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Abstract Multi-step aging treatments were applied to the
Ti-15V-3Al-3Sn-3Cr metastable f alloy, with and without
cryogenic treatment, and a single-step aged sample was used
as a control sample. Microstructural observations and wear
tests were applied to heat-treated samples. Compared to the
single-step aged sample, the average length and width of
the «a plates decreased by 76 and 56%, respectively, in the
triplex aged sample after cryogenic treatment. The friction
coefficient and mass loss decreased with the duplex aged
sample’s increase in hardness. Although, the increase in
hardness to higher levels in triplex aged samples increased
friction coefficient and mass loss by about 33 and 62% due to
the ductility loss. However, implementation of the cryogenic
treatment decreased the friction coefficient and mass loss
due to the cause of ductility increasing even after the triplex
aging treatment. The lowest coefficient of friction obtained
in the duplex aged sample after cryo-treatment was 0.08 ,
and the highest in the triplex aged sample was 0.16 p.

Keywords Metastable f titanium alloy - Cryogenic
treatment - Multi-step aging treatment - Phases
transformations - Wear

1 Introduction
Metastable f alloys have an excellent potential for use in

exclusive applications such as the biomedical and aerospace
industries due to their easy formability, high biocompatibility,
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high strength, and high heat treatment efficiency [1]. The
heat treatment capacity of the metastable /3 alloys is closely
related to the metastable f phases, which are unstable under
the f§ phase transformation temperature [2]. The metastable
phases decompose into stable f and a phases through an aging
treatment applied after solution treatment, increasing the ten-
sile strength and microhardness of the alloy [3]. In the litera-
ture, aging treatments were applied to metastable f titanium
alloys as single-step or duplex after cryogenic treatment [4].
Cryogenic treatment applied before the aging treatment causes
a phases to precipitate finer and higher volumetric concentra-
tions due to the induced increase in dislocation density and the
o phases [5]. In the study made by Song et al. [6], cryogenic
treatment applied to near f titanium alloys created O’ and
w-embryos, which are the precursor region for o phases pre-
cipitated during aging treatment. o phases are precipitated as
finer with higher volumetric concentration due to the increase
in the O" domains. Therefore, it is considered that cryogenic
treatment has great potential to improve the metastable f tita-
nium alloys’ mechanical properties. In many studies, aging
was conducted on the metastable f titanium alloys to enhance
the alloys’ tensile properties and fatigue crack propagation
resistance [3]. Studies were made recently focused on espe-
cially to the multi-step aging treatments applied in two or
several steps after the pre-aging treatment [3, 7]. In the study
conducted by Ren et al. [8] during the duplex aging treatment,
pre-aging precipitated the w,, phases, which is the preferen-
tial region for the a phase precipitation during the next aging
steps. As a result, @ phases precipitated in uniform size as
0.6 pm at the duplex aged sample, however, in the single-
step aged sample, a phases precipitated in heterogeneous size
between the 0.2 and 6 pm. Also, implementing that the pre-
aging treatment enhances the duplex aged material’s tensile
properties and fatigue cracks initiation behavior [3].
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Considering the usage areas of metastable beta titanium
alloys, another aspect that should be examined is their wear
resistance [2]. However, the wear resistance of the alloys
and the effect of the heat treatment procedure on the alloy’s
wear behavior was neglected and only a few studies were
conducted in this area [9—11]. Guo et al. [9] investigated
the wear behavior of the Ti-25Nb-2Mo-4Sn alloy after two
different heat treatment procedures, such as cold-rolled plus
annealed and solution-treated. Solution-treated Ti-25Nb-
2Mo-4Sn alloy wear rate was obtained lower because of the
high ductility and the lubricative effect of the Nb,Os. In
another study conducted by Redmore et al. [12] Ti-6.8Mo-
4.5Fe-1.5Al alloy’s wear resistance was investigated by
applying the novel combined bulk/surface treatment. After
the novel combined bulk/surface treatment, the wear resist-
ance of the alloy increased 4—16 times, and the friction coef-
ficient decreased to 0.2—-0.4 from 0.8 to 1.0. These limited
studies show that the wear behavior of the metastable alloys
is closely related to the microstructure and can be enhanced
by the applied heat treatments.

