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ABSTRACT

The design and development of novel titanium alloys for structural and
biomedical applications require reliable thermodynamic and kinetic databases.
In this study, diffusion behaviors of six Ti-X (X = Cr, Hf, Mo, Nb, V, Zr) binary
systems were systematically investigated at temperatures from 800 to 1200 °C
using a set of five Ti-TiAl-Cr-Hf-Mo-Nb-V-Zr diffusion multiples. Concen-
tration profiles of the six Ti—X binary systems were collected from binary regions
of the diffusion multiples using electron probe microanalysis (EPMA). Both
interdiffusion and impurity (dilute) diffusion coefficients in the Ti-rich bcc
phase of these systems were extracted from the concentration profiles using the
forward-simulation method. Twenty impurity diffusion coefficients of all the six
elements in bee Ti as well as Ti in bec Zr at different temperatures obtained from
this study are in excellent agreement with the literature data. The interdiffusion
coefficients obtained from this study are also in good agreement with previous
literature results. The large amount of new experimental data obtained from this
study will be essential for establishing the mobility databases for the design and
development of advanced titanium alloys.
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attracting significant attention for biomedical applica-
tions due to their good biocompatibility, high corrosion

Introduction

Titanium and its alloys have been extensively used in the
aerospace industry because of the combination of prop-
erties including the high specific strength (strength-to-
density ratio), excellent corrosion resistance, and high-
temperature stability [1, 2]. Ti alloys have also been

resistance, and low elastic modulus as compared to other
metallic biomaterials [3, 4].

Pure Ti and most Ti alloys exhibit an allotropic
phase transformation between the low-temperature o
(hcp) phase and the high-temperature B (bcc) phase.
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Table 1 Summary of the interdiffusion coefficients of the Ti—X (X = Cr, Mo, Nb, V, Hf, Zr) binary systems reported in literature [14-32]

System  Diffusion Couples (alloy Temperature ~ Methods for References
composition in at.%) range (°C) diffusivity extraction

Ti-Cr Ti/Ti—4.62Cr 900-1550 Boltzmann—Matano Lee et al. [14]
Ti-5Cr/Ti-15Cr 898-1299 Boltzmann—Matano Sprengel et al. [15]
Ti/Ti—4.8Cr, Ti/Ti—14.4Cr 1100-1200 Boltzmann—Matano Takahashi et al. [16]

Ti-Mo  Ti-5Mo/Ti—15Mo 851-1299 Boltzmann—Matano Sprengel et al. [15]
Ti/Mo, Ti/Ti-50Mo, Mo/Ti—50Mo 820-1600 Boltzmann—Matano Hartley et al. [17]
Ti/Mo, Ti/Ti-27Mo 900-1500 Boltzmann—Matano Fedotov et al. [18]
Ti/Mo 1027-1527 Boltzmann—Matano Heumann and Imm [19]
Ti/Mo 1200-1400 Boltzmann—Matano Majima and Isomoto [20]
Ti/Mo 9261245 Boltzmann—Matano Kale and Patil [21]
Ti/Mo, Ti-25.6Mo, Ti-33.9Mo 1250-1800 Den Broeder Thibon et al. [22]
Ti/Mo 950-1050 Den Broeder Feng et al. [23]

Ti-Nb Ti/Nb, Ti/Ti-50Nb, Nb/Ti-50Nb 10001588 Boltzmann—Matano Hartley et al. [17]
Ti/Nb, Nb/Ti—44Nb 900-1350 Boltzmann—Matano Fedotov et al. [18]
Ti/Nb, Nb/Ti-Nb alloys 1450-2075 Boltzmann—Matano and Hall ~ Roux and Vignes [24]
Ti/Nb 1000-1200 Boltzmann—Matano Polyanskii et al. [25]
Ti/Nb 800-1200 Boltzmann—Matano Gryzunov et al. [26]
Ti/Nb 1000-1400 Boltzmann—Matano Ugaste and Zaykin [27]

Ti-V Ti-5V/Ti-15V 895-1136 Boltzmann—Matano Sprengel et al. [15]
Ti/V, V/Ti-44.5V 900-1500 Boltzmann—Matano Fedotov et al. [18]
TV 1000-1400 Boltzmann—Matano Ugaste and Zaykin [27]

Ti-Hf Ti/Ti-Hf alloys, Hf/Ti-Hf alloys 1000-2000 Den Broeder Gall et al. [28]

