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Microstructure and Mechanical Properties of an a+ Type Ti-4V-0.60 Alloy

Masahito Omiya’, Kyosuke Ueda and Takayuki Narushima
Department of Materials Processing, Tohoku University, Sendai 980-8579, Japan

This paper describes the design of a low-cost a+8 type Ti-4V-0.60 alloy and the investigation of its microstructure and mechanical
properties, with a focus on heat treatability. The 3 transus (7p) of the alloy was found to be 1195 K, as determined from the relationship be-
tween the heat treatment temperature and the volume fraction of the equiaxed & phase (f;,). The formation of o’ martensite exhibiting an acicu-
lar morphology was observed after heat treatments between 1073 and 1273 K. The O content in the equiaxed @ and 8 phases increased with
increasing heat treatment temperature while the V content increased with decreasing heat treatment temperature. The alloy demonstrated a
higher tensile strength and lower total elongation when heat-treated between 1073 and 1173 K as compared to the as-forged material, because
of the formation of @’ martensite. The reduced total elongation was caused by the increase in the hardness difference between the equiaxed a
and B (o’ martensite) grains. The tensile strength and total elongation of the Ti-4V-0.60 alloy were comparable to those of the Ti-6Al-4V al-

loy, which marks the material as a low-cost @+ type Ti alloy candidate.
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1. Introduction

Ti and its alloys are used in aerospace components, chem-
ical plants, and biomedical devices because of their high
specific strength, excellent corrosion resistance, and biocom-
patibility". The a+8 type Ti alloys exhibit a wide range of
mechanical properties, which are achieved by tailoring of
the volume fraction and grain size of the equiaxed o phase
through thermomechanical processing?.

It is well known that the production cost of Ti and its al-
loys is high, and the utilization of ubiquitous elements has
been suggested as an effective method of cost reduction for
Ti alloys®. Oxygen (O), a ubiquitous element and the main
impurity in Ti sponge, has a high chemical affinity with Ti,
which makes purification of the metal difficult®. Therefore,
utilizing O as an alloying element lowers the production cost
of Ti alloys since low-grade Ti sponge and Ti scrap can be
employed as raw materials.

The a phase stabilizability of O is thought to be 10 times
larger than that of AI%. It is reported that the presence of O
in Ti increases the hardness and tensile strength of the mate-
rial, but decreases the ductility and fracture toughness®™®.
Studies have previously been conducted on a+g type Ti al-
loys with a high O content. The commercial Super-TIX 800
alloy (Ti-1 mass% Fe-(0.3-0.35) mass% O-(0.01-0.05)
mass% N)*'? is an a+f type Ti alloy which uses O as an «
stabilizer. In this alloy, Fe is used as a f stabilizer, and is
also one of the main impurity elements in Ti sponge. How-
ever, it is known that long-term use of this alloy at moderate
temperatures leads to a reduction in the tensile strength and
elongation, because of precipitation of the TiFe phase®!?. In
comparison, V is a S-isomorphous type element and does
not form any intermetallic compounds with Ti. Therefore,
utilizing V as a (8 stabilizer is advantageous as it allows the
use and heat-treatment of Ti-V-O alloys at moderate tem-
peratures.

Our previous work investigated the microstructure and
mechanical properties of a+f type Ti-(0—10) mass% V-(0.5—
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1) mass% O alloys using O as an alloying element'". The
experiments revealed that the athermal w was formed during
quenching from the a+f region (923-1123 K) in the alloys
with 6-10 mass% V, due to V enrichment in the 8 phase
during heat treatment. Conversely, the Ti-4 mass% V-(0.5-
0.75) mass% O alloys exhibited an excellent strength-ductil-
ity balance without the formation of the athermal w. Howev-
er, the effects of the heat treatment conditions on the me-
chanical properties of the Ti-V-O alloys have not been
reported. Therefore, in this study, we designed a low-cost
a+p type Ti alloy of composition Ti-4 mass% V-0.6 mass%
O based on our previous findings (described above). The
Al-equivalent in this alloy was set to equal that of the most
commonly used Ti alloy, Ti-6 mass% Al-4 mass% V. The
0.6 mass% O content makes it possible to use raw materials
with a high O content, such as low-grade Ti sponge and
scrap. The objective of this study was to clarify the effects of
heat treatment on the microstructure and mechanical proper-
ties of this @+ type Ti alloy. Hereafter, the chemical com-
position is denoted in mass%, and “mass%" notation is omit-
ted.

