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Abstract: The high-throughput diffusion-multiple technique and thermodynamics databases were used to design new high-strength Ti alloys.
The composition—microstructure—property relationships of the Ti64—-xMo alloys were obtained. The phase fraction and composition of the a
and P phases of the Ti64—-xMo alloys were calculated using the Thermo-Calc software. After aging at 600°C, the Ti64—6Mo alloy precipi-
tated ultrafine o phases. This phenomenon was explained on the basis of the pseudo-spinodal mechanism by calculating the Gibbs energy
curves of the o and B phases of the Ti64—xMo alloys at 600°C. Bulk forged Ti64-6Mo alloy exhibited high strength and moderate plasticity
after o/B-phase-field solution treatment plus aging. The tensile properties of the alloy were determined by the size and morphology of the

primary and secondary o phases and by the f grain size.
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1. Introduction

Ti64 (Ti-6Al-4V) alloy has a wide range of applications
in the aerospace industry because of its excellent compre-
hensive performance [1-6]. It is mainly used to manufacture
fan air-pressure disks and blades for engines and structural
components such as beams, joints, and bulkheads [7-9]. As
an o+f two-phase alloy, Ti64 alloy exhibits a strength of
approximately 900 MPa after thermomechanical processing;
this low strength continues to limit the applications of the alloy.
High-strength Ti alloys widely used in the aircraft industry in-
clude Ti-10V-2Fe-3Al [10-11], Ti-SAl-5Mo-5V-1Cr [12],
the new Ti-5A1-5Mo—5V-3Cr-1Zr [13-14], and Ti-7Mo—
3AI-3Cr-3Nb [15] alloys. In general, these high-strength Ti
alloys are metastable B or near-p Ti alloys, with a strength of
1300 MPa after a solution and aging treatment. Adding 3
stabilizers to change the a+p-type Ti alloy to a B or near-$
Ti alloy is an effective method to enhance the strength. In
addition, the microstructure of the alloy can be controlled
through subsequent thermal processing and heat treatment,
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which can improve the elongation and fracture toughness of
the alloy.

Mo is an effective isomorphous B-stabilizing element that
is widely used in various high-strength Ti alloys. Examples
of alloys with Mo are Ti—15Mo-2.6Nb-3Al-0.2Si [16],
Ti-5Mo-5A1-5V-3Cr [17-18], and Ti~7Mo-3Al-3Cr—3Nb [19].
Mo can be dissolved in Ti alloys infinitely and can effec-
tively strengthen the alloy without forming harmful brittle
intermetallic compounds that reduce material ductility and tough-
ness. Mo is also widely used in various types of Ti alloys [20-25].
Therefore, Mo can be used to modify Ti64 alloy.

Traditional methods of alloy design require casting, ho-
mogenization, hot working, and heat treatment, which are
costly and time consuming. The diffusion-multiple approach
has been successfully used to determine the isothermal sec-
tion of the ternary phase diagram. Zhao and other research-
ers [26-29] extended the application range of the diffu-
sion-multiple approach and studied the microstructure and
properties of alloys with different compositions. Through this ap-
proach, a “composition—microstructure—properties” database for an
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alloy can be rapidly obtained for one sample and then used to
design new alloys. Zhang et al. [30] used this method to
study the effects of different Zr and Ta concentrations on the
hardness and elastic modulus of Ti alloys. Wu et al. [31]
investigated the influence of Cr content on the microstruc-
ture and hardness of Ti-6A1-4V alloys. Therefore, we used a
combinatorial diffusion-multiple approach in the present re-
search.

In this work, we studied the effect of Mo content on the
microstructure and properties of Ti64 alloy and designed a
new type of high-strength Ti64-6Mo alloy through the dif-
fusion-multiple approach and CALPHAD thermodynamic
calculations. The bulk alloy was manufactured, and its mi-
crostructure and tensile properties were investigated. The
results show that the designed alloy displayed excellent
comprehensive properties, indicating that the combinatorial
approach is an effective tool for designing new alloys.

2. Experimental

The diffusion multiples are composed of several diffu-
sion couples and diffusion triplets arranged in a specific
combination [27,32]. The preparation process of the
Ti6Al4V-Ti6A14V45Zr-Ti6Al4V20Mo-Ti6Al4V20Fe-Ti6
Al4V20Cr diffusion multiple is shown in Fig. 1. The alloys
used to prepare the diffusion multiple were smelted three
times using a vacuum arc furnace. The alloy was machined
into the desired shape via electrical discharge machining.
The alloys used in the experiment include two pieces of
Ti64 alloy with dimensions of 10 mm % 12 mm X 12 mm;
two pieces of Ti64-45Zr; one piece each of Ti64-20Mo and
Ti64-20Cr alloys with dimensions of 3 mm X 12 mm X 12
mm; and one piece each of Ti64-20Mo, Ti64-20Fe, and
Ti64-20Cr alloys with dimensions of 3 mm X 12 mm X 16
mm. The Ti64 and Ti64-20Mo alloys were obtained by
melting high-purity Ti (99.95%), Mo (99.95%), V (99.95%),
and Al (99.99%) in an electric arc furnace. The chemical
composition of the Ti64 and Ti64-20Mo alloys is shown in
Table 1.

