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ARTICLE INFO ABSTRACT
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applications. However, mass transfer arising from metal-mold reactions is still a major problem that
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drastically impairs the surface and properties of the castings. Although there have been astounding de-
velopments over the past 20 years, they remain scattered in various research papers and conference pro-
ceedings. This review summarizes the current status of the field, gaps in the scientific understanding, and
the research needs for the expansion of efficient casting of titanium alloys. The uniqueness of this paper

Keywords:
Titanium alloys
Investment casting

Mass transfer includes a comprehensive analysis of the interfacial reactions and mass transfer problems. Additionally,
Metal-mold reactions momentum and heat transfer are presented where applicable, to offer a holistic understanding of the
Refractories transport phenomena involved in investment casting. Solutions based on modeling and experimental va-
Corrosion lidation are discussed, highlighting ceramic oxide refractories like zirconia, yttria, calcia, alumina, and novel
alpha-case refractories namely, calcium zirconate and barium zirconate. It was found that while mold material se-

lection is vital, alloy composition should also be carefully considered in mitigating metal-mold reactions
and mass transfer.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

With increased global connection through aviation, and
groundbreaking advancements in biomedical implants, lightweight
and corrosion-resistant alloys are needed more than ever. In the
aerospace industry, low density alloys are needed to reduce noise
and minimize fuel consumption [1]. As a case in point, the inter-
national civil aviation organization (ICAO) has a current goal of a 50%
reduction in emissions by 2050 [2]. The high strength-to-weight
ratio of titanium alloys, makes them exceptionally attractive for
aerospace applications. Furthermore, titanium alloys can be applied
at higher temperatures than common lightweight alloys like alu-
minum and magnesium alloys as demonstrated in Fig. 1 [3,4]. Tita-
nium alloys maintain their high temperature strength up to 600 °C,
and advanced titanium alloys like y-TiAl and Ti-Nb-Mo have excep-
tional creep resistance up to 750 °C [5]. In addition to ambient and
high temperature capabilities, some alpha-titanium alloy such as Ti-
5Al-2.5Sn can also withstand cryogenic temperatures, while main-
taining excellent fracture toughness and elongation [6].

Another major application of titanium alloys is in the biomedical
industry. A literature survey showed that 70-80% of implants are
made from metallic biomaterials [7], indicating the high demand for
biocompatible, lightweight, and corrosion-resistant alloys that in-
tegrate well in the body. Titanium alloys have excellent bio-
compatibility and specific strength which are superior to their
counterparts—316L stainless steel and cobalt-chromium alloys [7-9].
Additionally, g-titanium alloys like Ti-29Nb-13Ta-4.6Zr (TNTZ) have
a notably comparable Young's modulus to human bone [10].
Therefore, it is not surprising that titanium alloys are frequently
used for orthopedic, dental and cardiovascular implants [11]. Care
has to be taken, however, when alloying titanium for implant
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Fig. 1. Comparison of the specific yield strength of titanium alloys to that of other
structural metals for aerospace applications (reprinted with permission from Ref. [3]).
It can be seen that the strength-to-weight ratio of titanium alloys is superior to that of
magnesium alloys, aluminum alloys, refractory metals and superalloys.

applications because mass transfer of elemental ions—particularly
aluminum and vanadium—has been linked to long-term nerve da-
mage and Alzheimer’s disease [12,13]. Oxidation heat treatments or
application of ceramic coatings are some of the current ways to
mitigate surface mass transfer and improve wear resistance of tita-
nium alloys [14-16]. For example, Ti-6Al-7Nb alloy oxidized at
800 °C for 72h had six times higher wear resistance than non-
oxidized Ti-6Al-7Nb [16].

While there are different techniques to manufacture titanium
alloy parts, this paper focuses on the well-established technique of
investment casting. Investment casting—also known as lost wax
casting—is a manufacturing method used to produce parts with
complex shapes and precise dimensions at a low scrap rate and re-
latively low cost [17,18]. Investment casting is carried out in ceramic
shell molds and is preceded by melting the titanium alloy in a water-
cooled copper crucible [19,20]. Nonetheless, current studies are in-
vestigating the use of ceramic refractory crucibles to promote energy
efficiency to and increase the melting volume [21-24]. A ceramic
material that is corrosion-resistant as a crucible makes a viable
mold. Yet, a material that corrodes during melting may still be ap-
plicable as a mold material because of the shorter contact time and
lower temperature during casting compared to melting [25]. Factors
that influence metal-mold reactions thus include (i) composition of
the mold, (ii) mold preheat temperature, (iii) composition of the
alloy, (iv) pouring temperature, (v) solidification time, and (vi)
thickness of the cast part [26-30].

A major problem in investment casting of titanium alloys is mass
transfer of elements such as oxygen, carbon, nitrogen, aluminum or
silicon from the ceramic mold into the alloy as it solidifies, forming a
subsurface layer known as alpha case (a-case) [27,29,31-33]. This
layer forms during casting, annealing and other high temperature
thermal-mechanical processes, but it should be distinguished from
an oxygen-rich layer (ORL) that forms during service at temperatures
less than 650 °C [34]. Unlike the ORL, the a-case forms upon cooling
from a temperature above the g transus. At ambient temperature,
the alloy surface is highly enriched with a phase and this sig-
nificantly alters the surface microstructure from the bulk [34-38].
The difference between the a-case layer and the ORL is depicted in
Fig. 2 for the titanium alloys Ti-6Al-4V and Ti-6242S [34]. Interest-
ingly, controlled oxygen diffusion into the surface of titanium alloys,
typically by thermal oxidation heat treatment, can significantly
protect from wear and tribocorrosion [39-41]. However, during in-
vestment casting, metal-mold reactions make it a challenge to
control the thickness and composition of the a-case layer
[31,32,42,43]. The a-case layer significantly decreases ductility,
fracture toughness and fatigue life of the casting [44,45], so there are
various methods for removing it including grinding, laser irradiation,
water jetting, cathodic de-oxygenation, and chemical milling
[46-50]. To limit post-casting treatments and the associated costs, it
is important to understand this mass transfer problem, which would
also enhance near-net shape casting capabilities for titanium alloys.

The objective of this review is to analyze various models in
predicting mass transfer, especially from metal-mold reactions, so as
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Fig. 2. Defining difference between an oxygen-rich layer and an a-case layer, based on
temperature and rate of change in volume fraction of the f titanium phase. For Ti-6Al-
4V and Ti-6424S, the differentiating threshold is around 850 °C (reprinted with
permission from Ref. [34]).

to achieve an improved microstructure and properties of cast tita-
nium alloy parts. Understanding the extent of the formed diffusion
layer during investment casting can greatly aid industry personnel in
determining how much post-casting treatment is required if any.
Current solutions for addressing this mass transfer problem are in-
vestigated, which can be categorized into three sectors—using spe-
cialized equipment with a controlled melting atmosphere,
improving crucible/mold materials, and post-casting machining.
Various ceramic mold refractories are explored including calcia,
zirconia, alumina, yttria and state-of-the-art alkaline earth ceramics
(calcium zirconate and barium zirconate) to understand and com-
pare their corrosion resistance in contact with titanium alloy melts.
This review is divided into four main sections: (i) investment casting
process and modeling, (ii) effect of mass transfer on microstructure
and properties, (iii) methods of mitigating mass transfer, and (iv)
future prospects and concluding remarks.

2. Investment casting process and modeling

Investment casting of titanium parts is performed in five main
stages: pattern making, mold making, casting, divesting and surface
finishing. The purpose of this work is to model the transport phe-
nomena involved in investment casting of titanium alloys, regardless
of their end application, and to predict and mitigate the negative
impact of metal-mold reactions on the microstructure and proper-
ties of the casting.