2. Experimental Procedure

Commercially pure (CP) Ti (JIS Grade 2, UEX Ltd., To-
kyo, Japan, O: 1038 mass ppm) and TiO, powder (99.5%,
¢1 pum, Kanto Chemical Co. Inc., Tokyo, Japan) were melted
using a non-consumable electrode Ar arc melting furnace to
fabricate a master Ti-O binary alloy containing 1.6 mass%
O. Following this, the master alloy, CP Ti, and V flakes (Ko-
jundo Chemical Laboratory Co. Ltd., Sakado, Japan, O:
123 mass ppm) were arc-melted to fabricate a Ti-4V-0.60
alloy ingot. The O content in the alloy was measured by the
inert gas fusion-infrared (IR) absorption method (ONH836,
LECO, MI). The V, Fe, and Al contents were measured us-
ing inductively coupled plasma-mass spectrometry (ICP-
MS, Agilent8800, Agilent technologies, CA), and the chemi-
cal composition of the alloy is shown in Table 1. After melt-
ing, the ingot was subjected to forging in the g region at
1373 K to a ¢12 mm bar followed by air cooling to room
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temperature, and then to forging in the a+f region at 1073 K
to a $8 mm bar, and again followed by air cooling to room
temperature. During forging, the alloy was reheated to the
forging temperature several times. Hereafter, the forged
specimen is referred to as the “as-forged alloy.” The as-
forged alloy was cut into sections (¢8 X 40 mm) and the re-
sidual oxide scale was removed by machining. The heat
treatments were conducted in an Ar flow atmosphere at 873—
1273 K for 3.6 ks, followed by ice-water quenching. Hereaf-
ter, the heat-treated specimen is referred to as the “heat-treat-
ed alloy.”

The constituent phases of the heat-treated alloy were iden-
tified by X-ray diffraction (XRD, D8 ADVANCE, Bruker
AXS K.K., Karlsruhe, Germany). The microstructure was
observed by scanning electron microscope (SEM, VE-7800,
Keyence Co., Osaka, Japan) after mirror polishing and etch-
ing in a 2 vol% HF + 13 vol% HNOj; + 85 vol% H,0 solu-
tion. The volume fraction of the equiaxed a phase (f,) was
calculated from five SEM images (x2000) using image anal-
ysis software (ImageJ, NIH). The value of f, was calculated
as an area fraction of the equiaxed a phase observed in the
SEM images, as defined by eq. (1):

Sa

S Total

Ja ey

where S, is the equiaxed @ phase area found in the SEM im-
age and Sty 18 the total image area.

Further microstructure observation was conducted by
transmission electron microscope (TEM, JEM-ARM?200F,
JEOL Ltd., Tokyo, Japan). The O and V contents of the
equiaxed « and 8 phases were determined using a field emis-
sion electron probe microanalyzer (FE-EPMA, JXA-8530F,
JEOL Ltd., Tokyo, Japan) with the CP Ti and Ti-(6, 10)V-
(0.5, 1)O alloys as reference materials. Measurements were
conducted at 10 positions for each phase and an average val-
ue and standard deviation were calculated.

The Vickers hardness of the as-forged and heat-treated al-
loys was obtained using a Vickers micro-hardness tester
(HM-102, Mitsutoyo Co., Kanagawa, Japan) under a 50 gf
load. As the grain size of each phase was approximately 2 to
3 um, the hardness of each grain was measured by a nano-
indentation hardness tester (ENT-1100a, ELIONIX Inc., To-
kyo, Japan) with a 500 mgf load. After indentation testing,
we observed the indentation trace using SEM. We did not
employ the data in the case where the indentation trace was
on both the @ and 8 grains, so that the accuracy in our mea-
surements could be improved. Uniaxial tensile tests were
conducted at room temperature using a universal material
testing instrument (RTF-1325, A&D Co. Ltd., Tokyo, Ja-
pan). The tensile specimens were machined to a gage diame-
ter and length of 3 mm and 10 mm, respectively. The strain
rate was set to 5.0 X 107*s7!, and the tensile strength, 0.2%
proof stress, and total elongation were measured. Tensile
tests were conducted on three specimens for each heat treat-

Table 1 Chemical composition of the alloy used in this study (mass%).
Ti \ (o) Fe Al
Bal. 3.435 0.638 0.034 0.004
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ment condition and average values and standard deviations
were calculated.