As shown in Fig. 1(a), the two sandwich ternary diffusion
couples namely, Ti6Al4V-Ti6Al4V45Zr-Ti6A14V20Mo and
Ti6Al4V-Ti6Al4VA5Zr-Ti6Al4V20Cr—were manufactured
using a steel fixture after the alloy samples were ground and
polished. Diffusion welding was carried out under vacuum
(~107 Pa) at 1000°C for 4 h. The steel fixture and alloys
were separated by a Ta foil to prevent diffusion. After
the Ti6Al4V-Ti6A14V45Zr-Ti6Al4V20Mo and Ti6Al4V-
Ti6A14V45Zr-Ti6Al4V20Cr samples were removed from
the fixture, the surface was polished, and the Ti6Al4V-
Ti6Al4V45Zr-Ti6 Al4V20Mo-Ti6 Al4V20Fe-Ti6Al4V20Cr
diffusion multiple was manufactured using a steel fixture
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again, as shown in Fig. 1(b). The diffusion multiple was
diffusion annealed at 1100°C for 240 h in an evacuated
quartz tube. The sample was solution treated at 1050°C for 6
h, water-cooled, aged at 600°C for 6 h, and then air-cooled.
The heat-treatment schedule of the diffusion multiple is
shown in Fig. 2.

Ti6Al14V

Ti6A14V20Mo

(b)

Ti6Al4V Ti6Al4V

16 mm

Ti6Al4V20Mo

) 33 mm 1

Fig. 1. Preparation process of diffusion multiple Ti6Al4V-
Ti6Al4V45Zr-Ti6Al4V20Mo-Ti6Al4V20Fe-Ti6Al14V20Cr: (a)
preparation of two sandwich diffusion couples with steel fix-
tures; (b) preparation of the diffusion multiple using a steel
fixture; (c) cross-sectional schematics of the diffusion multiple.

Table 1. Chemical composition of the Ti6Al4V and Ti6Al4V20Mo
alloys wt%

Alloy Al V Mo o N C Ti
Ti6Al4V 637 361 — 0.18 002 002 Bal
Ti6Al4V20Mo 6.16 3.82 22.16 0.09 0.016 0.011 Bal.
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Fig. 2.  Heat-treatment flow chart for the Ti6Al4V-

Ti6Al4V45Zr-Ti6Al4V20Mo-Ti6Al4V20Fe-Ti6Al4V20Cr  diffu-
sion multiple.

After the oxide layer was removed from the sample, it
was sanded with 400#, 600#, 800#, and 1000# sandpaper,
mechanically polished for ~15 min, ultrasonically cleaned
with ethanol, and dried. Electron-probe microanalysis
(EPMA) was used to determine the element distribution of
the diffusion multiple. A microhardness tester was subse-
quently used to determine the hardness in the diffusion re-
gion. The electron probe was then used to detect the alloy
compositions near the indentation points. Afterwards, the
microstructure of the alloys near the indentation points was
observed by scanning electron microscopy (SEM). The
composition of the alloy was measured on a JEOL
JXA-8230 microprobe with parameters of a 40° take-off an-
gle, accelerating voltage of 15 kV, and accelerating current
of 20 nA. The microhardness measurements were carried
out on a BUEHLER 5104 microhardness system with an
indentation load of 500 mN and a holding time of 15 s. Mi-
crostructure analysis was performed on a NOVATM Nano
SEM 230 field-emission scanning electron microscope op-
erated at an acceleration voltage of 20 kV and operating
distance of 5 mm. A button ingot (~10 g) of Ti64-6Mo was
prepared from high-purity Ti, Al, V, and Mo. The alloy in-
got was obtained after three melting sequences in a non-
consumable vacuum arc furnace and was subjected to a sim-
ilar heat treatment as the diffusion-couple sample. The
phase morphology and phase composition were characte-
rized on a Titan G260-300 spherical aberration correction
field-emission transmission electron microscope.