The effect of the aging treatment on the mechanical prop-
erties of the metastable alloy was investigated by various
workers [2, 3, 13]. However, the phase transformation occur-
ring during the multi-step aging process and the connection
between these phase formations and the wear resistance of
the alloy are not fully understood. In addition, no study has
been found to examine the combined effect of multi-step
aging with cryogenic treatment on the wear properties of
the alloy. In this study, the effect of single-step aging, multi-
step aging, and cryogenic treatment before multi-step aging
on the wear behavior of Ti-15 V-3A1-3Sn-3Cr metastable
titanium alloy was investigated meticulously.

2 Materials and Methods

The chemical composition, the tensile strength, yield
strength, and elongation of the solution-treated Ti-15 V-3Al-
3Sn-3Cr alloy and solution treatment detail were given in
another study that was made by the author [3]. Aging treat-
ments were applied to the alloy as single-step, duplex, and
triplex with and without cryogenic treatment. According to
the studies in the literature, cryogenic treatment was carried
out at — 196 °C for 24 h in an isolated tank, a temperature-
controlled system [14]. Gas nitrogen was used to cool down
the tank to the cryogenic treatment temperature. Compared
to liquid nitrogen, gas nitrogen provides more uniform cool-
ing in the material; as a result, micro-cracks or internal stress
in the material does not exist. Single-step aging treatment
was applied at a high aging temperature and a short aging
time at 500 °C for 5 h [1]. Duplex aging treatments were
applied in two steps as pre-aging treatments were applied for
10 h at 300 °C, and second-step aging was applied at 500 °C
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for 5 h. Triplex aging treatment was applied in three steps;
pre-aging treatment was applied for 10 h at 300 °C; after
that second step was applied for 10 h at 400 °C; at the last
step, aging was applied to the alloy for 5 h at 500 °C. Also,
another pre-aging was applied at 250 °C for 24 h during
triplex aging. Thus, the effect of the pre-aging on the wear
resistance of the alloy was also investigated. The heating
rate during aging treatment was determined as 1°C/minute
low heating rate. All aging treatment steps were applied in
an argon atmosphere. A list of the heat-treated samples is
shown in Table 1.

Microstructural and phase transformations analyses were
performed using Scanning Electron Microscopy (SEM) and
X-ray diffraction techniques. Microstructural examinations
procedures were carried out as described in a previous
study conducted by the author [3]. Microhardness tests were
applied to the heat-treated sample groups under 500 g for
10 s, tests were repeated ten times, and average results were
given in the study. Wear tests were conducted with a pin-
on-disk UTS Tribometer T10 test device under dry sliding
conditions using an § mm-diameter WC—Co ball. The wear
test samples were mirror-polished, and mass loss was figured
out by measuring the test samples’ weight with a Digital
Precision Balance (resolution of 0.003 mg) before and after
the tests. The wear tests were applied at three loads as 3, 5,
and 7 N and two sliding distances of 100 m and 300 m at
a constant 0.25 m/s velocity. The friction coefficient was
recorded during the tests with a load cell.

3 Results and Discussion

3.1 SEM and XRD Phase Analysis and Microhardness
Test Results of Heat-Treated Samples

a phases precipitated in the AT1 single-step aged sample
with heterogeneous size and distribution (Fig. 1a). However,
a plates became smaller and formed more uniformly in the
AT?2 duplex aged sample with the pre-aging step (Fig. 1b).
In many studies, this change in @ phase precipitation

Table 1 Heat-treated samples and coding system

Treatment Pre-aging Second-step Third-step  Codes
After solution treatment

Single-step aging — 500°C5h - AT1
Duplex aging 300°C10h 500°C5h - AT2
Triplex aging 300°C10h 400°C10h 500°C5h AT3

After cryogenic treatment (— 196 °C 24 h)

Duplex aging 300°C10h 500°C5h - C-AT2
Triplex aging 300°C10h 400°C10h 500°C5h C-AT3
Triplex aging 250°C24h 400°C10h 500°C5h C-AT4
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Fig. 1 Aged and cryo-treated sample's « plates precipitation characteristics, a AT1, b AT2, ¢ AT3, d C-AT2, e C-AT3, f C-AT4

characteristic was clarified by forming metastable phases
through the pre-aging step [2, 3]. Metastable phases, such
as w,, precipitated during the pre-aging steps at low tem-
peratures, while the resulting oxygen-rich f/w,, interfaces
were precursor regions for nucleation of a phases during
next aging steps [1]. During the triplex aging treatment,
pre-aging and low-temperature second-step aging treatment
increased these oxygen-rich precursor regions. Through the
third-step aging treatment applied at high temperature, a
phases precipitated in these regions, providing the formation
of phases with uniform sizes and distribution in the micro-
structure (Fig. 1c). These precursor regions also caused to
form a plates with high volumetric concentration and finer.
Compared to the duplex and single-step aging treatment,
a phases precipitated more homogenously, with high volu-
metric concentration and smaller size during triplex aging
treatment.