3. Results

3.1 Microstructure of as-forged and heat-treated alloys

Figure 1 shows SEM images of the as-forged and heat-
treated alloys after etching. The black regions visible in the
alloys heat-treated from 873 to 1173 K are the equiaxed «
phase. Both the as-forged alloy and the alloy heat-treated
from 873 to 1173 K exhibit an equiaxed microstructure. The
white regions of the microstructure found in the alloy
heat-treated from 873 to 1023 K is the S phase, while a
transformed microstructure exhibiting an acicular morpholo-
gy was observed between 1073 and 1273 K. Using these
SEM images, the associated f, values were calculated and
are plotted in Fig. 2 as a function of the heat treatment tem-
perature (an approach curve). Equiaxed a phase was not ob-
served in the alloy heat-treated at 1223 and 1273 K; there-
fore, the values of f, for these specimens were plotted as

Fig. 1 Microstructure of the as-forged and heat-treated alloys.
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zero in this figure. The value of f, decreased with increasing
heat treatment temperature. The § transus () of the alloy
was estimated to be 1195 K, by extrapolation of the ap-
proach curve to f, = 0.

The XRD patterns obtained from the heat-treated alloy are
shown in Fig. 3. Hexagonal close-packed (hcp) peaks were
detected in all specimens and the 8 phase peak was detected
in specimens heat-treated between 873 and 1023 K. Peak
separation of the hcp phase was observed in the alloy after
heat treatment at 1073 and 1123 K (as shown by arrows in
Fig. 3), but not after heat treatment at other temperatures.
The heat treatment temperatures of 1223 and 1273 K were
above the T3 of this alloy. The acicular structure (Fig. 1) and
hcp peaks (Fig. 3) observed in the heat-treated alloy suggest
that the 8 phase observed at 1223 and 1273 K transformed to
a’ martensite (hcp) during quenching. Similarly, the forma-
tion of o’ martensite is indicated in the alloys heat-treated

<& afa) (hep)
L] B (bcc)

e 0]

1273 K

Intensity, / (arb. unit)

973 K

873 K

33° 35° 37° 39° 41° 43°
26

Fig.3 X-ray diffraction (XRD) patterns of the alloy heat-treated at various
temperatures.
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from 1073 and 1273 K.

3.2 Composition of equiaxed a and S phases after heat
treatment

The O and V contents of the equiaxed a and 8 phases of
the alloys heat-treated from 1023 to 1173 K are shown in
Fig. 4, plotted as a function of heat treatment temperature.
The dashed lines in the figures represent the O and V con-
tents of the entire alloy, measured by the inert gas fusion-IR
absorption and ICP-MS methods, respectively. The O con-
tent in equiaxed o and S phases increased with increasing
heat treatment temperature, achieving a maximum of
0.87 mass% in the equiaxed « phase at 1173 K. Conversely,
the V content in the equiaxed @ and 8 phases increased with
decreasing heat treatment temperature, reaching 8.92 mass%
in the 8 phase at 1023 K. When the heat treatment tempera-
ture decreases, the size of the 8 grains decreases. In addition,
the larger the difference in element content between the
and B grains, the greater will be the error in the EPMA anal-
ysis. In this context, the most concerned analysis in accuracy
will be the measurement of the V content in the 8 grains of
the alloy heat-treated at 1023 K. Under this condition the
standard deviation in analysis was 0.79 mass% (V content:
8.92 + 0.79 mass%), which suggests a relatively good accu-
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racy in our EPMA analysis. This is because, as described in
the Experimental section, we determined the V and O values
in EPMA analysis by using a calibration curve with refer-
ence CP Ti and Ti alloys having a uniform composition.