2.1. Materials and equipment

Investment patterns are typically made from wax, but recently,
the use of plastics/polymers has increased for rapid prototyping with
additive manufacturing [51,52]. The pattern material has to be
carefully chosen to ensure that its coefficient of thermal expansion is
appropriate for the chosen ceramic material, otherwise, it will in-
duce high thermal stresses in the ceramic shell during firing and lead
to subsequent cracking [53]. Mold materials include zirconia, alu-
mina, yttria, calcia, and more recently, calcium zirconate and barium
zirconate [21,22,54,55]. Synthetic polymer fibers are typical re-
inforcements for ceramic shell molds, but lately natural alternatives
like coconut fibers and rice husks were investigated because they are
less costly and more sustainable [17,56].
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Among mold binders, colloidal silica is common because it is
environmentally safer than alcohol-based binders such as ethyl-
silicate [57]. Moreover, colloidal silica showed a higher bonding
strength compared to clays like bentonite [56]. Nonetheless, the si-
licon from silica-based binders remains in the mold, and has shown
to impair the corrosion resistance of molds in contact with titanium
alloy melts [58,59]. Therefore, a novel silica-free, water-based
system was presented, which was comprised of xanthan gum and
food grade guar gum as stabilizers and an aqueous urethane-acrylate
dispersion acting as a temporary binder [60-62].

In addition to commercially pure titanium (cp-Ti), predominantly
used titanium alloys include Ti-6Al-4V, Ti-Al and Ti-Nb [5,18,63,64].
The service temperature of such titanium alloys ranges from 4.2 K
(Ti-5A1-2.5Sn) [6] to 1023 K (y-TiAl, Ti-Nb-Mo) [5]. Moreover,
equipment used to melt titanium alloys prior to casting are based on
induction skull melting (ISM) [19,65], vacuum arc re-melting (VAR)
[66], electron beam melting (EBM) [20,67] and vacuum induction
melting (VIM) [23,24,68].

2.2. Procedure

Investment casting begins by producing patterns of a desired
shape, which can then be connected into a tree assembly to cast
multiple parts simultaneously. The pattern assembly is then coated
in a ceramic slurry and rained with stucco sand. Stucco enhances
mechanical bonding between the layers, and distributes local
stresses during drying to minimize cracking [70,71]. The ceramic
slurry comprises of a ceramic refractory, a binder, and ash or fibers to
improve permeability and green body strength of the shell mold. The
slurry-coating and stuccoing processes are repeated with inter-
mittent drying between layers, until a desired thickness is obtained
as is illustrated in Fig. 4. Care should be taken to ensure that the
corners and edges are evenly coated and stuccoed as the flat regions,
to prevent premature breaking under small loads [72-74].

A sealcoat is the final dip, after which no stucco is applied. Dip
coating typically takes 30 s, then excess material is drained for about
1h. The primary and sealcoat are dried for 24 h, while the inter-
mediate secondary layers are dried for 1-5 h at an average air speed
of 35ms™! [75]. The assembly is then dewaxed, commonly in an
autoclave, and the remaining shell mold is sintered to increase its
density, strength and modulus of rupture [56,57]. During the actual
casting step, molten titanium is poured into the finished mold to cast
the desired shape (see Fig. 3). Once the alloy solidifies, the ceramic
shell mold is shattered, and the castings are cut from the tree as-
sembly into individual castings. The castings are then ground, po-
lished and surface treated as needed to finish. If the titanium part is
for a biomedical implant, a surface roughness of less than 5 pm is
vital for cell attachment and proliferation [63,76]. Therefore, post-
casting processes such as electropolishing and heat treatment are
performed to obtain the desired roughness and wear resistance of
the surface [77-79].

2.3. Modeling in investment casting

There are two main forms of investment casting—gravity and
centrifugal casting [69,80]. The traditional form is gravity invest-
ment casting, where the mold is stationary and gravity is the only
force aiding to fill the mold cavity. A modern setup is centrifugal
investment casting, where the mold rotates as the cavity is filled.
Centrifugal casting was reported to be advantageous for very thin
parts with complex shapes because it achieves higher castability,
less cracks and less porosity than gravity investment casting
[69,80-82]. Modeling of gravity and centrifugal investment casting is
examined below.
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Fig. 3. Wax pattern (A), ZrO, ceramic mold (B), and a vacuum induction furnace used to melt a Nb-TiAl alloy for investment casting (reprinted with permission from Ref. [69]).
These images highlight the main stages of an investment casting process—pattern-making, mold-making, and casting of the molten alloy.
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Dip Coat
Initial Wax r
Wax Pattern J
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Fig. 4. Schematic illustration of the successive coating and stuccoing process to get a desired thickness of a ceramic shell mold (reprinted with permission from Ref. [74]).

2.3.1. Fluid flow

To get an expression of fluid flow, two recent models [69,80] can
be combined to yield an amended expression. The molten metal is
assumed to be an incompressible Newtonian fluid (constant
density), whereas this simplification allows for conservation of
momentum and application of the Navier-Stokes equation in
relationship (1).

_
p(aa—‘; + 7~V7) = —VP+ pg + uV2vV
(1)

\%

v, v Ow
“lox 9y 0z

(2)

where p is density, v is velocity, t is time, P is pressure, g is grav-
itational acceleration, y is dynamic viscosity of the liquid metal, and
V is the velocity vector. Eq. (2) is a three-dimensional expression of
the velocity vector in terms of (u, v, w), and directions (X, y, z) re-
spectively. Overall, the left side of Eq. (1) represents fluid accelera-
tion and convection, while the right side represents pressure
gradient, external forces acting on the body, and viscosity effect on
fluid velocity, respectively.

Simplifying further, conservation of mass with no source or sink
gives Eq. (3). Moreover, since the metal is considered to have con-
stant density, the mass conservation equation reduces to Eq. (4)
which can also be expressed as continuity by Eq. (5) [69].

—

ov - _

W+pVV—O (3)
VV =0 (4)
a_u+ﬂ+a_w—0

ox 0y 0z (5)

In centrifugal investment casting specifically, the velocity of the
alloy melt as the equipment rotates can be solved by Eq. (6) [80].

V=V -(@xT) (6)

Where, 1 is the position vector, V, is the relative velocity and o is the
angular velocity. Therefore, a relationship for modeling fluid flow
(momentum transfer) in centrifugal investment casting can be
obtained by substituting Eq. (6) into Eq. (4) which results in
expression (7).

a—V;+ VvV, =0
o TPV = (7)

2.3.2. Solidification

To model the solidification of a TiAl alloy during investment
casting, the previously analyzed models can be applied to develop an
expression for heat transfer through the ceramic shell as shown in
Eq. (8) [69,30].
oGy (g—f + 7-VT) = kV2T + L% )
where, C, is the specific heat capacity, k is the thermal conductivity,
T is the temperature, L is the latent heat, and f; is the fraction of the
solid phase.

So far, expressions for modeling momentum and heat transfer
involved in centrifugal and gravity investment casting, particularly
for TiAl and Nb-TiAl alloys, have been presented. Experimental va-
lidation confirmed that these models predicted bubble formation
during turbulent flow, which causes porosity [80]. Additionally, it
was observed that centrifugal investment casting led to less thermal
stress cracks than gravity investment casting, as is shown in Fig. 5
[69]. Nonetheless, the faster cooling rate in centrifugal investment
casting caused y-phase segregation on the edges of the Nb-TiAl



R.S. Uwanyuze, J.E. Kanyo, S.E. Myrick et al.

(a)
Effective stress / MPa

500.0
466.7
E 4333
400.0
366.7
3333
300.0
266.7
2333
200.0
166.7
133.3
100.0
66.7
333
0.0

(c)
Effective stress / M
500.0
466.7
4333
" 400.0

366.7
' 3333
4 300.0
266.7
2333 /‘
200.0
1667 Stress
133.3 conce
100.0
66.7

333
0.0

Journal of Alloys and Compounds 865 (2021) 158558

Fig. 5. Model simulations and corresponding experimental validation showing higher stress cracks in the gravity investment casting than in the centrifugal investment casting. (a,
c) are models while (b, d) are florescent images of actual cast Nb-TiAl blades (reprinted with permission from Ref. [69]).

castings, which was absent on those cast using the gravity invest-
ment method [69].