Cryogenic treatment resulted a shear strain and the lat-
tice shrinking produced by the stress concentration in the
metastable alloys’ microstructure [5]. This stress concen-
tration resulted in dislocations or precipitation of metasta-
ble w phases; therefore, precipitation of a phases increased
in aging treated samples. Also, after cryogenic treatment,
phase precipitation tendency did not change throughout the
multi-step aging, and a plates were obtained as finer in the
triplex aged sample than the duplex aged sample (Fig. 1d).
In the sample triplex aged after cryogenic treatment, this
o phase which was formed during cryogenic treatment,

and w;,, which was precipitated during pre-aging and

low-temperature second-step aging, increased the a phase
volume fraction (Fig. le). Because of that, after cryogenic
treatment during triplex aging treatment, a phases precipi-
tated more uniformly and more finely compared to triplex
aging without cryogenic treatment. Besides, pre-aging
treatment temperature and time had a noticeable impact
on the a plate’s size and volume fraction. As seen in
Fig. 1f, pre-aged samples at 250 °C for 24 h a plates pre-
cipitated with finer size than pre-aged samples at 300 °C
for 10 h in Fig. le. Pre-aging temperature increase induced
the acceleration of phase formation and growth of the a
phases. This conclusion is consistent with the author’s
recent study on the duplex aging treatment, which was
obtained at low-temperature aging treatment and formed
the a phases finer(Ref 3). The averaged a plate length and
width of heat-treated samples were calculated by image
analysis software and are shown in Table 2. Five images
were taken randomly from the microstructure during the

Table 2 a plate's averaged length and width

Sample a phases length (um) a phases width (pm)
AT1 410+20 80+13

AT2 230+ 60+7

AT3 150+35 45+18

C-AT2 170+17 49+11

C-AT3 114+22 37+10

C-AT4 98 +13 35+10
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analysis, and the average results were given. As it can be
seen, the coarsest a plates were obtained in the single-
step aged sample with the size 410 nm length and 80 nm
widths. While the average length and width of the a plates
decreased by 76% and 56%, respectively, in the C-AT4
sample compared to the AT1. Also, a plates were short-
ened by %14 in the C-AT4 sample compared to the C-AT3
sample, thanks to the decrease in pre-aging temperature.

As seen in Fig. 2, the triplex aging treatment increased
the a phase precipitation, and new a phase peaks occurred
in the AT3 sample. 20—40 peak of a phase formed sepa-
rately from the f phase’s peak in the AT3 sample. Also, as
seen in the XRD pattern, a phases peak intensity increased
compared to the AT2 sample. In the study made by Vishnu
et al. [15] a similar increase in a phase peak intensity was
explained by the increased volume fraction of a phase in
crystallographic planes.

Microhardness test results showed good agreement with
the microstructural observations (Fig. 3). The precipitation
of a plates in smaller sizes due to the applied multi-step
heat treatments increased the hardness of the alloy. The
a plates precipitated in small sizes cause the a/f phase
boundaries to increase in the microstructure. The increase
in these phase boundaries prevented dislocation move-
ments during plastic deformation, and thus, the microhard-
ness was measured higher [16]. Therefore, the applica-
tion of triplex aging processes increased microhardness
by about 8% at AT3 sample and 16% at C-AT3 sample
compared to the single-step aging process. Another result
obtained from the study is that, higher microhardness was
found by applying a pre-aging process at 300 °C for 10 h
at the triplex aged samples. The pre-aging treatment at
300 °C increased the hardness of the alloy by about 3%
by causing acceleration of the a phases formation in tri-
plex aged samples compared to the pre-aging treatment
at 250 °C.
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Fig. 2 XRD pattern of the triplex aged samples
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Fig. 3 Microhardness measurement of the aged and cryo-treated
samples

3.2 Wear Test Results

3.2.1 Effect of the Load and Sliding Distance
on the Friction Coefficient

Heat-treated samples were tested under three different 3, 5,
and 7 N loads and with 100 m and 300 m sliding distances.
Heat-treated samples’ wear resistance was closely related
to the applied heat treatment types (Fig. 4). a phase’s vol-
ume fraction, size, and distribution directly affected the wear
resistance of the samples. Wear test results of heat-treated
samples were evaluated in two categories.