3.3 Mechanical properties of the as-forged and heat-
treated alloys

The stress-strain curves of the as-forged and heat-treated
alloys are shown in Fig. 5. While the as-forged alloy and the
alloy heat-treated from 973 to 1173 K exhibited plastic de-
formation region, the specimens heat-treated at 1223 and
1273 K did not. The tensile strength, 0.2% proof stress, and
total elongation values of the as-forged and heat-treated al-
loys are summarized in Fig. 6. The tensile strength of the al-
loy heat-treated from 1073 to 1173 K was higher than that of
the as-forged alloy, but the tensile strength subsequently de-
creased when the heat treatment temperature increased to
1223 and 1273 K. A similar tendency was observed in the
0.2% proof stress results. Based on Figs. 5 and 6, the differ-
ence in the alloys’ tensile strength and 0.2% proof stress is
evidently small, and the work hardening is unremarkable in
the a+f region.

The Vickers hardness values of the as-forged and heat-
treated alloys are shown in Fig. 7. The Vickers hardness in-
creased with increasing heat treatment temperature, from
337 Hv at 873 K to 369 Hv at 1173 K.

The relationship between the heat treatment temperature
and indentation hardness of the equiaxed « and 8 () grains
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Fig. 5 Stress-strain curves of the as-forged and heat-treated alloy.
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Fig. 6 Tensile strength, 0.2% proof stress, and total elongation of the as-
forged and heat-treated alloy.
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(as measured using a nano-indenter) is shown in Fig. 8. The
indentation hardness of the equiaxed @ and 8 («’) phases in-
creased with increasing heat treatment temperature. The in-
crease in the indentation hardness of the equiaxed « phase
was significant compared to that of the 8 (a’) phase, and the
hardness difference between the equiaxed o and B (o)
phases increased with increasing heat treatment temperature
in the a+f region.

4. Discussion

4.1 Microstructure

The TEM images of the acicular structure observed in the
specimens heat-treated in the a+8 region at 1073 and
1173 K are shown in Fig. 9. After heat treatment at 1073 K,
a parallel dislocation arrangement was observed in the acic-
ular structure. This structure was introduced during the for-
mation of o/ martensite!?!?. Therefore, the acicular struc-
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Fig. 7 Relationship between the heat treatment temperature and Vickers
hardness of the as-forged and heat-treated alloy.
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~

Dislocations

Fig. 9 Transmission electron microscopy (TEM) bright field images of the
alloy heat-treated at (a) 1073 K and (b) 1173 K. (c) High resolution
(HR) TEM image and (d) electron diffraction pattern of the alloy heat-
treated at 1173 K.

ture which formed after heat treatment at 1073 K was con-
firmed to consist of @’ martensite. The same dislocation ar-
rangement was not observed in the acicular structure after
heat treatment at 1173 K. However, as shown in the HRTEM
image (Fig.9(c)) and selected area diffraction pattern
(Fig. 9(d)), {1011} twins (which also appear during o’ mar-
tensite formation'*'9) were observed.

The XRD patterns (Fig. 3) revealed that peak separation
occurred after heat treatments at 1073 and 1123 K. Matsu-
moto et al.'"? reported that peak separation of the hcp phase
was observed in a Ti-6Al-4V alloy when the equiaxed «
phase and o’ martensite coexist in the microstructure. Since
o’ martensite has the same chemical composition as the
phase prior to quenching, the V content in the o’ martensite
is higher than that in the equiaxed a phase. The V content
difference between the equiaxed @ and S phases was also
found to increase with decreasing heat treatment tempera-
ture, as shown in Fig. 4(b). It has been reported that the lat-
tice constant of @’ martensite decreases with increasing V
content!”!®_ As the V content of the ¢’ martensite formed in
the specimens heat-treated at 1073 and 1123 K was higher
than that of the equiaxed @ phase, it is thought that the o’
martensite peaks shifted to a higher 20 angle and peak sepa-
ration occurred. However, peak separation was not observed
after heat treatment at 1173 K. In the alloy heat-treated at
1173 K, the difference in the V content between the equi-
axed o and S phase was smaller than that measured after
heat treatment at 1073 and 1123 K. While the difference in
the V content between the equiaxed @ and g phases after
heat treatment at 1023 K was larger than that after heat treat-
ment at 1073 and 1123 K, peak separation of the hcp phase
was not observed; this is because o’ martensite did not form
during quenching from 1023 K, as discussed in the next
paragraph.