The bulk Ti64-6Mo alloy was made of Ti sponge, pure
Al, Al-V, and Ti-Mo intermediate alloy. A vacuum con-
sumable arc was used to melt the alloy ingot with a mass of
20 kg and diameter of 160 mm. The alloy ingot was first
forged at 1050°C (B single-phase field) and then forged at
850°C (a + B two-phase field) into a square rod with ap-

proximate dimensions of 1000 mm x 80 mm % 40 mm. The
forged Ti64-6Mo alloy was solution treated at 825 and 900°C
for 0.5 h and then air-cooled. Thereafter, the aging treatment
was carried out at 520, 560, 600, or 640°C for 6 h. Tensile
testing was then carried out on the MTS 810 tensile test sys-
tem. The uniform portion of the tensile specimen was 25 mm
x4 mm x 3 mm, and the stretching speed was 2 mm/min.

In conjunction with the thermodynamic database for the
Ti—Al-Mo-V system, the Thermo-Calc software was used
to calculate the following: (1) the phase-fraction and
free-energy curves of the o and B phases of Ti64—xMo al-
loys at 600°C; (2) the phase composition of the Ti64—6Mo
alloys at 600°C.

3. Results

3.1. Scanning electron microscopy analysis of Ti64—xMo
alloy

Fig. 3 shows an optical micrograph and composition dis-
tribution curve of Ti6Al4V-Ti6Al4V20Mo diffusion couple
after diffusion annealing and quenching from the B-phase
region. As shown in Fig. 3(a), the microhardness indentation
was uniformly distributed in the diffusion region to obtain a
series of hardness data, and EPMA was used to determine
the alloy composition near the indentation. Fig. 3(b) is the
composition—distance curve for the Ti6Al4V-Ti6A14V20Mo
diffusion couple. The Mo atoms diffused into the Ti64,
where they mainly replaced Ti atoms.

S 2
Vo s i Y

;'(a) =

T =
Ef‘vf I Diffusion interface| Vi
N e ZEAT B
N - =5
B B
| < 5 N
het sl =
= vy S L
S RS TR 60
i I Composition profile.
| IR S AR
e et 0 — 1lmm—
90 e0g0g0oe
8 (b) ..o.l’....“.. o
80 e
75 o
X 70 ol =— Mo
B o5 | T o Ti
- A—Al L
5 T vV
s 25
S 20} "mwes,
15 .kl‘I'
10 n
ST eassstenttestPrentgiesssetsssssress
0 bl L T -

0 500 1000 1500 2000 2500 3000
Distance / um

Fig. 3. Optical image of the Ti6Al4V-Ti6Al4V20Mo diffu-
sion-coupling interface with a hardness indentation lattice (a)
and element distribution at the diffusion-couple interface (b).
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Fig. 4 shows the backscattered-electron images of the
Ti6Al4V-Ti6Al4V20Mo diffusion multiple at different po-
sitions, with an approximate composition of Ti64—xMo (x =
1, 2, 3...). As shown in Figs. 4(a) and 4(b), the quenched
Ti64 and Ti64—1Mo are composed of coarse lath martensite
o' and  matrices, and the volume fraction of the martensite
o' phase is very high. As the Mo content is increased to
2wt%—4wt%, the martensite o' lath becomes thin and the
volume fraction decreases. When the Mo content is increas-
es to Swt%, the fine needle-like martensite o' and a large
amount of metastable § phase are observed. When the Mo
content reaches 6wt% or greater, only the B phase is ob-

Coarse lath
martensite o'
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served. The martensite o' phase transition is suppressed and
the P phase is completely retained during rapid cooling. The
formation of martensite in Ti alloys is a shear-type phase
transition [33—34]. During quenching, the atoms in the alloy
undergo rapid shear displacement. The atomic displacement
is large when the B-stabilizer content is low, resulting in
formation of the hexagonal o' phase. However, as the
[-stabilizer increases, the driving force for martensite for-
mation decreases, resulting in the formation of a single B
phase. Moreover, similar results were obtained for other
types of Ti alloys, such as in Ti-10Zr-xMo [35] and
Ti—5Cr—-xMo [36].

Fine martensite o'

Fig. 4. Backscattered-electron images of quenched Ti64—xMo alloys obtained from a Ti6Al4V-Ti6Al4V20Mo diffusion couple: (a)
Ti6Al4V; (b) Ti6Al4V1Mo; (c) Ti6Al4V2Mo; (d) Ti6Al4V4Mo; (e) Ti6Al4V5Mo; (f) Ti6Al4V6Mo.