The first one was single-step and duplex aged samples
after with and without cryogenic treatment, and the other
group was with and without cryogenic treatment followed by
triplex aged samples. The first result obtained from the wear
tests was that the fine precipitation of «a plates decreased
the coefficient friction of the duplex aged sample due to the
increase in hardness compared to the single-step aged sam-
ple (Fig. 4a). In addition, the friction coefficient continued to
decrease in the duplex aged sample after cryogenic treatment
due to the minimization of the ongoing a plates and ductility
increase induce of cryo-treatment. However, the increase in
hardness to the higher level of the samples applied triplex
aging process and caused deterioration of the ductility and
increased the friction coefficient of the material. Likewise,
in the study conducted by He et al. [16] it was observed
that ultra-high microhardness could reduce the wear resist-
ance of the alloy by causing a loss of ductility in the alloy.
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0.2 .-‘\/\ SN 100 meter
0.1 ’_’\/'\"'\. 3N 100 meter
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Fig. 4 The friction coefficient of heat-treated samples
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In this study, the increase in microhardness in triplex aged
specimens caused a loss of ductility and increased the fric-
tion coefficient of the alloy about 33%. However, as can be
seen, the friction coefficient decreased with the application
of the cryogenic treatment, and the cryogenic treatment had
a positive effect on the wear behavior of the alloy. This situ-
ation is related to the fact that the applied cryogenic process
increased the hardness of the alloy, especially in multi-step
aging processes, while increasing its ductility [4]. As can be
seen, this increase in ductility caused the coefficient of fric-
tion to be measured lower in the C-AT3 sample compared
to the AT3 sample. Another result achieved from the wear
test is the effect of the pre-aging treatment procedure on the
friction coefficient. Pre-aging treatment applied at 300 °C
for 10 h caused the acceleration precipitation of a phases
compared to the pre-aging at 250 °C for 24 h. This situation
caused the elongation to be measured higher in the sample
that was pre-aged at 250 °C for 24 h in the study conducted
by the authors [3]. Consequently, the C-AT4 sample’s fric-
tion coefficient was obtained slightly lower than the C-AT3
sample. Among the sample groups subjected to the triplex
aging process, superior wear resistance was obtained in the
C-AT4 sample (Fig. 4a). In the tested samples, the lowest
coefficient of friction was obtained in the duplex aged sam-
ple after cryo-treatment, as 0.08, and the highest in the tri-
plex aged sample as 0.16. Also, with the increase in the load

Table 3 Comparison of wear and hardness test results with the cur-
rent literature

to 5 N, the friction coefficient of the single-step or duplex
aged samples did not change obviously (Fig. 4b). However,
three-step aged samples with and without cryogenic treat-
ment friction coefficient decreased. In particular, the friction
coefficients of the AT3 and C-AT3 samples decreased by
30% and 4% with the increase in the load to 5 N (Fig. 4b).
The increase in the load to the 7 N decreased the friction
coefficient of all samples groups (Fig. 4c). This is due to the
fact that the roughness on the surface deformed with increas-
ing load and reduced the friction coefficient on the surface
[17]. Likewise, the increase in the sliding distance caused
the roughness on the surface to decrease and the friction
coefficient to be lower, as seen in Fig. 4d.

The results obtained in the study and the comparison of
these results with the literature are given in Table 3. As can
be seen, the results for the single-step and duplex aging pro-
cess, which have been studied before in the literature, were
quite consistent with the literature. As can be seen, with the
multi-step aging process with and without cryogenic treat-
ment, alpha phases with fine and homogeneous distribution
were formed in the microstructure of the alloy. While this
increased the hardness of the alloy, it also positively affected
the wear behavior of the cryogenically treated samples.