2.3.3. Mass transfer

Oxide ceramic refractories generally have a higher corrosion re-
sistance in contact with titanium alloys than carbide, nitride and
boride ceramics [22,25,84,85]. Furthermore, many oxide ceramics
have an exceptional creep resistance even at temperatures close to
2000 °C [84]. Therefore, they are preferred for investment casting
molds. Nevertheless, mass transfer of oxygen from oxide shell molds
during casting remains an important concern. Conventional titanium
sponge produced by the Kroll process contains oxygen in a solid
solution in the range of 0.02-0.04 wt%, which is considered the
lower limit for this processing method [86-88]. Nevertheless, com-
mercial titanium alloys generally contain 0.1-0.4 wt% oxygen to

increase the strength [88,89]. Currently, researchers continue to
research corrosion-resistant refractories and high temperature pro-
cessing methods to minimize unwanted mass transfer of con-
taminants like oxygen exceeding this limit during melting and
casting.

Modeling techniques are a modern approach to understand,
predict and optimize the corrosion resistance of ceramic shell molds
in contact with titanium alloys during casting. For example, the
model presented in Eq. (18), successfully predicted the a-case
thickness during the casting of Ti-6Al-4V in zirconia shell molds. It
was found that the amount of diffused oxygen at the surface of the
casting ranged from 5 to 9.5 wt%, while that at the limit of the a-case
region the oxygen content was only 0.02 wt% higher than in the bulk
of the alloy [33]. These experimental results agreed well with ther-
modynamic calculations for g-Ti in contact with ZrO,. It can be seen
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that tracking the diffusion of oxygen into the titanium g phase is an
effective route in modeling mass transfer during the formation of
a-case on g and (a + g) titanium alloys [33,34]. This is because a-case
formation is a high temperature phenomenon that occurs when a
titanium alloy that is above its g transus temperature (thus at a 100%
fraction of the g phase), is cooled to ambient temperature after
oxidation [34]. For a Ti-6Al-4V alloy, the g transus is around 937 °C
(=1210K), but the strong a-stabilizing effect of oxygen increases the
p transus temperature as a function of the oxygen content, as is
approximated by Eq. (9) [90]. Due to the oxygen diffusion, the sur-
face becomes significantly richer in a phase as indicated in Fig. 7,
altering the microstructure and properties compared to the bulk.

1210K + 242.7K-wt%0, (9)

A simple model to predict the a-case thickness developing during
investment casting of a Ti-6AI-4V alloy in a zirconia shell mold is
described below [33]. Assumptions taken into account to solve this
mass transfer problem are as follows:

e One-dimensional, thin planar surface (negligible temperature
changes over the a-case thickness)

e Diffusion coefficient D changes with time t and is expressed
as t=Dt

e Isothermal diffusion, i.e. constant diffusion coefficients and con-
stant boundary concentrations (Cy and C..). Here, Cy is the oxygen
concentration at the metal-mold interface and C. is the oxygen
concentration in the bulk alloy.

The concentration at the surface is at the beginning identical to
the one in the bulk material, i.e. the initial condition (I. C.):

C(x, t=0) =Ca (10)
The boundary conditions (B. C.) are accordingly defined:

Cx=0,1)=Cy (11)

Clx=w,1t)=Ce (12)

where x=0 is the outer surface of the metal and x = is the bulk
alloy.

The concentration profile of oxygen at position x into the alloy
after a given time t is given by Fick’s second law of diffusion, given in
Eq. (13). Applying the initial and boundary conditions, the con-
centration profile can then be solved by Eq. (14).

I _ 2 (p)

at — ox\ ox (13)
_ _ _ X

C=GC (Co Coq) erf(\/m) (14)

The a-case layer, however, grows as a function of time and
temperature. Therefore, the product Dt can be scaled to include both
factors.

z :f D(T(t"))dt’ = D(T(¢))
0 (15)

Here, D changes with time and temperature, while the concentra-
tions (Cp and C.) are still taken to remain constant given a small
a-case layer. The solution in Eq. (14) remains valid even when the
product Dt is replaced by the scaled time z.

The diffusion coefficient depends on the temperature T, the ac-
tivation energy Q, the gas constant R and the frequency factor Dy
(Eq. (16)), which can be substituted into the equation for the scaled
time (Eq. (15)), resulting in Eq. (17). The frequency factor Dy can
be assumed as the reference diffusion coefficient at solidus
temperature [91].

Journal of Alloys and Compounds 865 (2021) 158558

D =Dy exp(—g)

RT (16)

T:Do] exp(— Q )dt’
0 RT(t")

The goal of the calculation is to model the penetration depth of
oxygen x*(t) in the titanium casting, whereas C* is the oxygen con-
centration at the limit of the a-case. Generally, C* can be obtained by
electron microscopy and is only slightly higher than the oxygen
concentration in the bulk material. Hence, substituting Eq. (17) in Eq.
(14), gives the solution in Eq. (18).

x*(t) = 247 (18)

(17)

where 1 is the solution of the following equation:

C* - Co B
erf(/1)+(c C )—1_0

0— (s

(19)

Parameters that govern the final thickness of an a-case layer after
solidification are therefore the starting temperature or time in the
integration, the activation energy Q, and the product Ay/Dy which is
directly proportional to the final a-case thickness. To obtain a nu-
merical solution, specific alloy and mold material values can be
entered in the model. For example, examining Ti-6AI-4V cast in a
mold with a ZrO, facecoat, the best results for the simulations were
achieved for a temperature of 1875 K (7 K higher than the solidus
temperature), Do =51.2cm? s™!, 21=2.13 and Q =249 k]/mol [33]. The
model presented was later applied in other studies that also coupled
impurity diffusion to microstructure evolution and mechanical
properties [92-94].

3. Effect of mass transfer on microstructure and properties

Pure titanium has three main microstructure phases—g at high
temperatures (above 1156 K),  at cryogenic temperatures, and « in
between [97]. Pressure changes can also cause phase transforma-
tions, for example, at room temperature « transforms to o at = 9 GPa
[97]. Nonetheless, alloying elements can be used to stabilize even
metastable » and g phases at ambient temperature [98]. Stabilizers
of the g phase include vanadium, niobium, molybdenum and nickel,
while a phase stabilizers include oxygen, carbon, nitrogen and alu-
minum [8,99]. Notably, oxygen levels of at least 4.8 at% stabilized
both the a and w phases in a g type Ti-20Nb alloy [100]. However, a
martensitic transformation from « to » can drastically decrease the
ductility of Ti-6Al-4V and titanium A-70 alloys, but presence of O, Al,
N, or C aided in suppressing this transformation by increasing the
energy barrier [97]. For instance, such impurity/alloying elements,
especially O and Al, increased the estimated transformation pressure
of Ti-6A1-4V from 13 to 63 GPa [97]. Contrarily, vanadium favored
the a to w transformation by decreasing the energy barrier. Under-
standing the role of impurity elements in phase stability is therefore
vital for alloy design and application.

Alpha-titanium has a hexagonal close packed (hcp) structure and
can dissolve over 30 at% oxygen in solid solution, as displayed in the
Ti-O phase diagram given in Fig. 6 [83]. On the other hand, g-Ti has a
body centered cubic (bcc) structure and a much lower oxygen so-
lubility of only 2 at% at 1273 K, which increases at higher tempera-
tures [101]. As evident from Fig. 6, the a to g transition temperature
is directly affected by the oxygen content. The higher the oxygen
content, the higher the transition temperature, because oxygen
stabilizes the a phase region [101,102]. Overall, oxidation of titanium
at elevated temperatures above 750K, occurs in two simultaneous
steps—(i) formation of a thin oxide scale on the surface, and (ii)
inward diffusion of O, into the bulk forming an oxygen-rich layer or
a-case beneath the scale [37,99].
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Fig. 6. Ti-O phase diagram showing complete solubility of oxygen into titanium up to
32 at%, before forming an oxide (reprinted with permission from Ref. [83]). The entire
composition range is evaluated at a total pressure of 0.1 MPa, while the dashed lines
represent experimental data at an oxygen partial pressure Po, of 13.33 Pa.
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Fig. 7. Optical image of Ti-6Al-4V showing the «/p microstructure, and an a-case layer
that developed when the alloy was annealed at 930 °C in air for 1 h (reprinted with
permission from Ref. [50]).

