower and upper temperatures for both thermal
cycling conditions were in the (o+p) and B phase field, respectively. Thermal cycles up to
192 cycles were performed for sintering the PM Ti-6Al-4V alloy. It takes about 1.7 and
3.4 minutes to complete one cycle for condition 1 and condition 2, respectively. In the
isothermal sintering experiment, the temperature of the billets was raised to the phase
transition temperature of the Ti-6Al-4V alloy (1010°C) at a rate of 25°C/min from room
temperature and maintained constant for various time lengths (decided based on the time
taken during thermal cycles during cycling sintering) and cooled to room temperature at a
rate of 25°C/min. Throughout the sintering experiments, the samples were in a high
vacuum of 10 torr. The complete processing steps for both thermal cyclic sintering and
isothermal sintering are shown in Figure 7.1.

Chemical compositions of the samples were determined at Aston Metallurgical
Laboratory, IL, USA following ASTM E1447 and E1409. Densities of as-sintered
samples were measured using a Micromeritics pycnometer model AccuPycll. As-sintered
samples were sectioned and mounted. Mounted samples were polished following
standard metallographic procedure for microstructure analysis. Polished samples were
etched using Kroll’s agent to reveal the microstructure. An optical microscope was used
for microstructure analysis. Tensile samples were machined from as-sintered cylindrical

billet following the ASTM ES8 standard (gage length: 31.75 mm and gage diameter: 6.35
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mm). Tensile tests were performed at ambient temperature and pressure with a strain rate
of 0.0002 s™. The displacement in the gage section with a function of load was recorded
using an extensometer. Values of yield and tensile strength as well as percent elongations
were determined from the stress-strain curves. For fatigue tests, the samples were
machined in cylindrical shape with a total length of 76.2 mm and a gage length of 12.7
mm. The diameter of the gage section was 6.35 mm. The gage sections were mirror
polished using silicon carbide, followed by 1-um alumina suspension to mitigate surface
effects. The tests were performed under load control and tension-tension condition with a
cyclic frequency of 35 Hz (sine wave) at the stress ratio (Gmin/Omax) Of 0.1 in laboratory
atmosphere at the room temperature. The fatigue fracture surfaces were examined in

scanning electron microscope (SEM) to determine the characteristics of fatigue failure

7.3 Results and Discussion

7.3.1 Thermal Cycling and Isothermal Densification

The chemical composition of the dehydrogenated samples after 5.4 hours of sintering
is given in Table 7.1. All samples processed with different sintering conditions showed
complete dehydrogenation, and hydrogen level was < 15ppm. Since in all samples were
made using an identical powder blend, similar chemical composition can be assumed to
exist in all the samples. The average sintered density values of the alloy obtained by both
cyclic condition and isothermal condition are given in Table 7.2.

The densification behavior of both thermal cycling and isothermal sintering condition
are compared in Figure 7.2. Time in thermal cyclic condition refers to the total time

samples were exposed for cyclic treatment, while in isothermal condition it indicates hold
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time. The density of the alloy increased while the densification rate decreases steadily
with time in all sintering conditions. Also, it can be observed that the densification
behavior is similar when sintering up to 3 hours, which results in achieving ~ 96%
relative density. Sintering beyond 3 hours (above ~96% relative density), the
densification curve diverges. Sintering close to the phase transition temperature (1010°C)
both in cyclic condition (1000-1020°C) and isothermal sintering leads to increased
densification rate compared to the cyclic sintering away from the transition temperature
(990-1030°C), despite the same average temperature.

Figure 7.3 shows a schematic diagram indicating the progress of sintering in the
samples. Initial compacted samples consist of mixture of hydrogenated titanium powder
and AIl-V master alloy. Hydrogen in Ti-6Al-4V alloy reduces phase transition
temperature to about 850°C [26,27]. Therefore, initial sintering in all sintering conditions
occurs in Ti (B) phase region, which is exclusively controlled by the diffusion processes.
With time, hydrogen depletes due to continuous egress of hydrogen from the samples
during sintering, as shown in Figure 7.3. Reduction in hydrogen shifts the transition
temperature up close to the phase transition temperature (1010°C) of Ti-6Al-4V alloy.
However, the transition temperature in the samples is controlled by the dissolution of Al-
V master alloy powder in the titanium matrix. Nevertheless, the increase in transition
temperature should follow from the surface to the center (Figure 7.3). Hydrogen-depleted
Ti-6Al-4V regions in the samples go through the repeated phase transition while the
hydrogen-rich regions are still sintering in the B phase region. It was found that complete
hydrogen removal take place in ~ 2 hrs. Microstructure homogenization completes in ~ 3