Ti—Zr Zr/Ti—(12, 18, 34, 55, 68) Zr 901-1168 Boltzmann—Matano Raghunathan et al. [29]
Ti/Zr 650-1050 Boltzmann—Matano Brunsch and Steeb [30]
Ti/Zr, Ti/Ti-Zr alloys 900 Boltzmann—-Matano and Hall =~ Bhanumurthy et al. [31]
Ti/Zr, Ti/Ti-5Zr, Ti-85Zr/Ti~15Zr, Zr/Ti—64Zr 830-1730 Den Broeder Thibon et al. [32]

The existence of the two different crystal structures as
well as the corresponding o to B transus temperature
(known as B-transus) are the bases for a large variety
of properties achieved by Ti alloys. Compared to o
and o + B alloys, B Ti alloys have superior fatigue
resistance as well as wear and abrasion resistance,
which makes B Ti alloys highly desirable for
biomedical applications [5, 6]. Alloying elements
such as Cr, Mo, Nb, Ta, and V serve as B-phase sta-
bilizers, which depress the p-transus temperature
and lower the elastic modulus. However, the Ti
alloys developed so far still have relatively higher
Young’s modulus than that of human bones
(20-30 GPa). Theoretical investigations by Song et al.
[7] suggested that Mo, Nb, Ta, and Zr are the most
desirable alloying elements in B-type bio-Ti alloys to
potentially decrease the modulus and enhance the
strength of the alloys. Another point worth noting is
that these elements are all non-toxic, and thus ideal
for biomedical applications. Hf is in the same group
as Ti in the periodic table and they have complete
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mutual solubility in both the o and B phases, which
makes Hf another good candidate alloying element
for a lower modulus. For instance, Wang et al. [8]
studied the in vitro cytotoxicity and hemocompati-
bility of Ti-Nb-Zr and Ti-Nb-Hf alloys, demon-
strating that both Zr and Hf are non-toxic and Ti-Nb-
Zr/Hf alloys are highly biocompatible. More
recently, Gonzalez et al. [9-12] developed a new [ Ti
alloy, Ti-25Nb-16Hf, with a low elastic modulus of
42 GPa.

Thermodynamic phase equilibria and kinetic
behavior in Ti alloys are the very basic knowledge for
understanding the phase stability, phase transfor-
mation, and microstructure evolution during the
alloy processing such as casting and extrusion. Such
information is essential for the compositional design
and the process condition optimization of bio-Ti
alloys. The present work intends to determine the
interdiffusion and impurity diffusion coefficients of
the six Ti-X (X = Cr, Hf, Mo, Nb, V, Zr) binary sys-
tems in the temperature range between 800 and



J Mater Sci (2017) 52:3255-3268

30 mm
24 mm

(b)

Figure 1 Images of the Ti-TiAl-Cr—Hf-Mo-Nb—V—Zr diffusion
multiple: a cross-section view showing the dimensions of the
metal pieces in the diffusion multiple; b a photographs of a slice of
the diffusion multiple after annealing at 1100 °C for 25 h; and c a
representative SEM BSE image taken at the location marked by a
red box in (b) showing the phase formation after diffusion
annealing.

1200 °C. The collected experimental data will help
establish reliable diffusion (mobility) databases for
the kinetic modeling of Ti alloys.

The self-diffusion coefficients of elements Cr, Hf,
Mo, Nb, V, and Zr and their impurity diffusion
coefficients in pure Ti over a wide temperature range
have been well studied and reviewed by Neumann
and Tuijn [13]. Interdiffusion coefficients of the Ti—Cr,
Ti-Mo, Ti-Nb, Ti-V, Ti-Hf, and Ti-Zr binary systems
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have also been studied by many research groups
[14-32] as summarized in Table 1. EPMA was used
by these groups to collect the experimental compo-
sition profiles and the diffusion coefficients were
extracted using the Boltzmann-Matano method
[33, 34], the Den Broeder method [35], and the Hall
method [36]. Whenever possible, those literature
results will be compared with the results obtained
from the current study (e.g., at or close to the same
temperatures) in the Results and discussion section.

Experimental procedures

A diffusion multiple [37-40] is an assembly of several
pieces of metals or alloys with intimate interfacial
contact in a designed geometry to contain several
diffusion couples and triples in one sample, which
significantly improves the efficiency of diffusion
studies without the need to make many individual
diffusion couples and triples. The specific geometry
of a diffusion multiple depends on the eutectic tem-
peratures (to avoid melting during diffusion anneal-
ing) and the diffusion coefficients such that the
dimensions of various metal pieces should be
designed to have pure elements remaining at the end
of diffusion annealing. The diffusion-multiple
approach has already been widely applied to the
effective collection of concentration profiles by per-
forming EPMA measurement across the diffusion
regions. The measured concentration profiles could
be utilized for phase diagram determination based on
the local equilibrium at the phase interfaces [41], and
the concentration profiles could also be used to
extract composition-dependent interdiffusion coeffi-
cients at the diffusion-annealing temperatures.