Mass transfer of oxygen into titanium alloys directly affects their
microstructure as demonstrated in Fig. 8. Consequently, the me-
chanical properties are also altered, as summarized in Table 1. It can
be seen that the alloy strength increases with an increasing oxygen
content, whereas the ductility and fracture toughness decrease. In-
terestingly, after investment casting of cp-Ti in an alumina mold,
TEM and EDS examinations (Fig. 9) of the a-case layer showed not
only presence of oxygen but also aluminum [32,103]. Moreover,
other studies also show that the a-case layer on titanium alloy
castings comprises of sub-layers which include a reaction layer and a
hardened diffusion layer [27,31,32,93]. Such a layered microstructure
is displayed in Fig. 10.

3.1. Hardness and wear resistance

Hardness can be defined as a material’s resistance to indentation
or abrasion, and wear as the degree to which the material abrades.
Wear resistance typically increases with increasing hardness. It is
known that as-machined or as-cast titanium alloys have poor wear
resistance [8,15], but heat treatment and surface modifications
greatly enhance their wear resistance [39,41,104]. Heat treatments
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work by altering the alloy microstructure which in turn changes its
mechanical properties. For example, compared to cold-rolled
Ti-13Nb-13Zr and Ti-6Al-4V solution-treated in the «+ g region, it
was found that the Ti-6A1-4V which was solution-treated above the
B transus temperature and subsequently water-quenched, had su-
perior wear resistance than the former two alloys [104]. This dif-
ference was due to formation of a hard martensitic microstructure in
the latter Ti-6Al-4V alloy. Other than heat treatments, coatings of
hard ceramic materials like TiC and TiN are also common for spe-
cifically enhancing wear resistance of titanium alloys [15].

In investment casting, metal-mold reactions and subsequent
formation of the a-case layer on titanium alloys substantially in-
crease surface hardness as shown in Fig. 10 [32]. Thickness of the
a-case layer typically increases parabolically, meaning that it grows
rapidly at the beginning and then slowly at prolonged exposure time
and temperature [37,45]. Thus, it is not surprising that the activation
energies for parabolic oxidation and a-case formation are very close,
for example, 157 k]/mol and 153 kJ/mol, respectively for Ti-6Al-2Sn-
47Zr-2Mo (Ti-6242) alloy [37]. Nonetheless, a transition in oxidation
kinetics from parabolic to linear was observed when wrought Ti-
6242 alloy was heat-treated at 700 °C in air for more than
200h [37].

The hardness of titanium alloy castings can be controlled by
adjusting the mold preheat temperature, mold composition, and
casting thickness. Preheating the mold is especially beneficial for
limiting thermal shock in the ceramic shell mold and to ensure
complete mold filling [74,105]. As displayed in Fig. 11(a), increasing
the preheat temperature of the shell mold from 400 °C to 600 °C led
to a substantial increase by about 100 HV in the surface hardness of
the Ti-6Al-4V castings [29]. Strikingly, there was negligible differ-
ence in surface hardness of Ti-6Al-4V cast in a calcium zirconate
mold either at room temperature or preheated to 400 °C [29].
Moreover, as seen in Fig. 11(b), an increase in hardness was also
observed for thicker parts which can be inferred from the slower
solidification.

A trend of hardness increasing with a higher preheat tempera-
ture and part thickness was also reported for Ti-46Al cast in molds
with an alumina facecoat [26]. Molds in which the bulk material is
distinct from the facecoat material can be termed as composites. The
surface material—the facecoat—typically has higher corrosion-
resistance, but is significantly more expensive than the underlying
bulk materials [26,106,107]. However, in several studies that applied
composite molds, for example alumina-coated silica, bulk elements
diffused from the bulk material through the facecoat and into the
titanium alloy casting [26]. As noted previously, surface hardness is
not only affected by diffused oxygen, but also by metallic elements
from the mold including aluminum and silicon [32,93,94|. Hence,
further studies are needed to optimize composite investment molds
to limit bulk material diffusion, but also to reduce their overall cost.

3.2. Fracture toughness and tensile strength

Fracture toughness is the ability of a material to resist further
crack growth, and is a crucial property to ensure safety under service
conditions. Under simple uniaxial loading, the critical stress at the
crack tip necessary to cause catastrophic failure can be calculated
using Eq. (20). The a-case layer that develops on titanium alloys
during high temperature processing is brittle, and under tensile
loading micro-cracks were observed to nucleate and propagate from
this layer as revealed in Fig. 12 [45,92]. Interestingly, surface crack
initiation time can be calculated based on the a-case thickness as is
shown in Eq. (22) and Fig. 12(b). Examination of this brittle a-case
layer was performed on titanium IMI834 (Timetal 834), exposed to
creep conditions at up to 923 K and 140 MPa [45].

Kic = Younc (20)
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Fig. 8. Influence of oxygen diffusion on the microstructure of the g titanium alloy Ti-15Zr-7.5Mo. The large beta grains were permeated by a needle-shaped orthorhombic «” phase
as the oxygen content increased. This microstructure change led to a subsequent increase in hardness (reprinted with permission from Ref. [96]).

- 3(8)

n\oY
where c is the crack length, Kj. is the fracture toughness, Y is a
geometric factor, and ¢ is the applied engineering stress.

(21)

Lerack = tf — o (22)
where tqi is the initiation time for a surface crack to form, tis the
total time to fracture (under tension), and t,, is the time required for
an a-case layer of a given thickness to develop on each titanium
IMI834 specimen. Overall, samples that had a thicker a-case layer
cracked earlier under lower stresses and lower strains, than samples
that had a thin or negligible a-case.

Any contamination during melting and casting affects the prop-
erties of the final cast part, so it is imperative to examine interfacial
mass transfer from crucibles and molds. Titanium alloys are typically
molten in water-cooled copper crucibles, but several studies in-
vestigated the use of ceramic crucibles for improved energy effi-
ciency and a higher melting volume [21-24]. In a study examining
the effect of crucible materials on properties of Ti-46Al castings, the
alloy molten in a yttria crucible had a higher tensile strength and a
comparable fracture toughness to that molten in a water-cooled
copper crucible, as shown in Fig. 13 [22]. Interestingly, a considerable
reduction in mechanical properties of Ti-46Al castings was only
observed above 0.5wt% dissolved oxygen as demonstrated in
Fig. 14(a) [22].

Table 1

Upon cooling, especially yttria precipitates from the alloy melt
and mostly coalesces along grain boundaries. Micro-cracks are ob-
served to form around such precipitates as demonstrated in
Fig. 15 [108].

It is suggested that the conventional threshold of utmost 0.1 wt%
oxygen for TiAl alloys could be revised because empirical results
showed that significant reduction in mechanical properties occurs at
higher levels than this limit [22]. Increasing the upper limit of per-
missible dissolved oxygen could reduce the cost of titanium alloys
and expand their applications to the automotive industry as recently
proposed [82,109]. On the other hand, it is notable that a drastic
decrease in tensile strength can occur when more than 1.0 wt% of
metallic elements, particularly from Y,03 and ZrO,, are dissolved in
Ti-46Al castings (see Fig. 14(b)) [22].