hrs of sintering in all sintering conditions considered (since the average sintering
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temperature is the same in all conditions), which will be discussed in detail in the
microstructure section. Therefore, most of the sintering happens in B phase during initial
sintering, thus same sintering mechanisms should follow in all conditions. The similar
densification behavior in all the sintering conditions confirms that the same densification
mechanism occurred during the initial ~ 3 hours of sintering.

Deviation in the densification behavior was observed after ~3 hrs of sintering. For
example, at a given sintering time of ~ 5.5 hrs, the density observed in the case of 990-
1030°C cyclic sintering was ~ 97%, while the cyclic sintering in “condition 1” (1000-
1020°C) and isothermal sintering yield ~ 97.5% and ~ 98% densities, respectively. This
indicates that additional densification mechanisms are also operative during sintering
beyond 3 hrs or after ~96% densification.

Note that in the present study, PM Ti-6Al-4V alloy undergoes continuous phase
reversals (o+p < B) during sintering. Studies showed that phase transformation lead to
volume change in the allotropic materials [17,28,29]. A specific volume change of 0.17%
due to allotropic phase transformation (a—f) in titanium is reported [30]. However,
associated volume change in the titanium alloy due to allotropic phase transformation is
one order of magnitude less than the ferrous alloys. Szkliniarz et al. [30] showed that
change in volume due to phase transformation in Ti-6Al-4V alloy is heating-rate-
dependent. In their study, the specific volume changes were 0.77%, 0.83%, 0.65% and
0.31% for 0.1 K/s, 1 K/s, 10 K/s and 100 K/s, respectively. The volume change decreased
with increased heating rate. This can be related to the unique phase transformation
behavior (a+f < B) of Ti-6Al-4V alloy. The a+p — P transformation generally develops

through increase of B phase volume as a result of migration of o/f interface. At higher
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heating rates, insufficient time limits the phase transformation process, thereby reducing
associated volume change. Nevertheless, the phase transformations cause a volume
change in Ti-6Al-4V alloy.

The volume change causes generation of internal strain, which can enhance the
densification behavior of the materials [14,15,17,31]. Here, we saw an increase in density
for the samples cyclic sintered for more than 3 hrs with the thermal cycle conditions. As
conditions changed from 2 to 1, improvement in density was observed. This can be
attributed to the increased number of phase transformation cycles in “condition 17, which
is twice the number of such cycles in “condition 2” for a given cyclic sintering time.
However, an increase in the density due to an increased number of phase transformation
cycles is not significant in the present PM Ti-6Al-4V alloy. Ye et al. [17] calculated the
effective volume change due to phase reversals during the thermal (960-1020°C) cycle
and reported a value of 0.41% (AV/V=0.41%) in Ti-6Al-4V alloy. If we assume similar
internal strain generated during both cycles conditions in the present study, strain
increased even after doubling the number of cycles will not be significant and not enough
to completely close all pores. However, the generation of strain can lead to an increase in
dislocation density, which can act as a short path for diffusion, hence increased diffusion
rate. Sarma et al. [24] showed the phase reversals increase the diffusion rate by studying
the boron diffusion in CP-Ti. The increased diffusion rate was attributed to a short
diffusion path (a/P interfaces) created due to phase reversals. Thus, it can be argued that
the increased diffusion rate due to phase reversal cause the observable increase in the
density of cyclic sintered (condition 1) PM Ti-6Al-4V alloy.

Surprisingly, highest density is observed for the isothermal sintering at phase
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transition temperature. It is known that titanium shows unique diffusion behavior. An
upward diffusion curvature in diffusion data as the transition temperature is approached
was shown earlier [32]. This is illustrated schematically in Figure 7.4. It can be seen that
titanium shows Arrhenius-type diffusion behavior at high temperatures, but as the
temperature approaches to a p—a transition temperature, it shows increased diffusion
coefficient. This deviation in diffusion curve at the B—a transition temperature has been
called anomalous diffusion behavior. The enhanced diffusivity near the transition
temperature can be useful in increasing the sintering kinetics of titanium.