Five Ti-TiAl-Cr-Hf-Mo-Nb-V-Zr diffusion multi-
ples of identical geometry were made, as shown
schematically in Fig. 1. The starting pure metals of Ti,
Cr, Hf, Mo, Nb, and V have a purity of 99.99% and Zr
has a purity of 99.95% (all in wt.%). The stoichiometric
alloy TiAl was made by crucible-free levitation melting
in an argon atmosphere and drop-casting into cold
copper molds. The TiAl alloy was re-melted three
times to ensure homogeneity. The ingot was then fur-
ther homogenized in a vacuum furnace under a high-
purity argon atmosphere at 1200 °C for 48 h, followed
by furnace cooling. All the metal pieces inside the
diffusion multiple were cut by electrical discharge
machining (EDM) to the required dimensions, as
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shown in Fig. la. Each diffusion multiple includes one
Zr brick of dimensions 6 x 10 x 25 mm, one Cr brick
and one Hf brick of dimensions 3 x 10 x 25 mm, one
Cr, one Mo, one Nb, and one V piece of dimensions
3x5x25mm, two TiAl bars of dimensions
3 x 4 x 25 mm, as well as one Hf, one Mo, one Nb,
and one V plate of dimensions 3 x 3 x 25 mm. A pure
Ti cartridge with a 10 x 24 mm rectangular opening
along the cylindrical axis was cut from a 35 mm
diameter and 25 mm height pure Ti cylinder. The
dimensions of all the metal pieces were carefully
designed based on simulation/calculation of the dif-
fusion distances between the elements using existing
interdiffusion and impurity diffusion coefficient data
in the literature in order to avoid the exhaustion of the
pure metals and the TiAl alloy after the long-term
diffusion annealing. The TiAl stoichiometric alloy was
made and included in the diffusion multiple in order
to determine the TiAl-based ternary phase diagrams—
the results will be published separately.

After cutting, the surfaces of all the metal pieces
were ground to 1200 grit SiC sand papers to get a flat
surface finish. All of the pieces were ultrasonically
cleaned in alcohol before being placed into the Ti
cartridges. Two Ti caps of 3 mm in thickness were
then electron beam welded in vacuum onto the top
and bottom of each assembly. The samples then
underwent a hot isostatic pressing (HIP) run at
1000 °C with an argon pressure of 310 MPa for 8 h to
achieve good interfacial contact among the metal
pieces. The diffusion multiples were then encapsu-
lated individually into quartz tubes for annealing
heat treatment at 1200, 1100, 1000, 900, and 800 °C for
10, 25, 120, 600, and 1100 h, respectively.

All the diffusion-multiple samples were buried in
pure Ti sponges and powders during HIP and the
diffusion heat treatment processes. The sponges and
powders with high surface areas served as oxygen
absorbers to minimize the oxidation of the samples
themselves from the residual oxygen and any oxygen
that diffused into the quartz tubes during the long-
term annealing heat treatments. Upon completing the
diffusion annealing, the samples were quenched in
ice water by quickly breaking the quartz tubes inside
the water tank.

The diffusion multiples were sectioned using EDM,
and then mounted, ground, and polished using
standard metallography sample preparation tech-
niques. Backscattered electron (BSE) imaging in
scanning electron microscopy (SEM) was employed
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to analyze the phases that formed during the diffu-
sion annealing. A representative SEM BSE image
taken from the Ti-Mo—Zr tri-junction within the dif-
fusion multiple annealed at 1100 °C for 25 h is shown
in Fig. 1c, wherein the pure metals and the bcc solid
solution formed by interdiffusion can be clearly
identified. Composition profiles were obtained using
quantitative EPMA parallel to the diffusion direction
on a JEOL JXA-8530F with an accelerating voltage of
15 kV and a probe current of 20 nA. The step size and
the length of each EPMA line scan were carefully
chosen according to the measured line scan profiles
by local energy-dispersive spectroscopy (EDS).
Interdiffusion and impurity diffusion coefficients
were calculated from the measured concentration
profiles using the forward-simulation method
[42, 43]. All the results reported in this paper came
from the Ti—-X (X = Cr, Hf, Mo, Nb, V, Zr) diffusion
couple regions of the diffusion multiples, and results
for the other systems will be obtained and reported
separately.