The backscattering images of a series of aged Ti64—xMo
alloys taken from the Ti6Al4V-Ti6Al4V20Mo diffusion
couple are shown in Fig. 5. The Ti64 and Ti64—1Mo alloys
consist of coarse a phase and the volume fraction of a phase
is high (Figs. 5(a) and 5(b)). When the Mo content increases
to 2wt%—5wt%, the a lath becomes thin and the volume frac-
tion of the a phase decreases. When the Mo content reaches
6wt%, the Ti64—6Mo alloy has the finest a-phase lath, which
is hardly distinguishable by SEM observation. When the Mo
content reaches 8wt% or greater, the o phase becomes
coarse and the o phase volume fraction further decreases.

The quantitative statistics of the volume fraction of the o
phase in the series of Ti64-xMo alloy is shown in Fig. 6(a).
As the Mo content increases from 0 to 15wt%, the a-phase

volume fraction decreases from 87% to 23%. In conjunction
with the thermodynamic database for the Ti—Al-V—Mo sys-
tem, Thermo-Calc was used to calculate the o-phase fraction
of the series of Ti64—xMo alloys at 600°C. The calculation
results are in good agreement with the experimental results.
As a strong B-stabilizing element, Mo suppresses the forma-
tion of the a phase, whose volume fraction decreases. The quan-
titative statistical results for the thickness of the a phase in
Ti64—xMo alloys are shown in Fig. 6(b). When the Mo content is
increased from 0 to 6wt%, the thickness of the o phase decreases from
1200 nm to 50 nm and the thickness of the o phase gradually increas-
es to 453 nm as the Mo content is increased to 15wt%. When the

Mo content is 0-5wt%, the martensite transformation temperature is
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Fig. 5. Backscattered-electron images of aged (600°C for 6 h) Ti64—xMo alloys obtained from the Ti6Al4V-Ti6Al4V20Mo diffu-
sion couple: (a) Ti6Al4V; (b) Ti6Al4V1Mo; (c) Ti6Al4V2Mo; (d) Ti6Al4V4Mo; (e) Ti6Al4V5Mo; (f) Ti6Al4V6Mo; (g) Ti6Al4V8Mo;
(h) Ti6Al4V11Mo; (i) Ti6Al4V15Mo.
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Fig. 6. Volume fraction of the a phase (calculation and experimental results) varies with the Mo content in the sample aged at
600°C (a) and the width of the o phase varies with the Mo content in the sample aged at 600°C (b).
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greater than room temperature. During quenching, marten-
site o’ is formed, and the morphology of the o phase de-
pends largely on quenching martensite o'. Afterwards, the
o'-to-o transition occurs upon diffusion of Al, Mo, and V
atoms during aging. When the alloy contains 6wt% Mo, the
quenched Ti64-6Mo alloy presents a single B phase and the
aged alloy shows the morphology of the finest a precipitates.
This phase-transition mechanism will be discussed in great-
er depth in section 4.1.

3.2. Hardness of series Ti64—xMo alloys

Fig. 7 shows the relation between the Mo content and the
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corresponding alloy hardness and diffusion distance in
the Ti6Al4V-Ti6Al4V20Mo diffusion couple. In the
as-quenched condition, the hardness of the alloy increases
from 411 MPa to 508 MPa when the Mo content increases
from 0 to 5wt%, and the alloy hardness decreases to 390
MPa rapidly as the Mo content increases to 7wt%. Finally,
as the Mo content continues to increase, the hardness of the
alloy gradually increases. In the aged condition, when the
Mo content increases from 0 to 6wt%, the hardness of the
alloy increases from 431 MPa to 597 MPa; after the hard-
ness of the alloy reaches a maximum, it then decreases with
increasing Mo content.
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Fig. 7. “Composition—hardness—diffusion distance” curve of the Ti6Al4V-Ti6Al4V20Mo diffusion couple: (a) after quenching

from the B-phase region; (b) after aging at 600°C.

3.3. Scanning transmission electron microscopy (STEM)
analysis of Ti64—6Mo alloy

Fig. 8 shows the results of the STEM micromorphology
analysis of the Ti64—6Mo alloy after solution treatment in
the B-phase region. As shown in Figs. 8(a) and 8(b), the
bright-field picture and the selected-area electron diffraction
results show that the quenched alloy is a single 3 phase. No
evidence suggests that the alloy contains other phases, such
as the ® and o” phases. The distribution of alloying ele-
ments after quenching in the B single-phase region was ob-
tained using energy-dispersive spectroscopy (EDS) mapping;
the results are shown in Figs. 8(c)-8(d). All of the alloying
elements of Mo, V, and Al were uniformly distributed in the
B matrix.