3.3. Fatigue life and Young’s modulus

Load-bearing titanium parts are frequently subjected to cyclic
stresses which can accumulate plastic deformation making the part
susceptible to fatigue cracking [44,110]. Notably, fatigue life is in-
versely proportional to Young’s modulus, where Young’s modulus
refers to a material’s stiffness or resistance to elastic deformation. A
dilemma is presented, however, because titanium alloys for hard
tissue implants with a lower Young’s modulus are more compatible
with bone, but they also often have poor fatigue resistance [10,110].
The most traditionally used Ti-alloys—cp-Ti and Ti-6Al-4V ELI—have

Effect of oxygen content and microstructure on the mechanical properties of Ti-6Al-4V [8,95]. Yield strength (YS), ultimate tensile strength (UTS), elongation (EL), reduction in

area (RA), and fracture toughness (Kj.), respectively.

0, (wt%), microstructure YS (MPa) UTS (MPa) EL (%) RA (%) K;c (MPaym)
0.18-0.2%, equiaxed 1068 1096 15 40 54
0.15-0.2%, equiaxed 951 1020 15 35 61
0.15-0.2%, lamellar 884 949 13 23 78
Max. 0.13%, equiaxed 830 903 17 44 91
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Fig. 9. TEM and EDS analysis of a cp-Ti casting showing crystallography and elements in the a-case layer; (a) ring and spot patterns; (b) spot diffraction; (c) indexed pattern of the
hcp phase; (d) EDS histogram showing both interstitial oxygen and substitutional aluminum in the a-case layer (reprinted with permission from Ref. [32]).

Young’s moduli of 108 GPa, and up to 118 GPa respectively, de-
pending on the processing method [111-113]. Contrarily, the Young’s
modulus of human bone ranges between 10 and 30GPa [7,114].
Therefore, substantial materials engineering led to development of a
new titanium Ti-29Nb-13Ta-4.6Zr (wt%; TNTZ) alloy, which has a
lower Young’s modulus than cp-Ti and Ti-6Al-4V [115,116]. Fur-
thermore, unlike Ti-6Al-4V which was reported to cause toxicity side
effects in the body due to presence of vanadium and aluminum
[12,13], TNTZ is free from these potentially harmful elements [115].

Optimization of the counteracting properties of fatigue life and
Young’s modulus is a challenge, and different processing techniques
are employed including cold rolling, and heat treatments like a and
® phase precipitation hardening [110,112,116,117]. Recently, en-
hanced fatigue life and exceptionally low Young’s modulus (40 GPa),
were observed in near-g Ti-22Nb-6Zr alloy by inducing a poly-
gonized nano-subgrained dislocation microstructure [110]. The
nano-subgrained structure was obtained after post-deformation
annealing at 600 °C for 0.5 h, where this alloy portrayed a reversible
stress-induced g to o" phase transformation at high strains (0.3%)
[110]. These features enabled superlasticity and superior fatigue
resistance compared to the strain-hardened and recrystallized
counterparts.

Interestingly, it was found that diffusion of up to 70 wt% oxygen
into a p-type TNTZ alloy improved its fatigue life to 650 MPa, while
maintaining a low Young’s modulus of 76 GPa [10]. The high con-
centration of oxygen improved fatigue life of the TNTZ alloy by

facilitating formation of cohesive slip planes, and small, densely-
arranged martensitic «" twins [10]. Contrarily, mass transfer of
oxygen leading to an a-layer of 2 um decreased the low cycle fatigue
life of Ti-6AI-2Sn-4Zr-2Mo (wt%; Ti-6242) specimens by 50%, and by
90% when the a-case thickness was 10 pm [44]. Comparably, in cp-
Ti, Ti-6Al-4V, and Ti-15Zr alloys, microhardness and Young’s mod-
ulus changed linearly with increasing oxygen content, which can be
especially attributed to solid solution strengthening arising from
interstitial oxygen atoms in the crystal structure of the alloy
[10,39,45,118]. Conversely, for Ti-15Zr-xMo (x = 5, 7.5, 10, 15, 20 wt%),
a non-linear dependence of the microhardness and Young’s modulus
on the oxygen content was reported, which was associated with a
pinning effect of the interstitial elements in the metallic matrix [96].
Therefore, the effects of oxygen diffusion on the resulting mechan-
ical properties vary with the titanium alloy type.

3.4. Biocompatibility

Investment casting of titanium implants leaves an a-case layer on
the surface of the castings because of metal-mold reactions
[31,92,93]. On the other hand, when oxygen diffusion is controlled,
often through a heat treatment, an oxygen-rich surface layer is
formed on titanium which mitigates wear and bio-corrosion
[41,119,120]. In vivo studies of medical implants have identified four
different types of corrosion including galvanic, pitting, crevice, and
fretting corrosion, whereas different parts of implants experience
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Fig. 10. Optical micrograph of a cp-Ti casting showing the sublayers that make up the
a-case. The surface hardness is drastically different from the bulk alloy (reprinted
with permission from Ref. [32]).
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these types of corrosion to a varying degree. For example, attach-
ment sites such as a screw or the femoral head of an artificial hip are
more likely to experience wear due to crevice corrosion [9,121],
while bearing surfaces such as the stem of an artificial hip is more
likely to experience pitting and fretting corrosion [121]. Notably,
galvanic corrosion was reported when two different metals sheared
against each other in the implant, even if the oxide layer was pre-
sent. Most recent cases of this interaction were reported for titanium
and gold [9]. Corrosion is also increased with the introduction of
fluoride to a dental implant [122]. These instances of corrosion
eventually result in immune responses and implant failure [9].

Secondly, a study testing the thickness of the oxidation layer in
relation to corrosion resistance showed that in comparison to a
natural oxide layer at room temperature (=5-10nm [37,99]) a
100 nm thick oxidation surface layers enhanced the corrosion re-
sistance of the implant [119]. Although there is not yet an absolute
solution to wear due to corrosive fluids in the body [9,123], wear
resistance of implants can be also improved by surface treatments
and coatings. For example, orthopedic implants are often treated
with calcium phosphate and bisphophonates coatings to improve
biocompatibility by stimulating osteoconduction and bone resorp-
tion, respectively [121,124,125]. It should be noted that a dis-
continuous or very thin a-case layer on joint implants can break
down and release wear debris from the surface of the implant
[126,127]. When the wear debris is absorbed by the surrounding
tissues, this triggers a foreign body inflammatory response and os-
teolysis in areas surrounding the implant. These responses often
cause loosening of the implant, and at worst bone loss [126,128].
Overall, surface case hardening of titanium biomedical alloys
through oxygen diffusion could be beneficial if performed in a
controlled atmosphere [39,41].

4. Mitigation of mass transfer

Current solutions to address the problem of mass transfer that
occurs during investment casting of titanium alloys can be divided
into three categories: (i) using specialized furnaces with a controlled
melting atmosphere, (ii) using advanced crucible/mold materials,
and (iii) machining or chemical pickling as post-casting processing
steps.
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(b) Effect of casting thickness

Fig. 11. Surface hardness of the castings increased with a higher preheating temperature and part thickness during investment casting of Ti-6Al-4V. However, there was a
negligible difference in the hardness of castings produced with a CaZrO; mold at ambient temperature or one that was preheated to 400 °C (reprinted with permission from

Ref. [29]).
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(a) Effect of oxygen mass transfer at the surface of a
cp-Ti tensile specimen.

(b) Examination of the a-case layer on a crept titanium
IMI834 specimen after creep testing.

Fig. 12. Cp-Ti tensile specimen with micro-cracks which nucleated and propagated from the hard and brittle a-case layer (a), and (b) prediction of crack initiation time, trqck,
based on the crack depths, d;_s3, that penetrated through varying a-case thicknesses, a;-3, on a titanium IMI834 creep specimen ((a): reprinted with permission from Ref. [92],

(b): reprinted with permission from Ref. [45]).