Results and discussion

Binary phase diagrams of the six Ti-X systems were
obtained from the ASM Alloy Phase Diagram Center
[44], which are used to check the equilibrium com-
position of the solid solution and intermetallic pha-
ses. Among them, phase equilibria in the Ti-Mo, Ti-
Nb, and Ti-V systems are quite similar: the bcc Ti
and bcc Mo (Nb or V) are completely soluble at
900-1200 °C, while the hcp Ti begins to form at
around 882 °C. Hf and Zr are in the same column as
Ti in the periodic table, and these two systems share
some common features: a two-phase region exists
between the bcc and hep phases, and Ti and Hf (or
Zr) are completely miscible in both the bcc and hep
phases.

In the current study, the Ti-TiAl-Cr-Hf-Mo-Nb-
V-Zr diffusion multiples first underwent a HIP run at
1000 °C for 8 h. During the HIP process, considerable
diffusion between Ti and the other metals has already
taken place before the subsequent diffusion heat
treatments. As a result, the diffusion that occurred
during the HIP process needs to be taken into con-
sideration during analysis for the diffusion coeffi-
cients, and the whole diffusion simulation process
was assumed to be a “two-step” process. The diffu-
sion coefficients of all the six binary systems at
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Figure 2 Extracted interdiffusion coefficients of the Ti—Cr binary
system at 1200, 1100, 1000, 900, and 800 °C using the forward-
simulation method: a phase diagram of the Ti—Cr system;
b experimental and simulated concentration profiles of the Ti—Cr
system with the regions near the two-phase interfaces at all
annealing temperatures being enlarged and shown in detail as
separate insets; and ¢ comparison of the interdiffusion coefficients
obtained from this study with those reported by Lee et al. [14],
Sprengel et al. [15], and Takahashi et al. [16].

1000 °C were extracted first using the composition
profiles obtained from the samples annealed at
1000 °C for a total time of 128 h (8 h HIP 4 120 h
subsequent annealing at 1000 °C), which were used
as input to simulate the concentration profiles during
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the HIP process at 1000 °C for 8 h. Taking the simu-
lated concentration profile at the end of the HIP
process as the initial profile, the diffusion at the other
temperatures (i.e., 1200, 1100, 900, and 800 °C) was
simulated. Such careful analysis can be readily per-
formed using the forward-simulation method [42, 43]
and it would not have been possible using the tra-
ditional Boltzmann-Matano analysis.

Since the diffusion coefficients in the hcp phase are
usually about two to three orders of magnitude
smaller than those in the bcc phase, it is difficult to
separate the contribution from the diffusion in the bcc
phase during the HIP process before it transforms to
the hcp phase at 800 °C. As a result, the extracted
diffusion coefficients of the Ti-rich hcp phase in the
Ti—Cr, Ti-V, and Ti-Hf systems at 800 °C are deemed
to be less accurate and thus not reported in this

paper.
The Ti-Cr system

The Ti—Cr binary phase diagram (Fig. 2a) shows four
equilibrium solid phases in the temperature range of
800-1200 °C: two solid solutions, o-Ti (hcp) and f-
(Ti,Cr) (bcc); and two (C15 and C36) TiCr, Laves
phase intermetallic compounds with narrow com-
position ranges. The Laves phases have three allo-
tropes designated as a-, B-, and y-TiCrp: the low-
temperature o-TiCr, has a C15 crystal structure
which is stable at temperatures below 1220 °C; the
intermediate-temperature B-TiCr, (C36) is stable be-
tween 800 and 1270 °C; and the high-temperature y-
TiCr;, (C14) is stable at temperatures above 1270 °C.
The two-phase region between the o-TiCr, and f-
TiCr, phases seems to be extremely narrow in com-
position (<1 at.%) and could not be clearly separated
from the collected concentration profiles; thus, they
were treated as a single-phase for simplicity in the
present work for the diffusion coefficient extraction.
This assumption has essentially no effect on the
evaluated diffusion coefficients of the Ti-rich bcc
phases during the forward-simulation process.

The collected experimental concentration profiles
at five annealing temperatures together with the
corresponding simulated profiles are stacked up and
shown together in Fig. 2b. The excellent agreement
between the experimental and simulated concentra-
tion profiles confirms the reliability of the interdif-
fusion coefficients extracted using the forward-
simulation method.

@ Springer
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Figure 3 Comparison of the impurity diffusion coefficients of Cr
in bee Ti obtained in this study with the literature data assessed by
Neumann and Tuijn [13] as well as the experimental data reported
by Lee et al. [14], and Araki et al. [46].