It is known that o” martensite forms during quenching
when the V content in the 8 phase is over 9.4 mass%, where-
as o’ martensite forms below this value'?. In this study, the
lowest heat treatment temperature at which o’ martensite
formed during quenching was 1073 K; the V content in the 8
phase at this temperature was 7.41 mass%. As the V content

M. Omiya, K. Ueda and T. Narushima

in the B phase at 1023 K was 8.92 mass%, it was expected
that o’ martensite would have formed during quenching;
however, this was not observed. It is known that the marten-
sitic transformation start temperature (Ms) for @’ martensite
is lowered by an increasing V content in the 8 phase, and
falling below room temperature when the V content exceeds
14.9 mass%>?. In addition, Kim e al.>" reported that the
addition of O lowered the Ms value in a Ti-Nb alloy. There-
fore, it is suggested that the Ms of the Ti-4V-0.60 alloy
heat-treated at 1023 K fell to below room temperature due to
the higher V content and an almost identical O content com-
pared to those at 1073 K, thus preventing @’ martensite for-
mation. It has been reported that o'’ martensite forms during
quenching from 1073 to 1143 K in a Ti-6Al-4V alloy with
the same V content and Al-equivalent as that used in these
experiments>2?%. Ohyama and Nishimura® reported that
Al addition lowered the Ms of a Ti-V alloy, but not suffi-
ciently to prevent the formation of @ martensite. Therefore,
it is suggested that the addition of O produces a greater re-
duction in the Ms than Al at the same Al-equivalent in a
Ti-V alloy.

4.2 Mechanical properties

As shown in Fig. 6, the tensile strength of the alloy
heat-treated from 1073 to 1173 K was higher than that of the
as-forged alloy. This corresponds to the temperature range in
which @’ martensite forms during quenching. It is known
that @’ martensite increases the tensile strength of a+8 type
Ti alloys®®2®. Therefore, the increase in the tensile strength
can be attributed to the formation of o’ martensite. After
heat treatments at 1223 and 1273 K, the tensile strength de-
creased despite the formation of @’ martensite. This phe-
nomenon was also observed in the Ti-6Al-4V alloy after
solution treatment. Morita ef al.>” reported that quenching
from the £ single phase region led to a decrease in the tensile
strength and an increase in the hardness compared to that of
the alloy quenched from the a+f region (1173 K). As shown
in the stress-strain curves of the heat-treated alloys (Fig. 5),
brittle behavior was observed in the alloys heat-treated in the
[ single phase region. The fracture surfaces of the specimens
heat-treated at 1223 and 1273 K are shown in Fig. 10. The
fracture surfaces revealed that brittle fracture occurred,
which is in good agreement with the stress-strain curves ob-
tained from the specimens. Further, the prior 8 grain size of
the alloy heat-treated at 1273 K was 1 to 3 mm, which corre-
sponded to the size of flat area observed in the fracture sur-
face. This suggests that the fracture occurred at the boundar-
ies of the coarse prior 8 grains. Therefore, it is thought that
these § grains caused the brittle fracture and observed de-
crease in tensile strength®”.