The microstructure of Ti64-6Mo alloy after aging at
600°C for 6 h is shown in Fig. 9. Fig. 9(a) shows a
bright-field image with a nanosized a phase uniformly dis-
tributed within the beta grains. The diffraction spots along
the [111] B-ribbon axis direction are shown in Fig. 9(b),
wherein the alloy consists of § and a phases. Fig. 9(c) shows

a STEM image in high-angle annular dark field (HAADF)
mode. The nanosized a phase is clearly visible and evenly
distributed on the B matrix. In the aging state, the o phase is
approximately 150 nm in length and 50 nm in width. The
EDS component scan was performed in the green square
area in Fig. 9(d). The distribution of alloying elements in the
aged state is shown in Fig. 9(e). The elements such as Al, V.
and Mo have distinct color differences between the B and o
phases, and the composition distribution curves of quantita-
tive statistics are shown in Fig. 9(f). The quantitative statis-
tics of the chemical components of the o and B phases are
shown in Table 1, wherein the Al atoms are mainly enriched
in the a phase, and the V and Mo atoms are enriched in the
B phase. The mass fractions in the B phase are 4.1wt%,
9.6wt%, and 12.5wt%, respectively, and the components in
the o phase are 6.6wt%, 0.44wt%, and 1.48wt%, respec-
tively. In conjunction with the thermodynamic database for
Ti alloys, the Thermo-Calc software was used to calculate
the phase composition of the o/f phase; the calculation re-
sults are consistent with the experimental results (Table 2).
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Fig. 8. Microscopic analysis of the Ti64—6Mo alloy after quenching from f phase region: (a) bright-field morphology; (b) SAD
pattern with [111] B zone axis; (c) HAADF-STEM images; (d) EDS composition mapping of Ti, Al, V, and Mo atoms.
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Fig. 9. Microscopic analysis of the Ti64—6Mo alloy after aging at 600°C: (a) bright-field morphology; (b) SAED pattern with [111]
B zone axis; (c and d) HAADF-STEM images showing the o phase; (e) the EDS mapping of Mo, V, Al, and Ti atoms; (f) the compo-
sition profiles along the arrows shown in (d).
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Table 2. Experimental and calculated alloying elements in the
o and f phases of Ti64—6Mo alloy aged at 600°C wt%

Position in Fig. 9(d) Phase v Mo Ti Al

1 o 1.54 0.23 90.9 6.7
1.41 064 914 6.5
9.3 12.1 744 42
9.9 12.8 73.1 4.0
1.8 026 917 6.7
10.1 219 635 43

2
3
4

Calculation data

™ R ™ ™ R

3.4. Microstructure and tensile properties of the forged
Ti64—-6Mo alloy

Inductively coupled plasma atomic emission spectrome-
try method was used to test the actual composition of the
forged ingot. The test results are shown in Table 3. The o/
transition temperature of the forged Ti64—6Mo alloy was
tested using the metallographic method, which was about
875°C. Fig. 10(a) is the initial microscopic morphology of
the forged Ti64—6Mo alloy. A large number of gray o phas-

(=)
(=3
(=)

Intensity / a.u.
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es appear on the  matrix. The X-ray diffraction (XRD) re-
sults for the forged state of the Ti64—6Mo alloy are shown
in Fig. 10(b), which confirms of the existence of o and
two phases in the alloy. The SEM microstructure of the
Ti64—6Mo alloy after solution treatment at 825°C and
900°C is shown in Figs. 10(c) and 10(d). The alloy solution
treated at 825°C consists of equiaxed spherical o phase and
a B matrix with a  grain size of approximately 5 pm. These
spherical o phases are called primary o phases, and they
preferentially nucleate at the B grain boundary. These a
phases located at the B grain boundary can effectively pre-
vent the migration of the B grain boundary and inhibit
grain growth during solution treatment. When the alloy is
solution treated in the B single-phase region, the alloy con-
sists of large P grains with a grain size of 20 pm.

Table 3. Chemical composition of the Ti-6Al-6Mo0—4V alloy wt%

Al Mo V Fe Si C O N Ti
563 591 445 0.045 0.271 0.023 0.183 0.009 Bal.

400

200

(b) .
p
o
o
o ﬁ o B oo
30 40 50 60 70 80
20/ )

Fig. 10. As-forged Ti64—6Mo alloy: SEM image (a) and XRD pattern (b) of forged Ti64—6Mo alloy; SEM images of Ti64—6Mo al-

loy after solution treatment at 825 °C(c) and 900°C (d) for 0.5 h.

The effect of different aging temperatures on the micro-
structure of the alloy is shown in Fig. 11 for a solution tem-

perature of 825°C. The microstructure of the alloy after ag-
ing consists of a primary spherical a phase and a needle-like
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secondary o phase. When the alloy is aged at 520°C and
560°C, it exhibits a very fine secondary needle-like o-structure
and the secondary o-structure has a large volume fraction.
As the aging temperature increases to 600°C and 640°C, the
fine secondary a phase gradually coarsens and the volume
fraction decreases. Du ef al. [37] pointed out that the higher
aging temperature provides a larger growth drive force and a
smaller nucleation driving force for the secondary o phase.
Therefore, as the aging temperature increases, the secondary

(@) '

.0

,', re

. Primary a phase

—— 5um Secondary o phase

Fig. 11.
(d) for 6 h.