The concentration profiles at both 1000 and 900 °C
in Fig. 2b show a sharp increase of the Cr concen-
tration at the edge of the Ti-rich bcc phase (the
gradually changing, lower part of Fig. 2b), displaying
a sharp upward bend. The compositions at the start
of the “bend-over” positions on the 1000 and 900 °C
profiles are consistent with the solubility of Cr in the
Ti-rich bcc phase as defined by the equilibrium Ti—Cr
phase diagram. To the best of our knowledge, such a
sharp composition gradient change (the abnormal
upward bend) at/near the edge (solubility limit) of a
terminal solid solution phase has not been reported
before. It is currently postulated that the abnormal
upward bend may be the result of a certain phase
transformation during the water quench process after
the diffusion heat treatment. Since the Cr concentra-
tions in the “bend-over” parts of the 1000 and 900 °C
composition profiles are higher than the solubility
limits of Cr in the Ti-rich bcc phase at the respective
temperatures, it is likely that an interfacial reaction
between the Ti-rich bcc phase and the cubic (C15)
TiCr, Laves phase takes place to form compositions
between the two equilibrium phases. This phe-
nomenon will be a subject of future detailed studies.
During the forward simulations for diffusion coeffi-
cient extraction, the sharp increase (upward bend) in
Cr concentration near the edge of the Ti-rich bcc
phase is ignored and replaced with an extrapolated
line with the same trend as the overall Ti-rich bcc
phase composition profile.
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A part of the composition profiles for Cr concen-
trations between the solubility limits in the Ti-rich bcc
phase and pure Cr is exceedingly steep as shown in
Fig. 2b, resulting in the collection of only a few data
points for this wide composition range since the
spatial resolution of the EPMA is usually limited to
~1 pm. Not enough data points can be collected
from the sharp composition variation regions to
accurately determine the solubility limit of Ti in the
Cr-rich bcc phase. The small number of composition
points also makes it hard to reliably evaluate the
diffusion coefficients in the TiCr, and Cr-rich bcc
phase. It is thus decided not to report any diffusion
coefficient data above the solubility limit of the Ti-
rich bec phase.

The extracted interdiffusion coefficients in the Ti-
rich becc phase at five annealing temperatures are
plotted in Fig. 2c in comparison with all the available
experimental data from the literature at the temper-
ature range studied [14-16]. It can be seen that our
results agree very well with those reported by
Takahashi et al. [16] at both 1200 and 1100 °C. The
overall agreement with the results of Lee et al. [14]
and Sprengel et al. [15] are also reasonable. The
results of Lee et al. are slight higher than our values,
while the results of Sprengel et al. (whose data were
obtained at 2-3 °C lower temperatures) are slightly
lower. Our interdiffusion coefficient data cover the
entire single-phase compositions of the Ti-rich bcc
phase, whereas the literature data are available over
only a very limited composition range of 0-15 at.%
Cr. In this regards, our more systematic data will
contribute significantly to the establishment of reli-
able diffusion coefficients (mobility) databases for the
Ti—Cr system.

The impurity diffusion coefficients of Cr in bec Ti
were obtained from diffusion coefficient extraction
using the forward-simulation method [42, 43] based
on the Darken’s equation [45] which dictates that the
interdiffusion coefficients become the impurity (di-
lute) diffusion coefficients when the compositions
approach the pure elements. The impurity diffusion
data of Cr in bec Ti obtained from the present study
are in a very good agreement with those reported by
Lee et al. [14], Araki et al. [46], and the assessment by
Neumann and Tuijn [13], as shown in Fig. 3. Such a
good agreement also gives very high confidence on
the extracted interdiffusion coefficients reported in
Fig. 2b.
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Figure 4 Extracted interdiffusion coefficients of the Ti-Mo
binary system at 1100 and 900 °C using the forward-simulation
method: a phase diagram of the Ti-Mo system; b experimental
and simulated concentration profiles of the Ti-Mo system; and ¢
comparison of the interdiffusion coefficients obtained in this study
with those reported by Sprengel et al. [15].

The Ti-Mo system

The Ti-Mo phase diagram in Fig. 4a clearly shows that
the bcc Ti and bcc Mo are completely soluble above
882 °C and the Mo solubility in the hcp Ti is very
limited, ~1 at.% Mo. The diffusion profiles obtained
from the Ti-Mo diffusion couples within the diffusion
multiples are extremely asymmetric as shown in
Fig. 4b. A very gentle gradient at the Ti-rich side
indicates relatively high diffusion coefficients and a
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Figure 5 Comparison of the impurity diffusion coefficients of Mo
in bee Ti obtained in this study with the literature data assessed by
Neumann and Tuijn [13] as well as the experimental data reported
by Gibbs et al. [47], Hartley et al. [17], Pavlinov [48], Heumann
and Imm [19], Thibon et al. [22], and Feng et al. [23].

sharp composition gradient at Mo-rich compositions
indicates very low diffusion coefficients. For instance,
in the composition profile obtained from the sample
annealed at 1100 °C for 25 h, the Mo content changes
from ~30 to 100 at.% within a 6-um wide region while
the total diffusion distance is ~400 pm, Fig. 4b. The
steep concentration gradient is manifested as a visible
“interface” in the Mo-rich region within the Ti-Mo
diffusion zone as shown in the BSE image in Fig. 1c.
The uncertainty is too high for the evaluated inter-
diffusion coefficients to be reliable for composition
regions of extremely sharp gradients, thus we only
reported the interdiffusion coefficients from 0 to
20 at.% Mo. In this composition range, the composi-
tion profiles can be analyzed very reliably.