During the thermal cycling across the phase transition temperature, the compact was
in the anomalous diffusion region for a relatively shorter period of time as compared to
isothermal sintering. For example, consider cycling sintering of a sample for 96 cycles
following condition 2, the total sintering time was 5.4 hrs. During thermal cycling, the
sample was below the phase transition temperature for about half the sintering time (2.7
hrs). When compared to 5.4 hrs of isothermal sintering, where the sample was in the
anomalous diffusion region for 5.4 hrs, the cyclic sintered sample was exposed to
anomalous diffusion region for 2.7 hrs. Thus, the increased density in the isothermal
condition compared to the cyclic conditions can be attributed to increased sintering

kinetics due to high diffusivity in an anomalous diffusion region.

7.3.2 Microstructure
The optical micrographs of samples isothermally sintered in vacuum at 1010°C for
various hold times are shown in Figure 7.5. The sample sintered for 0.9 hours and 1.3

hours shows master alloy particles surrounded with the titanium matrix (Figure 7.5a and
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b), which indicates an incomplete dissolution of master alloy powder. With an increase in
time, more of the master alloy powder dissolves in the matrix, and complete dissolution
occur around 2.7 hours of sintering, leading to a homogenous microstructure. The
microstructure of the samples consists of the lamellar o+f structure with uniform
distribution of porosity. The porosity in the microstructure consists of both elongated
pores and fine, rounded pores. More elongated pores and few fine, rounded pores were
observed in the microstructure of the 2.7-hours-sintered sample. A significant reduction
of elongated pores was observed when the sintering time was increased to 5.4 hours.
Very few elongated pores were observed in the 5.4-hours-sintered sample. Almost all the
pores were small in size and rounded in shape, and uniformly distributed in the
microstructure (Figure 7.4c). When compared, there is not a significant change in
porosity even after increasing the sintering time to 10 hours. This clearly indicates that
sintering of Ti-6Al-4V alloy is nearly complete around 5.4 hours sintering at 1010°C.
This is also supported by the fact that only a slight increase in density has been observed
(Figure 7.2).

The microstructures of the samples sintered through three different conditions for ~
5.4 hours are compared in Figure 7.6. All the samples showed similar microstructural
characteristics, i.e, lamellar structure but porosity distribution varied in the
microstructures. Uniformly distributed fine pores with few bigger pores were observed in
the samples sintered isothermally and in cyclic sintering condition 1 (Figure 7 6(a&b)).
When compared, a greater number of big pores was observed in the sample sintered
following condition 2 (Figure 7.6¢). The distribution of pore sizes determined by image

analysis is shown as a frequency distribution in Figure 7.7. The distribution of pores
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indicates that a majority of pores are very small in all sintering conditions, but a large
number of relatively larger pores was observed for “condition 2” compared to “condition
1” and isothermal sintering (Figure 7.7). Pore size up to 30 um for condition 2 can be
observed while condition 1 and isothermal shows a maximum pore size of 19 um and
17um for condition 1 and isothermal sintering, respectively. Image analysis studies
indicate that the average size of porosity is about 11 pm in both isothermal and cyclic
sintering ““ condition 17, while a higher average pore size of about 17 um is observed in
the sample sintered following “condition 2” for the same sintering time (5.4 hrs) and
average sintering temperature (1010°C). The residual volume fraction porosity obtained
from image analysis showed 1.9%, 1.2% and 1.3% for cyclic “condition 2”, “condition 1”
and isothermal sintering, respectively. This means that sintering close to the phase
transformation temperature can lead to a relatively lower level of porosity with relatively
finer pore sizes. As discussed in section 7.3.1, the reduced porosity and the smaller
average pore size in sample sintering close to the phase transition are due to accelerated

sintering in the anomalous diffusion region.

7.3.3 Tensile Properties

The stress-strain curves for the PM Ti-6Al-4V alloy for various processing conditions
are shown in Figure 7.8. The fracture of the samples is indicated by the crosses on the
curves. As expected, the yield (YS) or tensile strength (UTS) and elongation of PM Ti-
6Al-4V alloy increased with an increase in sintering time. Improved tensile behavior of
the alloy can be attributed to reduced porosity level in the microstructure with an increase