When the solution temperature is 900°C (B single-phase
region), the aged alloy is composed of a full needle-like
structure, as shown in Fig. 13. As shown in Fig. 14, Ther-
mo-Calc can be used to calculate the volume fraction of
the secondary a phase; as the aging temperature increases,
the volume fraction of the a phase gradually decreases and
the needle-like a phase gradually coarsens. The B grains of
the alloy solution treated in the B single-phase region are
larger than that those of the alloy solution treated in the
o+f two-phase region because of the absence of primary a
phase, and the primary a phase can effectively hinder the
grain boundary movement and inhibit the § grain growth.
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o phase is difficult to nucleate but grows easily, resulting in
a thicker secondary a layer and a smaller volume fraction.
As shown in Fig. 12(a), when the alloy undergoes solu-
tion treatment in the two-phase region, the tensile strength
decreases from 1464 MPa to 1233 MPa and the elongation of
the alloy increases from 5.1% to 11.3% as the aging tempera-
ture increases from 520°C to 640°C. The stress—strain curve
in Fig. 12(b) shows that the alloy exhibits enhanced plastic
deformation resistance as the aging temperature increases.

— 5 um

X

SEM micrographs of thé Ti64—6M0 alloy Solutio;l treated at 825°C and aged at 520°C (a), 560°C (b), 7600°C (c), and 640°C

However, after solution treatment at 900°C (the single
B-phase region), the size of the secondary o phase de-
creases. Because more a-phase stabilizing elements solve
in the B phase and a larger precipitation driving force ex-
ists during the aging treatment, the nucleation rate after the
solution treatment at 900°C is higher than that after the
solution treatment (at 825°C). The change in the tensile
properties of the alloy as a function of its aging tempera-
ture is shown in Fig. 12(c). The strength of the alloy de-
creases from 1572 to 1284 MPa as the aging temperature is
increased from 520 to 640°C. The eclongation increases
from 2.6% to 6.5%.
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Fig. 12. Tensile properties of Ti64—6Mo alloy aged at different temperatures: (a, b) tensile properties after solution treatment at
825°C and the corresponding stress—strain curves; (c, d) tensile properties after solution treatment at 900°C and the corresponding
stress—strain curves.

Fig. 13. SEM micrographs of the Ti64—6Mo alloy solution treated at 900°C and aged at 52!
(d) for 6 h.
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tion as a function of aging temperature, as calculated by
Thermo-Calc.

The variation of the secondary a-phase volume frac-

4. Discussion
4.1. Microstructure of the Ti64-xMo alloys

Fig. 5 shows that the change in the Mo content strongly
influences the microstructure of the Ti64 alloy. When the
Mo content is 0—5wt%, o' martensite is formed by marten-
site transformation after quenching from the B single-phase
region. During aging, the o'-to-a transition occurs upon dif-
fusion of Mo, Al, and V atoms. Both the o' and a phases
have hcp structures; a is the stable phase, o' is the metasta-
ble phase, and the o' phase is the supersaturated metastable
a phase. In the Ti—-Mo binary alloy [38], with increasing Mo
content, the morphology of the o' martensite gradually
changes from massive to acicular and the a-phase morphol-
ogy depends largely on the quenched o' martensite. There-
fore, when the Mo content is between 0 and 5wt%, the
morphology of the o/ martensite and the o’ phase gradually
changes from lath to needle.

When the alloy contains 6wt% Mo, the quenched
Ti64-6Mo alloy presents a single bce crystal structure and
the B solution plus aged alloy exhibits a nanosized ultrafine
a structure. Thus, the alloy has a very high nucleation rate in
this phase-transformation process. No evidence of another
metastable phase (such as ® and a”) was observed at this
phase transformation, suggesting that the o phase forms di-
rectly with the hep crystal structure. This phase transforma-
tion is an atypical homogeneous nucleation mechanism that
does not utilize any heterogeneous nucleation sites. Recently,
Ni and Khachaturyan [39] proposed the pseudo-spinodal
mechanism. According to this mechanism, when the alloy
composition is at the intersection (cy(7)) of the Gibbs
free-energy curve of the parent and generated phase, a slight
fluctuation of composition will change the alloy composi-