Our results in the Ti-rich side agree well with those
reported by Sprengel et al. [15] using diffusion cou-
ples made up of Ti-5 at.% Mo and Ti-15 at.% Mo
alloys as shown in Fig. 4c.

Figure 5 shows the temperature dependence of the
impurity diffusivity of Mo in bcc Ti as assessed by
Neumann and Tuijn [13] in comparison with the
experimental data obtained from this study and those
reported in the literature [17, 19, 22, 23, 47, 48]. Our
results agree well with Neumann and Tuijn’s collec-
tions. The good agreement of impurity diffusion
coefficients obtained from the current study lends
confidence to our interdiffusion coefficients reported
in Fig. 4c.
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¢ comparison of the interdiffusion coefficients obtained in this
study with those reported by Fedotov et al. [18] and Ugaste and
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The Ti-Nb system

The phase diagram of the Ti-Nb system is very
similar to the Ti-Mo system: the bcc Ti and beec Nb
are completely soluble at both 1100 and 900 °C,
Fig. 6a. The concentration profiles obtained from the
Ti-Nb diffusion couples are also very asymmetric, as
shown in Fig. 6b. Similar to the analysis and discus-
sion of the Ti-Mo system, reliable diffusion coeffi-
cients are obtained in the Ti-rich side from 0 up to
40 at.% Nb, Fig. 6c.
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Figure 7 Comparison of the impurity diffusion coefficients of Nb
in bee Ti obtained in this study with the data assessed by Neumann
and Tuijn [13] as well as the experimental data reported by Peart
and Tomlin [49], Gibbs et al. [47], and Pontau and Lazarus [50].

The impurity diffusion coefficients of Nb in bcc Ti
obtained from this study are in excellent agreement
with the assessment by Neumann and Tuijn [13] and
the results reported in the literature [47, 49, 50],
Fig. 7. Such a good agreement with independently
measured impurity diffusion coefficients lends cred-
ibility to our interdiffusion coefficients reported in
Fig. 6¢c, which also compares the results from this
study with the literature data reported by Fedotov
et al. [18] and Ugaste and Zaykin [27]. Our results at
1100 °C agree very well with those reported by
Ugaste and Zaykin. The results of Fedotov et al. at
900 °C trend towards a much lower impurity diffu-
sion coefficient of Nb in bcc Ti when extrapolated to
pure Ti. Since our impurity diffusion coefficient at
900 °C agrees well with the well-assessed values
(Fig. 60), their results are likely less reliable.

The Ti-V system

Similar to the Ti-Mo and Ti-Nb systems, there is a
continuous solid solution between the bce Ti and bec
V above 882 °C as shown in Fig. 8a. The solubility of
Vin hep Ti is only ~0.8 at.% at 800 °C according to
the phase diagram, while it is measured as 1.1 at.% V
in the present study. The bcc (Ti,V) phase in equi-
librium with the hcp Ti phase has a composition of
~4.1 at.% Ti at 800 °C according to the phase dia-
gram, while the measured value is ~5.1 at.% Ti from
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Figure 8 Extracted interdiffusion coefficients of the Ti—V binary
system at 1200, 1100, 1000, 900, and 800 °C using the forward-
simulation method: a phase diagram of the Ti-V system;
b experimental and simulated concentration profiles of the Ti—V
system with the region near the two-phase interface at 800 °C
being enlarged and shown in detail as a separate inset; and
¢ comparison of the interdiffusion coefficients obtained in this
study with those reported by Fedotov et al. [18] and Ugaste and
Zaykin [27].

the 800 °C diffusion profile of this study, Fig. 8b. The
diffusion profiles obtained from the Ti-V diffusion
couples are also extremely asymmetric as those of the
Ti-Mo and Ti-Nb systems, as shown in Fig. 8b.
Reliable results in the Ti-rich part from 0 up to
60 at.% V are reported in this study.