in sintering time. Presence of porosity reduces the load bearing cross-sectional area.
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Therefore, when a load is applied to the material, the effective stress is increased which
leads to a reduction in yield and tensile strength [33,34]. The tensile properties of the PM
Ti-6Al-4V alloy are summarized in Table 7.3. Tensile properties of the samples
processed by varying processing conditions are compared in Figure 7.8. Similar to
isothermal sintering, both tensile strength and ductility in terms of % elongation were
found to increase with sintering time (increased density) in all sintering conditions
(Figure 7.8c). It is clear that the presence of porosity introduce two factors: (i) local strain
concentration and (ii) reduction in the macroscopic flow stress. Ligaments in the sintered
specimen are considered as the individual miniature tensile specimen, and during tensile
loading most of the deformation occurs within the narrower parts of the ligaments [35].
Therefore, maximum strain localization takes place at the shortest distance between the
pores. Inhomogeneous deformation causes crack initiation at lower stress, leading to a
reduction in strength and the ductility of the materials. Thus, increased tensile strength
and ductility of the PM Ti-6Al-4V alloys with sintering time can be explained.

When compared, no significant difference in yield strength (YS) or tensile strength
(TS) behavior in the samples processed through isothermal and cyclic sintering
conditions (Figure 7.9 (a & b)) was observed. It has been shown earlier that small
variation in the volume fraction porosity does not necessarily change the strength of the
materials [36,37]. For example, Yan et al. [37] showed similar strength for PM Ti-6Al-
4V alloy, even when the volume fraction porosity difference was about 4%. In the present
study, the difference in density of a sample at a given sintering time is not significant (<
1%). Therefore, porosity in the form of their volume fraction in the bulk does not

significantly affect the strength levels of the samples processed through varying sintering
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conditions.

However, difference in elongation behavior between the samples processed through
varying sintering conditions was observed. Similar to densification behavior, tensile
elongation curve diverges after sintering for about 3 hours (Figure 7.9c). Among all
sintering conditions, the isothermal sintering of PM Ti-6Al-4V alloy shows the best
ductility behavior, and the reason is obvious from the densification curve (Figure 7.9c).
Improvement in tensile ductility of isothermally sintered samples can only be attributed
to the reduction in the amount of porosity or increased density in isothermally sintered
samples.

From the present results, it can be inferred that the tensile ductility of PM Ti-6Al-4V
alloy is sensitive to small changes in the amount of residual porosity, but not tensile
strength. The ductility of PM Ti-6Al-4V alloy is also sensitive to size/shape of individual
pores along with the residual volume fraction porosity [38,39]. Considering the sintering
time of 5.4 hrs in present study, microstructure analysis showed a relatively large number
of large pores was present in the microstructure of “condition 2 compared to isothermal
sintered samples. The average size of the pores was about 17 um and 11 pum, observed
for “condition 2” sintering and isothermal sintering, respectively. It was reported that a
large amount of strain intensification can occur at the single large pore/cluster.
Inhomogeneous deformation around a large pore acts as a crack-initiating site during the
tensile loading [33]. The amount of strain in the pore vicinity dictates the crack initiation
and propagation, which limits the total macroscopic elongation. The strain in the pore
vicinity depends on the size of the pore — larger pore, more strain generates in the pore

vicinity. Also, a low strain hardening exponent (n) aggravates the sensitivity of local
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deformation adjacent to the discontinuities, such as pores in Ti-6Al-4V alloy [40]. Thus,
the presence of relatively large volume fraction porosity and large average pore size in
the microstructure can lead to large strain intensification in the material, thus limiting the

elongation in PM Ti-6Al-4V alloy sintered following “condition 2”.

7.3.4 Fatigue Performance

The fatigue tests were performed on the samples prepared using isothermal sintering
at phase transition temperature (1010°C) for 5.4 hours. The choice was made for two
reasons. First, samples obtained with this condition showed better density and ductility
behavior. Secondly, samples obtained from another set of sintering conditions yield
density equivalent to or less than those obtained for isothermally sintered samples at
1010°C for 5.4 hrs, and fatigue performance of such samples was deemed unlikely to be
superior to that achieved for later samples, owing to the similar microstructures across all
conditions. Hence, the fatigue tests for samples made by condition 1 and condition 2 were
not pursued. The S-N fatigue data, plotted in terms of maximum cyclic stress (Gmax)
versus the number of cycles to failure (Nf) for isothermal sintered Ti-6Al-4V alloy, are
shown in Figure 7.10. The fatigue data of PM Ti-6Al-4V alloy from literature are also
included for fatigue performance comparison. The processed samples in the present study
have the same microstructure characteristics, i.e., lamellar, though their porosity levels
are different. Therefore, any difference in the fatigue property will be largely due to a
difference in porosity level.