The total elongation of the alloy decreased with increas-
ing heat treatment temperature. The indentation hardness of
equiaxed @ and B (') grains (Fig. 8) showed that the change
in the indentation hardness of the 8 (a’) grains with heat
treatment temperature was smaller than that of the equiaxed
« grains. As shown in Fig. 4(a), the O content in equiaxed &
phase increased with increasing heat treatment temperature.
It is well-known that the presence of O in Ti increases the
hardness by solid-solution strengthening’”®, and the degree
of hardening follows a parabolic dependence on the O con-
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tent?*3?. This is in good agreement with the experimental
results shown in Fig. 4(a). As mentioned above, the hardness
difference between the equiaxed a and B (@) grains was
greater in the alloy heat-treated at 1173 K (10.6% total elon-
gation) than at 973 K (22% total elongation). Kang et al.?"
reported that the elongation of a Ti-4Cr alloy heat-treated in
the a+B region was improved by decreasing the hardness
difference between the o and S phases. Fukai et al.’? also
reported that decreasing the hardness difference between the
equiaxed a and g phases led to an improvement in the elon-
gation of an SP-700 (Ti-4.5AI-3V-2Fe-2Mo) alloy. There-
fore, reduced total elongation in this alloy was likely a result
of an increase in the hardness difference between the equi-
axed « and S (@) phases, which is attributed to the increased
O content of the equiaxed « phase.

The effect of the addition of a 8 stabilizer on the O con-
tent of @ and B phases at 1173 K was calculated using the
Thermo-Calc software, based on the CALPHAD method
(Thermo-Calc Software AB, Stockholm, Sweden) in con-
junction with the TTTI3 thermodynamic database. The O
distribution coefficient (kg), as calculated from the O con-
tent of each phase using a Ti-O pseudo-binary phase dia-
gram with an addition of 1 at.% g stabilizer, is shown in
Fig. 11. The value of ko between the @ and S phases, is de-
fined by eq. (2):

C
kO — O,

@)

Cogp

Fig. 10 Fracture surfaces of the alloy heat-treated at (a) 1223 K and (b)
1273 K.
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Fig. 11  Effect of elemental addition of 1 at.% g stabilizer on the O distri-
bution coefficient at 1173 K in Ti, calculated using Thermo-Calc.
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where Co_, and Cg_ g represent the O content in the @ and
phases, respectively. As shown in Fig. 11, the addition of 8
stabilizer increased the value of kg and enhanced the O dis-
tribution in the @ phase. V and Nb are expected to possess
lower ko values compared with other S stabilizers such as
Mo, Fe, and Cr. This indicates that the hardness difference
between @ and S phases could be suppressed in relation to V
and Nb, which have a high O affinity. Therefore, V and Nb
are effective §8 stabilizers when used in Ti-O alloys.

A comparison of the tensile strength and total elongation
characteristics of the present Ti-4V-0.60 alloy and a Ti-6Al-
4V alloy®¥ is shown in Fig. 12, plotted as a function of the
heat treatment temperature based on the 7. The Ti-4V-0.60
alloy exhibits a tensile strength of over 1000 MPa after heat
treatment in the -+ field, and a total elongation of 22% af-
ter heat treatment at 973 K, values which are comparable to
those of the Ti-6Al-4V alloy. Further investigations into, for
example, the effects of aging treatment on the mechanical
properties, cold workability, and hot workability (including
superplasticity) are required. However, this study indicates
that the low-cost @+ type Ti-4V-0.60 has excellent strength
and ductility characteristics, and demonstrates that low
grade Ti sponge and scrap can be utilized as raw materials in
its fabrication.

5. Conclusion

The microstructure and tensile properties of a newly de-
signed Ti-4V-0.60 alloy were investigated with a focus on
heat treatability. The following results were obtained.

(1) The B transus was determined from the approach curve
to be 1195 K.

(2) o/ martensite was detected in the transformed structure
of the alloy heat-treated from 1073 to 1273 K.

(3) The V content in the B phase increased with increasing
volume fraction of the equiaxed @ phase, and the O con-
tent in the equiaxed a phase increased with decreasing
equiaxed a phase volume fraction.

(4) Higher tensile strength and lower total elongation values
were measured in the specimens heat-treated from 1073

Tg
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Fig. 12 Comparison of the tensile strength and total elongation of the
Ti-4V-0.60 and Ti-6Al-4V alloys*>.
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to 1173 K, as compared to the as-forged alloy. This was
caused by the formation of o’ martensite and an increase
in the hardness difference between the equiaxed @ and 8
(o’ martensite) grains.

(5) The tensile strength and total elongation of the alloy
were comparable to those of the Ti-6Al-4V alloy, and it
is suggested that the Ti-4V-0.60 alloy can be used as a
low-cost a+p type Ti alloy having excellent strength and
ductility.
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