4.1. Melting techniques

Furnaces for melting titanium alloys typically have water-cooled
copper crucibles in order to prevent potential interfacial diffusion
associated with ceramic crucibles. These melting techniques include
induction skull melting (ISM) [19,65], vacuum arc re-melting (VAR)
[66], and electron beam melting (EBM) [20,67]. Such equipment is
specifically made for alloys that are very reactive in molten state.
However, these techniques are exceedingly energy intensive, ac-
commodate only a small metal volume and are only able to achieve a
low superheating temperature [65]. However, due to the commonly
low fluidity of titanium alloys, a high superheating temperature is
important to maintain a metal feed reservoir which minimizes
cavities and porosity in the casting. For example, when using ISM, a
superheating temperature of up to 62 K was measured, while the
heating power was 350 kW for 4.5 kg of TiAl [65]. Contrarily, in an-
other study that used vacuum induction melting (VIM)—a technique
that uses ceramic crucibles—7 kg of a similar TiAl alloy was molten
at only 20-35kW [67]. Thus, VIM in a highly corrosion-resistant
ceramic crucible is significantly more energy-efficient with
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(a) Tensile strength of Ti-46Al molten in a water-cooled cop-

per crucible versus ceramic crucibles

additional potential benefits of a higher superheating temperature
and the capability for larger castings than techniques that use water-
cooled copper crucibles [23,24,68].

4.2. Crucible and mold materials

4.2.1. Alumina

Alumina investment molds have demonstrated relatively low
reactivity with TiAl alloys with more than 30-40at% aluminum
[32,105,129]. From the titanium-aluminum phase diagram, it is
known that an increasing aluminum content lowers the melting
temperature of the alloy. For instance, the melting temperature of
y-TiAl is about 1460 °C while that of pure titanium is about 1670 °C
[130]. Thus, titanium aluminide castings with a high aluminum
content demonstrate a lower melting temperature and in contact
with alumina molds less metal-mold reactivity and lower surface
hardness than their counterparts (see Fig. 16) [32]. Furthermore, the
presence of aluminum in both the alloy and the mold can promote
interfacial kinetic stability by lowering the concentration gradient of
aluminum. On the other hand, some studies have investigated
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(b) Fracture toughness of Ti-46Al molten in a water-cooled
copper crucible versus ceramic crucibles

Fig. 13. Comparing the effect of interfacial mass transfer from metallic versus ceramic crucibles on the tensile strength and fracture toughness of Ti-46Al. The specimen molten in
the yttria (Y,03) crucible had a higher tensile strength than the one molten in a water-cooled copper crucible (a), but the two had a comparable fracture toughness (b). Contrarily,
Ti-46Al molten in the crucible made of zirconia had the least tensile strength and fracture toughness (reprinted with permission from Ref. [22]).
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Fig. 14. Mass transfer effect of oxygen and metallic elements from ceramic molds as well as ceramic inclusions on room temperature tensile strength of Ti-46Al castings. Tensile
strength significantly decreased starting at 0.5 wt% oxygen and 1.0 wt% metallic impurities from the ceramic molds, respectively. Notably, the TiAl specimen molten in SiO, and
Al,03 crucibles were too brittle to be tested for tensile strength (reprinted with permission from Ref. [22]).
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Fig. 15. Micro-cracks observed to form around yttria precipitates in a Ti-45Al-2Cr-2Nb alloy solidified in yttria molds. This interfacial mass transfer significantly impaired the
tensile strength and elongation of the specimen (reprinted with permission from Ref. [108]).
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Fig. 16. Difference in surface hardness of various Ti-xAl (0 < x < 55 at%) alloys each cast
in a similar alumina mold. TiAl alloys with less than 30 at% aluminum formed an a-
case layer while those with more than 30 at% exhibited little to no hardness incre-
ment. This is primarily explained by the lower melting temperature of Ti-xAl alloys
with a high aluminum content compared to their counterparts (reprinted with per-
mission from Ref. [30]).

improving the interfacial stability of alumina molds in contact with
minimally alloyed titanium melts, such as cp-Ti, by adding titanium
powder or TiO, to the alumina mold [42,43,131]. Surprisingly, a
drastic reduction in a-case thickness by a factor of seven was re-
ported on cp-Ti cast in alumina molds with up to 50 wt% titanium
powder [131]. The presence of titanium in the mold lowers the
concentration gradient when in contact with a titanium alloy
casting. Hence, this mitigates the interfacial mass transfer, which is
in excellent agreement with the above diffusion model in Eq. (19).

Comparative studies examining thermal stability and corrosion
resistance of different refractories in contact with a particular tita-
nium alloy melt are a typical way of optimizing material selection.
However, care should be taken to avoid generalizing such results to
other titanium alloys. For example, in a study that compared the
inertness of alumina, magnesia, calcia, and yttria refractories in
contact with a y-TiAl alloy molten at 1550 °C, the interfacial oxygen
dissolution after 18 min was 9500 ppm, 9600 ppm, 2400 ppm, and
1500 ppm, respectively [106]. Even though the oxygen dissolution
from alumina and magnesia were very similar, this result might be
only valid for y-TiAl. Magnesium is an alkaline earth element and has
a very low solubility in pure titanium [132], but is highly soluble in
aluminum [133]. Magnesia also exhibits a high magnesium vapor
pressure in non-oxidizing atmospheres at high temperatures [85].
Thus, the corrosion of magnesia crucibles by the TiAl melt as re-
ported by Kuang et al. [106] can be possibly attributed to the con-
current dissolution of magnesium and oxygen. On the other hand,
the low solubility of magnesium in pure titanium in conjunction
with the high vapor pressure of magnesia refractories in inert gas
atmosphere make them particularly unsuitable as crucibles for
titanium alloys with a low aluminum content.

4.2.2. Zirconia

As discussed in Section 2.3.3, zirconia molds are inadequately
resistant to mass transfer in contact with Ti-6Al-4V or cp-Ti during
investment casting [28,33]. Similar high mass transfer was also ob-
served for Ti-46Al (at%) [129]. In this study, even though both zir-
conia and alumina mold elements diffused into the Ti-46Al castings,
a reaction layer of at least 230 pm thickness was measured on the
specimen cast in the zirconia mold, while it was less than 80 pm
thick on the specimen cast in the alumina mold [129]. As a result, the
degree of metal-mold reactions drastically impacted the surface
microhardness as is illustrated in Fig. 17 [129]. Notably, the zirconia
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Fig. 17. Experimental results demonstrating significantly higher surface microhard-
ness of Ti-46Al cast in a calcia-stabilized zirconia mold than in an alumina mold. This
difference shows that there was less interfacial mass transfer from the alumina mold
than the zirconia mold (reprinted with permission from Ref. [129]).

mold was calcia-stabilized with 0.15 mol% CaO, which could have
influenced this mold’s corrosion resistance. In a related study, it was
found that a low calcia content of 5mol% in ZrO, effectively pre-
vented interfacial reaction with titanium at 1500 °C, while a content
of 9mol% and 17 mol% had extensive interdiffusion [134]. Further-
more, compared to a previous study [106], the binder choice of zir-
conia sol instead of colloidal silica greatly aided in minimizing
interfacial reactions between the Ti-46Al and the alumina mold
[129]. Generally, the significant reactivity between zirconia and ti-
tanium alloys would be expected because the titanium-zirconium
phase diagram shows that between 600 and 1600 °C, o-Ti can dis-
solve up to 20 at% zirconia in solid solution [135]. In fact, the Zr-O
phase diagram is very comparable to the Ti-O phase diagram as
given in Fig. 6, whereas zirconium is completely soluble in tita-
nium [136].

4.2.3. Calcia

Calcia (Ca0) was one of the first materials proposed to minimize
the kinetically-driven reactions between crucibles or molds in con-
tact with titanium alloys during high temperature processing [137].
Ca0 has a very high melting temperature of 2899 °C and a high
thermodynamic stability (exceedingly low Gibbs free energy of for-
mation) [138]. Calcium also has a negligible dissolution in titanium,
specifically, 0.006 wt% in cp-Ti at 1000 °C [101]. However, while
there was exceedingly low oxygen dissolution reported in a distinct
patent on CaO crucibles [139], the authors find these values to be
improbable given other studies that have examined similar titanium
alloys [22,87,106,140]. As displayed in Table 2, there is a contra-
diction of 46-65% between the results reported in the patent [139]
and those obtained in earlier and later studies for cp-Ti and Ti-6Al-
4V, respectively [22,87]. A literature survey summarizing oxygen
contamination values from CaO when in contact with different
titanium alloys is given in Table 2.