Generally, the fatigue strength indicates the fatigue performance, i.e., the higher the

fatigue strength, the better the fatigue performance. Here, fatigue strength is defined as
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the maximum stress at which the sample withstands for 107 cycles. The fatigue strength
of the PM alloy is ~ 300 MPa (Figure 7.10), which is slightly better than the previous
reported values for similar press and sintered alloy. The improvement is clearly evident
when the data are examined at the stress level between 500 MPa and 600 MPa. In this
stress range, the average fatigue life was 10° cycles, whereas the maximum reported
fatigue cycle was 10° cycles [41]. Also, the low to intermediate cycle fatigue
performance of the present sample is significantly higher than as reported in the literature.
This significant improvement in fatigue performance can be attributed to a reduction in
volume fraction porosity, and especially a reduction in crack-initiating large pores, in the
samples.

The SEM fractograph of fatigue-fractured surfaces taken from high- and low-cycle
specimens are shown in Figure 7.11 and Figure 7.12, respectively. It can be seen that the
apparent crack initiation site is from subsurface for both high-cycle and low-cycle fatigue
fracture. At higher magnification, a rough morphology with multiple facets can be seen at
the fracture initiation site. This crack initiation characteristic is similar to cast/wrought
alloy of similar microstructure [42—44]. No pores or inclusions were seen at the initiation
site, which is typical of PM samples. The size of a facet corresponds to the size of an a-
colony in the microstructure. Various studies have reported the crack initiation from the
facet in fatigue fracture in cast, wrought and PM Ti-6Al-4V alloy. Ferri et al. [45] studied
the fatigue failure mechanism in MIM Ti-6Al-4V alloy, and reported that the large slip
length of an a colony can lead to dislocation pile-ups, and results in the formation of
facets. A similar hypothesis was reported in the work of Cao et al. [12] - larger slip length

in coarse a facets requires relatively lower stress level in initiating fatigue crack.
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In general, fatigue failure in PM titanium alloys is dominated by the presence of
residual porosity [37,41]. The random presence of crack-initiating pores of varying size
in PM titanium alloys causes a large scatter in the fatigue data. Cao et al. [46] showed the
size and/or location (surface and interior) has significant effect on the fatigue life of PM
Ti-6Al-4V alloy. However, the fatigue crack initiation is determined by the competition
between the extreme-sized pores and the size of a grain in the microstructure in PM
titanium alloy. If the size of a grain is larger than the pore present, the a grain (or facet)
will act as fatigue crack initiator in the specimen. This phenomenon of fatigue failure in
PM titanium alloy is reported in a recent study [12]. The study showed that, as the
residual pore decreased, facets become the dominant mechanism in initiating the fatigue
crack. These facets are thought to correspond to the coarse o phase region in the
microstructure. A significant increase in fatigue strength (about 550 MPa) was reported
by refining o grains in PM Ti-6Al-4V alloy [12].

Thus, based on the above discussion, it can be concluded that the dominant failure
mechanism in fatigue is due to the coarse a laths in the microstructure of vacuum sintered
PM Ti-6Al-4V alloy. This implies that fatigue performance of the present PM titanium

alloy can be further increased by reducing a colony size.

7.4  Conclusion
Densification of TiH,-(60Al//40Al V) blends during pressure-less sintering subjected
to a constant temperature (phase-transition temperature (1010°C )) and thermal cyclic
across 1010°C were investigated. The salient conclusions are:

1. Density as high as 98% of theoretical density of PM Ti-6Al-4V alloy can be
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achieved with temperature about 200°C lower than conventionally used sintering
temperature by thermal cycling through phase transformation of Ti-6Al-4V alloy. The
densification process of powder blends is thought to be accelerated by the strain
generation due to phase volume mismatch.

2. Isothermal sintering close to the phase-transition temperature (1010°C) of PM Ti-
6Al-4V alloy enhances the densification process. This enhancement is attributed to the
anomalously high diffusivity at the transition temperature.

3. The enhanced diffusion in anomalous diffusion temperature range is more
effected in sintering of PM Ti-6Al-4V alloy than by the strain generation due to phase
transformation induced by thermal cycling.