The interdiffusion coefficients extracted using the
forward-simulation method are summarized in
Fig. 8c and compared with literature data from
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Figure 9 Comparison of the impurity diffusion coefficients of V
in bee Ti obtained in this study with the data assessed by Neumann
and Tuijn [13] as well as the experimental data reported by
Murdock et al. [51].

Fedotov et al. [18] and Ugaste and Zaykin [27]. Our
results at 900 °C agree well with the results of
Fedotov et al., while our results at 1000-1200 °C are
slightly higher than those of Fedotov et al. and
Ugaste and Zaykin.

Figure 9 shows an excellent agreement between the
impurity diffusion coefficients of V in bcc Ti obtained
from this study with the assessment by Neumann
and Tuijn [13] and the results reported by Murdock
et al. [51], again lending more credibility to our
interdiffusion coefficient data shown in Fig. 8c.

The Ti-Hf system

Both Ti and Hf exhibit the bcc phase at high tem-
peratures and the hcp phase at low temperatures,
and they form continuous bcc and hep solid solutions
with a narrow two-phase region in between, as
shown in Fig. 10a. From 900 to 1200 °C, there are the
Ti-rich bec solid solution and the Hf-rich hcp solid
solution. All the concentration profiles collected
using EPMA from the Ti-Hf diffusion couples inside
the diffusion multiples annealed at 900-1200 °C are
summarized in Fig. 10b. Very steep gradients of
compositions were observed in the Hf-rich hcp phase
region, indicating very low diffusion coefficients. As
mentioned in the discussions of other binary systems,
diffusion coefficients extracted from such steep gra-
dients are not very reliable and thus are not reported
here.

@ Springer
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Figure 10 Extracted interdiffusion coefficients of the Ti-Hf
binary system at 1200, 1100, 1000, and 900 °C using the
forward-simulation method: a phase diagram of the Ti—Hf system;
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system with the regions near the two-phase interfaces at
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insets; and ¢ comparison of the interdiffusion coefficients obtained
in this study with those reported by Gall et al. [28].

Similar to the concentration profiles of the Ti—Cr
system, a sharp increase of the Hf concentration at
the edge (solubility limit) of the bcc phase was
observed at both the 1000 and 900 °C concentration
profiles, Fig. 10b. The same approach employed for
the Ti—Cr system is applied to the Ti-Hf binary con-
centration profile analysis.

The interdiffusion coefficients extracted using the
forward-simulation method are summarized in
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Figure 11 Comparison of the impurity diffusion coefficients of
Hf in bee Ti obtained in this study with those reported by Gall
et al. [28].

Fig. 10c and compared to the results of Gall et al. [28],
showing a very good agreement. The impurity dif-
fusion coefficients obtained from the current study
are also in excellent agreement with those of Gall
et al., Fig. 11.

The Ti-Zr system

Similar to the Ti-Hf system, the Ti-Zr phase diagram
shows complete solubility in both the bcc and hep
phases at high and low temperatures, respectively, as
shown in Fig. 12a. The high-temperature bcc phase is
a continuous solid solution at both 1100 and 900 °C.
The obtained composition profiles at both tempera-
tures are very wide without very sharp composi-
tional changes as shown in Fig. 12b, thus the
diffusion coefficients can be obtained for the entire
composition range. An abnormal increase of the Zr
content close to pure Zr was observed in the 900 °C
composition profile, and the exact reason is currently
unknown. An extrapolated composition line over
98 at.% Zr with the same trend as that in the bcc
phase was used for the forward simulations to obtain
the diffusion coefficients.

The interdiffusion coefficients extracted using the
forward-simulation method are summarized in
Fig. 12c and compared with the results reported in the
literature [30-32], showing a good overall agreement.
Figure 13 compares the impurity diffusion coefficients
of Ti in bec Zr and Zr in bec Ti obtained from this
study with the assessment by Neumann and Tuijn [13]
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Figure 12 Extracted interdiffusion coefficients of the Ti—Zr
binary system at 1100 and 900 °C using the forward-simulation
method: a phase diagram of the Ti—Zr system; b experimental and
simulated concentration profiles of the Ti—Zr system; and ¢ com-
parison of the interdiffusion coefficients obtained in this study with
those reported by Brunsch and Steeb [30], Bhanumurthy et al.
[31], and Thibon et al. [32].

and experimental data reported in the literature
[29, 31, 32, 48, 52]. Our results agree well with most of
the literature data except for the results from Raghu-
nathan et al. [29] and Bhanumurthy et al. [31]. The
impurity diffusion coefficients of Zr in bcc Ti from
Raghunathan et al. are only extrapolated from the
interdiffusion coefficients and the values are not con-
sistent with the other datasets. The impurity diffusion
data from Bhanumurthy et al. [31] are calculated using
both the Boltzmann-Matano method and the Hall
method. The values extrapolated from the Boltzmann-
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Figure 13 Comparison of the impurity diffusion coefficients
obtained in this study with the data assessed by Neumann and
Tuijn [13] as well as the experimental data reported by Pavlinov
[48], Raghunathan et al. [29], Araki et al. [52], Bhanumurthy et al.
[31], and Thibon et al. [32]: a Zr in bee Ti and b Ti in bee Zr.