3.2.2 Effect of the Load and Sliding Distance on the Mass
Loss

Duplex aging treatments applied with and without cryo-
genic treatment reduced mass loss in samples tested under
3 N load. Compared to the duplex aged samples, mass loss

Sample Literature Stdy  Was increased about 62% after the triplex aging treatment.
o This situation is explained by the fact that the minimization
S.ar lness Ao 375 HY 118 30 of a phases reduce the ductility of the alloy in the studies
Dmgl e_s/t:'p i ing J00HV [18 ! 248 conducted in the literature [16]. The brittleness of the alloy
Fu,p (?X Cgmg ) [18] significantly increased the mass loss, especially in AT3 and
,mtw" oef L.lem C-AT3 samples (Fig. 5a). In addition, as can be seen, the

Single-step Aging 0.67 [19] 0.5 . . . . . .
i mass loss continued to increase with the increase in applied

Duplex Aging - 0.478 . o g .
load (Fig. 5b, ¢). However, it did not increase at the same
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Fig. 5 Mass loss of the heat-treated samples, a 3 N load and 100 m sliding distance, b 5 N load and 100-m sliding distance, ¢ 7 N load and

100-m sliding, d 5N load and 300 meter sliding distance
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rate in all samples. It is seen that the increase in the slip dis-
tance also increased the mass loss, and the mass loss became
evident in all samples with the increase in the slip distance
(Fig. 5d). Because the increase in the sliding distance caused
adiabatic heating and temperature increase between the two
surfaces, causing the material surface to soften and deform
easily [17].

3.2.3 Analysis of Worn Surfaces

Deformation areas were formed on the wear surface of the
AT1 sample (Fig. 6a), and delaminations and groove forma-
tion were observed in the AT2 and C-AT2 samples (Fig. 6b,
¢). In addition, the groove structures became shallower with
increasing hardness in the C-AT?2 sample (Fig. 6¢). However,
the increased surface hardness of the specimens that under-
went three-step aging process, as mentioned in the previous
section, caused an increase in surface hardness and a loss of
ductility, causing the delaminations to become prominent
(Fig. 6e, f). Groove structures and delamination as well as
transferred regions were observed in the samples that under-
went three-step aging process. These transferred regions and
delaminations also increased the mass loss, as they were
formed by fragmentation from the surface. Cracks were
formed on the wear surface in the sample pre-aged at 300 °C
compared to the sample pre-aged at 250 °C (Fig. 6e, f).
The groove structure became evident in AT1 sample with
increasing load and delamination occurred with the increase
in load to 7 N (Fig. 7a). Also, as can be seen, delamination

occurred in both AT2 and C-AT2 samples (Fig. 7b, c). In
addition, delamination and deep grooves occurred in the
samples that underwent triple aging process (Fig. 7d—f).

4 Conclusion

Wear resistance of the multi-step heat-treated Ti-15 V-3Al-
3Sn-3Cr metastable § titanium alloy was investigated. The
main results obtained in the study are given below.

e Triplex aging treatment increased oxygen-rich precur-
sor regions (w/f) during pre-aging and low-temperature
second-step aging treatment. Therefore, a phases precipi-
tated in these regions with finer sizes.

e In the sample triplex aged after cryogenic treatment,
this @ phase which was formed during cryogenic treat-
ment, and w;y, which was precipitated during pre-aging
and low-temperature second-step aging, increased the o
phase volume fraction compared to triplex aging without
cryogenic treatment.

e The average length and width of the a phase decreased
by 76% and 56%, respectively, in the triplex aged sample
after cryogenic treatment. Also, a phases were shortened
by 14% in the pre-aged sample at 250 °C, compared to
the pre-aged at 300 °C, thanks to the decrease in pre-
aging temperature.

e The application of triplex aging processes increased
microhardness by about 9% at triplex aged sample and

Fig. 6 Worn surfaces of heat-treated samples (3 N 100 m test), a AT1, b AT2, ¢ C-AT2, d AT3, e C-AT3, f C-AT4
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Fig. 7 Worn surfaces of heat-treated samples (7 N 100-m test), a AT1, b AT2, ¢ C-AT2, d AT3, e C-AT3, f C-AT4
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16% at in the triplex aged sample after cryogenic treat-
ment.

It was observed that the pre-aging treatment at 300 °C
increased the hardness of the alloy by 3% compared to
the pre-aging treatment at 250 °C.

The application of the cryogenic treatment decreased the
friction coefficient of samples due to the increase in duc-
tility in all sample.

Pre-aging treatment applied at 300 °C caused the ductil-
ity loss compared to the pre-aging at 250 °C. Conse-
quently, the pre-aged sample’s at 250°C friction coef-
ficient was obtained slightly lower than the sample
pre-aged at 300 °C.
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