Even though calcium may hardly diffuse into titanium [134], CaO
refractories react rapidly with water below 511 °C, for example from
air moisture (see Eq. (23)), resulting in a substantial increase in
volume and subsequent cracking of the refractory material [141].
Many ceramic oxides show excellent thermal stability and creep
resistance up to 2000 °C, but they suffer from high thermal ex-
pansion making them highly susceptible to thermal shock [84,142]. A
comparison among Ca0, MgO, Al,03 and Y,05 shows that calcia has
the second highest mean thermal expansion coefficient of
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Table 2

Mass transfer of oxygen into titanium alloys when in contact with a CaO refractory at
a temperature of 1500 °C and above (modified from Ref. [150]). ®*means dissolution
values are inconceivably low.
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Table 3
Mass transfer of oxygen and yttrium from yttria crucibles/molds into titanium alloys
from a temperature of 1500 °C and above (modified from Ref. [150]).

Reference Ti alloy 0, dissolved Y dissolved (wt%)
Reference Ti alloy 0, dissolution (wt%) (wt%)
Li et al. [151] TiFe 0.080-0.084 Cui et al. [159] Ti-47Al- 0.38 NA
Tetsui et al. [22] Ti-28.7A1-7Mn 0.26-0.35 2Cr-2Nb
Friedrich et al. [140]  Ti-50Al 0.25-0.35 Cui et al. [160] Ti-47Al- 0.45 0.0067
Ti-6Al-4V Rapid dissolution/evaporation 2Cr-2Nb
Kuang et al. [106] Ti-48Al-2Nb-2Mn 0.24-0.30 Gao et al. [161] Ti-54Al 0.06-0.16 0.1-0.34
Degawa et al. [139]*  cp-Ti 0.075-0.540 Gomes et al. [68] Ti-48Al1 0.16-0.23 0-0.11
Ti-6Al-4V 0.102-0.345 Cui et al. [155] TiAl 0.14-0.18 0.14-0.19
Ti-20Ni 0.052-0.135 Tetsui et al. [162] Ti-46Al1 0.12 NA
Ti-33Al 0.036-0.062 Friedrich et al. [140] TiAl 0.32 0.31
Kroll [87] cp-Ti Rapid dissolution/evaporation Ti-6Al-4V 0.74 0.26
(> 1.0) Saha et al. [163] cp-Ti 0.85-1.1 0.05
Helferich and Zanis [164] cp-Ti 0.12-0.56 0.2-1.93

15.71 x 10" K™! from 25 to 1600 °C, only surpassed by MgO [142]. To
de-oxygenate titanium alloys, it is important to know the free energy
of formation for the titanium phases. The partial molar free energy
of formation for oxygen dissolved in g-Ti, was determined by equi-
librating Ti-O alloys with a Ca-CaO system between 1173 and 1373 K
[101]. Calculations using Eq. (24) were in agreement with sub-
sequent empirical results which showed up to 490 wt ppm O, dis-
solved in g-Ti at 1273 K.

Ca0 (s) + H,0 (g) = Ca(OH), (s) (23)
1 Poy 70100

—In|—=—Pa| =1 % 10.6 —

2 n(101325 a) n(wt %0) + 10.6 - — (24)

where Po, is the oxygen partial pressure, wt% O is the con-
centration of oxygen in g-Ti and T is a temperature in the range
between 1173 and 1373 K [101].

A recent study remarkably lowered oxygen levels in cp-Ti and Ti-
6Al-4V from 20,000 ppm to less than 1000 ppm by an enhanced use
of CaCl, molten salt through a low temperature de-oxygenation
process [143]. This study operated at a significantly lower tem-
perature (as low as 600 °C), compared to previous studies which
required a temperature of >900 °C to achieve optimal solid-liquid
contact between calcium and titanium [144-147]. Nonetheless,
there are still some major shortcomings to the industrial-scale ap-
plication of calcium halide molten salts for the de-oxygenating of
titanium or extracting titanium metal from TiO,. First, laboratory-
scale electro-reduction methods commonly start with commercially
available TiO, pigment precursors [144,146], but these well-
crystallized precursors are uneconomical for large-scale use. Instead,
precursors like titanium-rich slag, solid metatitanic acid, and titania
dust are preferred because they are cheaper [145]. Secondly, diffi-
cult-to-reduce intermediate phases such as CaTiO3 and CaTiO4, can
be persistent in the kinetic pathway which significantly slows the
electrochemical reduction [146,147]. Nonetheless, a similar chal-
lenge was also reported from reduction of other metal oxides such as
niobium oxide and chromium oxide [148,149]. In all these studies, it
was vital to understand mass transfer of the oxide ions through the
solid solution towards the cathode.

4.2.4. Yttria

Yttria (Y,03) is a rare earth ceramic oxide with significantly
better corrosion resistance than the aforementioned refractories. For
example, unlike zirconia molds which can result in a reaction layer
of 200-300 pm [129,152,153], yttria molds cause only reaction
layers of about 10 pm [153-155]. Furthermore, it was observed that
the formation of an interfacial reaction between Y,03/ZrO, samples
in contact with a cp-Ti melt at 17700 °C was greatly hindered when at
least 30 vol% Y,O3; was present in the samples [156]. Nonetheless,
yttria is still not completely inert to titanium alloy melts as depicted
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by the impurity values expressed in Table 3. Not only can oxygen
diffuse from the yttria lining into the titanium alloy melt, but yt-
trium as well [108,150,157]. Specifically, oxygen dissolution can
range up to 1.6 wt% while yttrium dissolution ranges up to 1.93 wt%
as summarized in Table 3.

Due to its high cost, yttria is often applied as a facecoat while the
bulk material is a cheaper but less inert material like alumina or
zirconia [68,106,107,158]. In such composite systems, it is important
to ensure not only chemical stability between the primary facecoat
and bulk materials, but also with the binders. For instance, in Y,03-
ZrO, composite investment molds, binders in the facecoat reacted
with filler materials to form various oxides [158]. Such oxides in-
cluded Y4Zr;01, when a zirconia sol binder was added, and YAIOs,
Y3Al504, and Y4Al,09 when alumina sol binder was added. However,
while such oxide phases could influence interfacial diffusion be-
tween the facecoats and titanium alloy castings, in this particular
study, no observable reactions were seen in contact with a Ti-45Al-
2Mn-2Nb-0.2B alloy at 1650 °C for 60 s under vacuum.

4.2.5. Future direction—alkaline earth ziconate materials

The current trend for advanced refractory ceramic crucibles and
molds for titanium metallurgy is heading towards alkaline earth
zirconates, particularly calcium zirconate (CaZrOs) and barium zir-
conate (BaZrOs) [29,55,165]. First of all, CaZrO3; and BaZrOs; have
extremely high melting temperatures of 2368 °C and 2700 °C, re-
spectively [85,166]. Moreover, research in recent years has demon-
strated that alkaline earth materials, especially CaZrOs, have
remarkable corrosion resistance in contact with titanium alloys
melts [21,29,55,150,167,168].