4. PM Ti-6Al-4V alloy with good ductility (~ 15%) and strength (~ 900 MPa),
which is comparable to a wrought Ti-6Al-4V alloy, can be achieved by sintering close to
the phase transition temperature.

5. A fatigue strength (defined at 10" cycles) of about 300 MPa can be achieved by
pressing and sintering at phase transformation temperature of PM Ti-6Al-4V alloy, which
is equivalent to conventional press + sinter process. However, when compared,
significantly improved fatigue strength in low to intermediate cycles is achieved relative
to the conventional powder metallurgical approaches using blended elements. This
improvement in the fatigue performance is attributed to the elimination of large pore/pore

clusters from the microstructure.
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Table 7.1 Chemical composition of vacuum-sintered PM Ti-6Al-4V

Composition Al VvV O C N Ti

Wt.% 6.09 4.15 0.23 <0.03 0.01 Balance

Table 7.2 Density of PM Ti-6Al-4V alloy obtained in three different conditions

Isothermal Condition1 Condition 2

Time* (hrs.)
Density (%) Density (%) Density (%)

0.9 94.75 94.12 94.25

1.3 94.40 94.43

2.7 96.06 95.98 96.25

5.4 97.80 97.42 97.05
10.0 98.50

10.8 - - 98.08

* Time indicate total time of sintering
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Table 7.3 Summary of tensile properties obtained in isothermal sintering compared with
cyclic sintering of PM Ti-6Al-4V alloy

1010°C 1000-1020°C 990-1030°C
Time*
(hrs.) Gys outs % Gys outs, % Gys GUTS %
(MPa) (MPa) El | (MPa) (MPa) EI. | (MPa) (MPa) El
0.9 674 774 6.7 662 758 5.72 680 773 6.3

1.3 696 798 7.2 710 800  7.56 - - -
2.7 752 850 105 | 755 854  9.74 | 760 852 10.8
5.4 815 908 15.0 | 803 907 136 | 786 885 12.7
10 833 933 16.0 - - - - - -

10.8 - - - - - - 816 918 145

*Time indicate total time of sintering
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Figure. 7.1 Schematic of temperature and time profile of (a) thermal cyclic sintering and
(b) isothermal sintering for making PM Ti-6Al-4V alloy
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Figure 7.11 Fractographs of fatigue fracture at omax = 425 MPa, N = 6.05 x 10° cycles (a)
whole view (b) higher magnification
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Figure 7.12 Fractographs of fatigue fracture at oma = 550 MPa, Nf = 6.2 x 10* cycles (a)
whole view (b) higher magnification
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CONCLUSIONS
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Based on powder processing and sintering study, the following conclusions can be
drawn:

1. Hydrogen sintering and phase transformation (HSPT) is a viable method to
produce PM Ti-6Al-4V alloy with a tensile properties equivalent to that of wrought
counter parts. Particularly, the tensile strength level of the alloy processed following
HSPT process, exceeds the level of tensile strength that are typically found in wrought
alloy.

2. Relatively high density can be achieved with finer starting powder, but increased
oxygen contamination in finer particles drastically reduces the tensile ductility of the
alloy. Thus, there is an optimum milling time for size reduction of powders to achieve
acceptable level of tensile strength and ductility.

Analytical model developed based on stress concentration predicated the pore size
effect on the tensile ductility of low porosity materials well with the experiments. Based
on the experiment and modeling work, the specific conclusions are:

3. The largest size pore (extreme-sized pore) in test volume drastically reduces the
ductility without affecting the tensile strength of the materials. The shape of the extreme-
sized pore also seems to play unique role in reducing the tensile ductility of the materials.

4. A mechanism based on stress concentration is proposed to correlate the ductility
of the material to extreme size pore. The study revealed that, variation in ductility as a
function of pore size is depend on the strain hardening characteristic of the material.

Vacuum sintering close to the phase transition temperature resulted in densification
similar to that obtained at relatively higher temperature. The specific conclusions that can

be drawn are:
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5. Density close to the theoretical density was achieved at temperature about 200°C
lower than conventionally used. The increased density was attributed to the anomalously
high diffusivity close to the phase transition temperature and the strain from the phase
volume mismatch.

6. Tensile property comparable to wrought was achieved. A significant improvement
in low to intermediate fatigue cycle relative to conventional PM Ti-6Al-4V alloy was
shown. The improvement in fatigue was attributed to the reduction of large pores or

clusters in the samples.