tion of the local regions from the side where the free energy
of the parent phase is lower than the generated phase to the
side where the free energy of the parent phase is higher than
that of the generated phase. In this local region, the gener-
ated phase has low energy and the parent phase will rapidly
transform into the generated phase via a nondiffusion
phase-transition mechanism to reduce the system energy,
resulting in a high nucleation rate of the generated phase. In
conjunction with the thermodynamic database for the
Ti-Al-V-Mo system, the Thermo-Calc software was used
to calculate the Gibbs free-energy curves for the a and 3
phases of Ti64—xMo alloys at 600°C, as shown in Fig. 15.
The results show that the intersection of the free-energy
curves is just at the position where the alloy composition is
Ti64—-6Mo. Thus, the alloy composition is very close to the
free-energy intersection point and small fluctuations in
composition, as shown by the green arrow, may result in re-
gions of the B-phase having compositions on the solute lean
side of ¢o(7). These B regions will produce a driving force
that transforms into o phase of the same composition (con-
gruent transformation) to reduce the energy of the system
(shown by the green arrow). The composition of the preci-
pitated o phase, Cy, is derived from the fluctuation of the
composition, far from reaching equilibrium Ceqy;. Continued
heat treatment will be accompanied by the diffusion of al-
loying elements, and the compositions of the o and B phase
would reach equilibrium. Thus, we can propose that the
phase-transition mechanism during aging of the Ti64-6Mo
at 600°C is a pseudo-spinodal mechanism.
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Fig. 15. Gibbs free-energy curves for a and p phases of

Ti64—xMo alloy at 600°C (the green arrow indicates compo-
nent fluctuations; the blue arrow represents component fluctu-
ations causing the o-phase free energy to be lower than the
p-phase free-energy).

4.2. Hardness of Ti64-xMo alloys

In the quenched state, the hardness of the Ti64-5Mo al-
loy is increased by ~100 MPa, reaching a peak of 508 MPa



1162

compared with that of the Ti64 alloy, which is attributable
mainly to the contribution of the fine dispersion of o’ phase.
This phenomenon indicates that the hardness of the alloy
largely depends on the thickness of the quenched lath mar-
tensite. These diffusely distributed martensite structures
form remarkable o'/B-phase interfaces in the B matrix, and
these phase boundaries effectively hinder the slip of disloca-
tions and increase the hardness of the alloy. When the Mo
content increases from 5wt% to 7wt%, the amount of o’ de-
creases, the alloy structure becomes a single B phase, the
strength decreases rapidly, and the hardness increases slow-
ly with increasing Mo content because of solution streng-
thening. Wang et al. [32] and Oliveira et al. [40] also re-
ported that Mo is a very effective solid-solution strengthener
in Ti—~Al-V-Mo alloys.

The microstructure and hardness of Ti64—xMo alloys
were analyzed in the aging state, and the grain boundary
strengthening is the main strengthening mechanism, which
means that the hardness of the alloy mainly depends on the
o phase size. As shown in Figs. 6(b) and 7(b), the thickness
of the o phase decreases from 1100 to 50 nm and the hard-
ness of the alloy increases from 431 MPa to 597 MPa as the
Mo content increases from 0 to 6wt%. With decreasing
thickness of the a phase, the number of o/f grain boundaries
in the alloy gradually increases. These grain boundaries can
effectively hinder dislocation slip and increase the alloy
strength. In addition, the volume fraction of the alpha phase
also affects the alloy hardness. Kar et al. [41] have reported
that, with a 55%—65% volume fraction of the o phase in the
Ti-5553 alloy, the alloy attains its maximum strength when
the volume fraction of the o phase in the Ti64—6Mo alloy is
approximately 62%, which is one of the reasons why its
hardness reaches a maximum. Wang et al. [42] have dem-
onstrated the effective hardening effect of Mo in
Ti—Al-V-Mo alloy. In this study, Ti64—-6Mo alloy has the
highest hardness and finest microstructure, together with an
appropriate o-phase volume fraction in the series of
Ti64—xMo alloys. Thus, Ti64-6Mo alloy is a promising
high-strength Ti alloy.

4.3. Tensile properties of Ti64—6Mo alloy

As shown in Fig. 12, as the aging temperature increases, the
tensile strength of the alloy decreases, and the elongation increases.
This phenomenon is mainly due to the microstructure and the
strengthening mechanism of the Ti alloy. It indicated that second-
ary o phase which was precipitated in the aging stage acts as a
strengthening phase and effectively hinders the dislocation slip.
The lower aging temperature produces finer secondary o
phase, resulting in numerous grain boundaries and streng-
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thening of the alloy. The morphology of the primary and
secondary o phases in Ti alloys plays a critical role in de-
termining the properties of the alloy. The equation for yield
strength can be expressed as [43]

o = function of (fap /dmp + fas /das) )

where o is the yield strength, fup is the primary o-phase
volume fraction, a’mp is the primary o-phase grain size,

and o, and oy are the primary and secondary o phases, re-
spectively. The strength of the alloy increases proportionally
with the number density of the secondary and primary o
phases. As the number of primary and secondary alpha
phases increases, the yield strength of the alloy increases.
The strength of the alloy is inversely proportional to the size
of the primary and secondary alpha phases: as the size of the
o phases decreases, the alloy strength increases.