In state-of-the-art investment casting, it is vital to model and
empirically analyze the impact that both crucible and shell mold
materials have on the interfacial mass transfer. In a recent study that
examined the coupled effect of different crucible and shell mold
materials for processing Ti-6Al-4V, it was found that the alloy spe-
cimen molten in a copper crucible and cast in a CaZrOs shell mold
had remarkably better surface properties than the ones using a
combination of a commercially available yttria-coated crucible and
silica-bonded alumina shell mold [29]. Better corrosion resistance
correlated with minimal to no metal-mold reaction, which was in-
dicated by lower surface hardness from oxygen pickup, easy de-
molding, and a shiny metallic appearance as demonstrated in Fig. 18.
Similarly, BaZrOsz also showed promising low mass transfer when
used as a crucible or mold material. Fused BaZrOs crucibles were
used for melting a Ti-46AI-8Nb alloy at 1550 °C and only 0.078 wt%
of diffused oxygen was noted [169]. This oxygen content was fa-
vorably below the commercial threshold of 0.1 wt%. As explained
earlier, a material that is successful as a crucible makes a viable mold
material because of the reduced dwell time and temperature during
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Fig. 18. A comparative analysis of different crucible and mold materials to optimize the properties of Ti-6Al-4V castings. The used crucibles were water-cooled copper, yttria and

calcium zirconate respectively, while the investment molds were made of a commercial sili

ca-bonded alumina shell and a calcium zirconate shell. The best combination was the

water-cooled copper crucible and the calcium zirconate shell mold (recreated with permission from Ref. [29]).

investment casting compared to melting. Of course, other factors
including ease of fabrication, cost and thermal conductivity and
expansion must also be considered [74].

Alkaline earth zirconates, specifically CaZrOs, also have an ex-
ceedingly low Gibbs energy of formation which is associated with a
much lower alkaline earth element and vapor pressure compared to
their principle oxide counterparts (Ca0, SrO, BaO) [85,150,170]. This
difference enables excellent thermodynamic and kinetic stability of
the zirconates. Furthermore, alkaline earth zirconates have a close-
packed perovskite structure. Perovskites have a general stoichio-
metry of ABOs3, and their AO sublattice forms a face centered cubic
close-packed arrangement [171,172]. The close packed structure and
thermodynamic stability of these perovskites support the low dif-
fusion rates observed when these materials are in contact with
titanium alloy melts [21,29,55,167]. On the contrary, cubic ZrO, has a
stoichiometry of MX,, and an open fluorite structure [171].
Additionally, cubic zirconia is noted for its large oxygen vacancy
concentration [173], which could explain the high oxygen diffusion
through zirconia molds [28,33,129]. Moreover, zirconia and oxygen
show more than 20 at% complete solid solubility in titanium before
forming an oxide [83,135], whereas CaZrOs; reduces the activity of
these elements [85].

4.3. Role of alloy composition on metal-mold reactions

Until now, many studies have focused on mitigating mass
transfer during investment casting of titanium alloys primarily by
modifying mold materials [27,29,31,43,58,160|. However, no re-
fractory ceramic has yet been found to be completely inert. None-
theless, few studies have thoroughly explored the effect of alloying
elements on the interfacial reactivity between titanium alloy melts
and ceramic oxide molds. It was particularly observed that
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aluminum content in TiAl alloys significantly influenced metal-mold
reactions [30,105]. It was striking that Ti-xAl alloys with less than
30at% aluminum formed pronounced a-case layers, while castings
with more than 30at% aluminum had much thinner a-case layers
[30]. Consequently, this contrast led to drastic differences in surface
hardness as demonstrated in Fig. 16. The aluminum content in-
vestigated in this study ranged from 0 to 55 at% aluminum, and the
Ti-xAl samples were cast in Al,03 molds with the same composition.
This observation agreed with another study which had the turning
point at 40 at% aluminum in Ti-xAl also cast in Al,03 molds [105].

Presence of a high aluminum activity in the titanium alloy melt is
inferred to reduce the reaction kinetics with alumina molds.
Furthermore, Ti-xAl castings with x>30at% aluminum, are char-
acterized with a lower melting point and a lower reactivity, thus,
significantly reduced metal-mold reactions observed [30,105].
Moreover, another recent investigation reported that when melting
y-TiAl in calcium zirconate crucibles, secondary calcium aluminate
phases formed on the crucible surface [174]. It can be therefore
concluded that the high aluminum activity in TiAl caused the for-
mation of calcium aluminate and dissolution of zirconium. There-
fore, further studies should evaluate the effect of alloying elements
on interface reactions with crucibles and molds.

4.4. Removal of alpha-case

As explained earlier, metal-mold reactions during investment
casting of titanium alloys leave a hard and brittle a-case layer be-
neath the oxide [27,29,31-33,93]. The thickness of the a-case is a
function of time, temperature and availability of oxygen [28,175].
Current methods to remove this reaction layer include mechanical
grinding, laser irradiation, water jetting, cathodic de-oxygenation
and chemical milling [46-50]. However, a-case removal processes
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increase manufacturing time and cost, and some may impair surface
properties of cast titanium alloys. For example, chemical milling
caused pitting and grain boundary corrosion on the surface of cast
Ti-6242 alloy specimens, which significantly decreased their low
cycle fatigue life [176]. Therefore, it is important to investigate mass
transfer involved in investment casting of titanium alloys in order to
minimize the cost-intensive post-casting processes and to achieve
titanium alloy castings with excellent surface properties and near-
net shape.

Cost-efficiency improvements from minimizing the necessity of
removing unwanted a-case layers, could expedite adoption of tita-
nium alloys not only for high-end uses (aerospace, biomedical), but
also for automotive applications and hydrogen storage. Laboratory-
scale studies already showed that TiAl alloys are great substitute
materials for exhaust car valves [82,109]. A change from steel to ti-
tanium vehicle parts would significantly reduce weight, lower fuel
consumption and reduce gas emissions. Secondly, TiFe is a studied
and promising alloy for hydrogen storage [151]. Hydrogen storage
materials are attractive for state-of-the-art fuel cell-powered ve-
hicles, as well as portable and stationary power industries. None-
theless, mass transfer of contaminants during the melting of TiFe
alloys is still a challenge, generating reaction layers of up to 200 pm
when melted in a graphite crucible. However, it was observed that
calcium oxide could be a promising alternative refractory for pro-
cessing TiFe alloys [151].

5. Conclusions and future prospects

Titanium alloys have highly desirable properties like exceptional
corrosion resistance, low density, and high specific strength. there-
fore, they are increasingly applied in aerospace, chemical, and bio-
medical applications. Novel research is also diversifying the use of
TiAl and TiFe alloys for automotive applications to lower emissions.
Nonetheless, processing of titanium alloys still suffers from mass
transfer challenges, which affect the structure and properties of the
alloy parts. Future research in investment casting should optimize
the mold and alloy composition design to decrease manufacturing
costs and foster wider application of titanium alloys. After in-
vestigating how these challenges can be addressed, the following
conclusions were drawn.

e Analysis of transport phenomena involved in processing by using
models and simulations has been beneficial for improved pro-
ducts and cost efficiency. Mass transfer is particularly proble-
matic in investment casting of titanium alloys because these
alloys are highly reactive in molten state. Oxygen diffusion during
processing significantly affects the microstructure and mechan-
ical properties of the casting—the surface hardness drastically
increases, and fracture toughness decreases. Moreover, internal
inclusions act as stress concentrators which facilitate crack pro-
pagation in the cast part, thus, lowering its fatigue resistance.
State-of-the-art investment casting often utilizes centrifugal
mold filling instead of gravity mold filling especially for manu-
facturing of thin castings with complex shapes. In this review,
models and experimental studies of both types of investment
casting were examined, and it was seen that centrifugal invest-
ment casting yields less shrinkage porosity and stress cracks.
Properties of successful crucible and mold materials include a
high melting temperature, low vapor pressure, chemical stability,
creep resistance, and thermal shock resistance. Oxide refractories
have shown higher corrosion resistance in contact with titanium
alloys than carbide, nitride, and boride ceramics, therefore, they
are preferred for investment casting. Nonetheless, even ceramic
oxides are not completely inert to titanium alloy melts.
Composite molds have been suggested, but further research is
needed to limit bulk material diffusion into the castings.
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e Promising refractories for optimizing resistance to interfacial
oxide diffusion during casting, are characterized by very low
Gibbs free energy and a perovskite structure. These include al-
kaline earth zirconates namely, CaZrOs or BaZrQs, and they have
shown significantly better corrosion resistance than many com-
mercially available molds. Nevertheless, these materials are still
in the developmental stage, and more work is needed to fully
characterize their creep and thermal shock resistance.
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