Matano method show a satisfactory agreement with
the assessment of Neumann and Tuijn, while the Hall
method gives less satisfactory results. A recent work
by Ahmed et al. [53] conclusively shows that the Hall
method can only give a good accuracy for composi-
tion-independent interdiffusion coefficients. Thus, the
impurity diffusion coefficients obtained using the Hall
method by Bhanumurthy et al. are less reliable when
the interdiffusion coefficients change significantly
with composition.

One can clearly see that the combination of high-
throughput diffusion multiples with the forward-
simulation method can provide much-needed

@ Springer



3266
107 ¢
: o Cr
10 .o...
r(-\n\ 10.5E ...o.° . o0000®
\.E/ ;..°... .o'..ot"........ V
Qo 10 6 L ...........Oooo-o
107} oee Hf
10-8.........n..............n....
0 10 20 30 40 50 60
@ T Concentration (at.%) X
300
250 [
~ I .O. Cr o 00e®®®
g I o'... .oo’....
= 2001 .0".. ooo'°.... V
é i .0'. .oooo“’“
o 090 g00009° uuuon
jloeec®
150 i R Hf
100 b

0 10 20 30 40 50 60
() Ti Concentration (at.%) X

Figure 14 The evaluated pre-exponential factor D, (a) and
activation energy Q (b) as a function of Cr, Hf, and V
concentrations (all in at.%).

diffusion coefficients, especially impurity diffusion
coefficients which are usually measured by time-
consuming tracer experiments. The present work
systematically measured the diffusion coefficients in
the bcc phase of the Ti—Cr, Ti-Hf, Ti-Mo, Ti-Nb, Ti-
V, and Ti-Zr systems, which are essential for the
establishment of reliable diffusion (mobility) data-
bases. The obtained composition-dependent diffu-
sion coefficients in the temperature range of
900-1200 °C allow us to perform Arrhenius analysis
in order to evaluate the pre-exponential factor Dy and
the activation energy Q as a function of composition.
The values of Dy and Q as a function of Cr, Hf, and V
concentrations (all in at.%) are plotted in Fig. 14. As
can be seen, both the Dy and Q increase as Cr, Hf, and
V concentrations increase.
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Summary

A set of five identical Ti-TiAl—Cr-Hf-Mo-Nb-V—-Zr
diffusion multiples were fabricated and annealed at
1200, 1100, 1000, 900, and 800 °C for 10, 25, 120, 600,
and 1100 h, respectively. EPMA line scans were
performed parallel to the diffusion direction to obtain
the concentration profiles from the Ti-X (X = Cr, Hf,
Mo, Nb, V, Zr) diffusion couples inside the five dif-
fusion multiples. The composition-dependent inter-
diffusion coefficients were extracted from the
collected diffusion profiles using the forward-simu-
lation method [42, 43]. Very large amounts of sys-
tematic diffusion coefficient data on the Ti-rich bcc
phase at several temperatures are obtained and
compared with prior literature data.

Impurity diffusion coefficients were obtained from
the binary composition profiles using the forward-
simulation method on the basis of Darken’s equation.
Twenty (20) impurity diffusion coefficient values of X
(X = Cr, Hf, Mo, Nb, V, Zr) in bec Ti and Ti in bee Zr
agree well with the independently measured litera-
ture data (some of them from tracer experiments)—it
would take tremendous amount of time to perform
20 tracer measurements. The excellent agreement of
our impurity diffusion coefficients with indepen-
dently measured values in the literature also lends
credibility to the extracted interdiffusion coefficients
in the Ti-rich bec phase in the current study, as well
as the general methodology employed in this study.
The large amount of reliable diffusion coefficients
obtained from this study will be valuable input for
the establishment of reliable diffusion (mobility)
databases for the kinetic modeling of Ti alloys.

The present study only obtained reliable diffusion
coefficient data in the Ti-rich part of the Ti-X
(X =Cr, Mo, Nb, V, Hf) systems. More careful
investigations using semi-infinite diffusion couples
made up of Ti-X alloys and pure X’'s are recom-
mended with longer annealing durations to study the
diffusion behaviors in the Ti-lean regions of the bin-
ary systems.
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