The fact that the elongation of the alloy changes with the
aging temperature is also related to the thickness and vo-
lume fraction of the secondary alpha phase in the alloy. Sri-
nivasu et al. [44] found a large number of dislocations in the
secondary a phase and the B matrix in the aged alloys. They
also found that the plastic deformation process is the result
of the coordinated deformation of o and B phases. During
the tensile deformation of the alloy, the thin secondary a phase has
a small space for plastic deformation, which leads to rapid defor-
mation hardening, which in turn leads to the failure of the deforma-
tion of the o and B phase and results in a decrease in alloy plasticity.
In addition, the deformability of the o phase (hcp structure) is
weaker than that of the B phase (bcc structure), and a high volume
fraction of the secondary o phase leads to a decrease in alloy plas-
ticity.

When the aging temperature is determined, the strength of
the alloy solution treated in the B-phase zone is higher than
in the o + B-phase zone because the former has a finer and
larger volume fraction of the secondary a phase than the
latter. The law of variation of intensity can also be expressed
using Eq. (1). Compared with the solution treatment in the o
+ P zone, the alloy plasticity after the solution treatment in
the B-phase zone sharply decreases because of two effects.
First, the single-phase zone solution treatment results in a
large B grain size in the alloys. Second, the small grain size
is likely to increase the alloy ductility because it can make
the coordinated deformation between the grains easy and
enhance the crack propagation resistance. In addition,
Huang et al. [45] and Jackson ef al. [46] demonstrated that
the presence of the primary a phase can improve the ductil-
ity of the alloy.

The a + B-phase-zone solution-treated alloy consists of a
spherical primary o phase and a B matrix filled with
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needle-like secondary a phase. The primary o phase is the
soft phase, and the B matrix filled with needle-like second-
ary a phase is the hard phase. Qin et al. [47] investigated the
tensile deformation of Ti-5553 alloys, where planar slippage,
deformation twinning, and dislocation tangling are observed
in the primary o particle, indicating that the primary o phase
had sufficient plastic deformation capacity that can coordi-
nate deformation between the lamellar units and increase the
ductility of the alloys. The B matrix, which is covered with
needle-like secondary a phase, can only undergo twin de-
formation; its plastic deformation ability is much weaker
than that of primary o phase. Therefore, samples solution
treated in the single B-phase zone exhibit poor plasticity.

In this study, the diffusion-multiples approach was used
to study the dependence of the change in Mo content on the
microstructure and properties of Ti64 alloy, and Ti64-6Mo
alloy was designed. The change in microstructure and prop-
erties of the Ti64 alloy with Mo content is similar to that of
Ti—10Zr-xMo alloy [48], which is investigated by a tradi-
tional metallurgy method. This approach shows that the ex-
perimental results of the diffusion multiple are reliable. Only
one diffuse multiple sample was needed in this experiment;
by contrast, for metallurgy methods, more than a dozen
samples are required. This method has greatly improved the
experimental efficiency and reduces cost.

5. Conclusions

In this work, the microstructure and properties of Ti64
alloy were studied with respect to their dependence of Mo
content using high-throughput experimental methods, and a
new high-strength Ti alloy, i.e., Ti64—6Mo, was designed.
The quenched martensite gradually decreased and disap-
peared as the Mo content was increases to 6wt%. The frac-
tion of the o phase of the aged alloy decreased to 62%, and
the alloy obtained an ultrafine structure with high hardness.
The a- and B-phase Gibbs free energy of the Ti64-xMo al-
loy were calculated. The alloy composition is just located at
the free-energy intersection point cy(7) of the free-energy
curves of the o and B phases. The nucleation characteristics
of the a phase are consistent with the pseudo-strip decom-
position mechanism. The calculation results of phase com-
position and phase fraction of the o and P phases of the
Ti64—xMo alloy show good agreement with the experimen-
tal results. The Ti64-6Mo alloy subjected to a sin-
gle-phase-zone solid-solution and aging treatment exhibits
high strength and poor plasticity. A high strength and mod-
erate plasticity can be obtained via an o/ two-phase-region
solution treatment plus aging. The tensile properties are de-

pendent on the size of the B grains and the size and fraction
of the secondary and primary o phases.
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