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Tribological Behavior and Wear Mechanism of TZ20
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Abrasion is one of the most common failure forms of metals and alloys. The study of the friction and wear
behavior of metals and alloys is greatly beneficial to improve their long life and safe service. The friction
coefficient, weight loss, specific wear rate, and wear mechanism of Ti-20Zr-6.5A1-4V (TZ20) alloy after
various treatments were investigated using a pin—disk-type wear apparatus at various normal loads. The
wear results revealed that at a normal load, the friction coefficient steadily decreased, whereas the weight
loss increased. By contrast, different specimens displayed distinct variation trends of specific wear rate with
respect to the normal load. Further investigations indicated that the effects of hardness and toughness on
the wear properties were markedly influenced by the normal load. The main characteristic of the abrasion
surface gradually changed from grooves to plastic deformation as the normal load increased. The findings
promote the practical application of TiZrAlV series alloys and expand wear theory.

Keywords heat treatment, tribological behavior, TZ20 alloy, wear
mechanism

1. Introduction

Wear is one of the most common failure forms of metal
components, particularly active components (Ref 1). Thus,
numerous studies have investigated the friction and wear of
metals and alloys. The tribological properties of Ti alloys are
poor because of their low resistance to plastic shearing and low
work hardening effect (Ref 2, 3). However, the tribological
behavior is an important property in the practical application of
Ti alloys as structural materials. Thus, the practical application
of new Ti alloys requires an evaluation of their friction and
wear behavior.

To date, the wear resistance of Ti-based alloys can be
improved using numerous methods, which can generally be
divided into three groups: surface treatment (Ref 4-6), heat
treatment (Ref 7, 8), and integral alloying (Ref 9-11).
Although surface treatment can markedly improve the wear
resistance of metals and alloys, this technique only improves
the wear resistance of a surface with a finite thickness. As
such, the improvement wears out after that hardened thickness
was consumed. Moreover, many applications, such as bear-
ings, require a high surface wear resistance and an integral
wear resistance. Thus, the integral wear resistance of materials
must be improved. Although integral alloying can improve the
wear resistance of metals and alloys, this strategy is limited by
excessive uncertainty in terms of the kind and amount of
element, alloying method, and subsequent processing. Heat
treatment can adjust and improve the integral wear resistance
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of metals and alloys and can be applied as the final processing
for parts. Thus, the effects of heat treatment on the wear
resistance of Ti alloys must be investigated and further
improved.

The recently developed TiZrAlV series alloys (Ref 12-14)
are characterized by favorable mechanical properties, such as
low density, ultrahigh strength, and favorable plasticity. These
alloys show promising application as structural materials in
aerospace, navigational, and automotive fields. The friction
and wear behavior of TiZrAlIV series alloys have been
experimentally investigated. Zhong et al. (Ref 7) investigated
the friction and wear behavior of an annealed Ti-20Zr-6.5Al-
4V (TZ20) alloy sliding against 440C steel in a vacuum and
found that the friction coefficient of the TZ20 alloy ranged
from 0.34 to 0.43. Zhong et al. (Ref 15) also investigated the
influence of sliding velocity on the tribological properties of
the TZ20 alloy in a vacuum. Their results revealed that with
increasing sliding velocity, the friction coefficient became
parabolic, whereas the wear volume increased monotonically.
Zhang et al. (Ref 16) investigated the tailoring microstructure
and tribological properties of a cold deformed TiZrAlV alloy
and revealed that the wear resistance of the special hetero-
geneous lamellar-structured specimen was superior to that of
equiaxed grain-structured and dual-phase lamellar-structured
specimens. The friction and wear behavior of metals and
alloys greatly depend on the friction conditions and properties
of friction pairs (Ref 17-20). However, studies on the wear
behavior of TiZrAlV series alloys have been conducted at
special experimental conditions, thereby rendering these
materials inadequate for practical applications. Thus, the
tribological behavior of TiZrAlV series alloys must be
systematically analyzed to promote its practical actual appli-
cations.

As a representative of TiZrAlV series alloys, TZ20 alloy and
its tribological behavior were systematically investigated at
various sliding conditions. The effects of heat treatment on their
wear resistance were also analyzed. The wear mechanism of the
TZ20 alloy was also assessed. These findings can promote the
practical applications of the new TiZrAlV series alloys and
expand the wear theory of metals and alloys.
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2. Materials and Experimental Procedure

Sponge Ti (99.7 wt.%), sponge Zr (Zr + Hf = 99.5 wt.%),
industrially pure Al (99.5 wt.%), and V (99.9 wt.%) were used to
prepare the Ti-20Zr-6.5A1-4V (wt.%, shortened as TZ20) alloy. The
raw materials were blended and pressed into a rod-like electrode.
The raw material rod was melted thrice in a vacuum consumable
electro-arc furnace to ensure a uniform chemical composition. The
ingots were subjected to combined treatments of homogenization,
breakdown forging, second forging, and final forging, as shown in
Ref 21. The final TZ20 alloy used in this study had the following
composition (mass fraction, %): 19.2 Zr, 6.48 Al,3.86 V, 0.771 Na,
0.707 Hf, 0.215 Fe, and balanced Ti. The onset and end of the
transition temperatures of the TZ20 alloy were 789 and 946.4 °C,
respectively (Ref 21). Specimens with dimensions of 70 mm
(length) x 15 mm (width) x 10 mm (thickness) were cut from the
forged ingots for various heat treatments as shown in Table 1. The
phase composition, microstructure, hardness, and tensile properties
of the specimens at various treatments were determined using an x-
ray diffractor (XRD) with Cu Ka radiation, an Olympus 3D opto-
digital microscope, a digital display micro-Vickers hardness tester at
a load of 9.8 N, and an electronic universal testing machine at a
strain rate of 0.1 s~ .

The friction and wear behavior of the TZ20 alloy after various
treatments were investigated using pin—disk wear pairs on a vertical
universal friction wear tester. The wear tests were conducted in
accordance with the “Standard Test Method for Wear Testing with a
Pin-on-Disk Apparatus (ASTM G99-05(2016))” (Ref22) at sliding
conditions in the absence of lubricants. The pins were cylindrical
specimens with the size of $4.8 mm x 15 mm that were sectioned
from various treated specimens and further smoothed by grinding
using 600#, 800#, 1000#, and 1200# waterproof abrasive papers.
The quenched 45# steel, which has a hardness of approximately 390
HYV, was processed into standard disks with sizes ranging from ¢
38 mm x 11 mmto ¢54 mm x 11 mm for the friction and wear
tests. The tests were performed in air by applying normal loads of
25, 50, and 100 N at sliding velocity of ~ 1.5 m/s (60 r/min) for
900 s. The testing parameters were selected based on previous
investigations on Ti alloys (Ref 7, 23-26) to establish mild to severe
sliding wear conditions. The wear weight loss of the pins was
measured by a precision balance (0.1 mg). The surface morphology
of specimens after wear was observed using an Olympus 3D opto-
digital microscope.

All data were tested at least three times to avoid probabilistic
results. The data points denoted in figures are the average values.

3. Results

3.1 Microstructure and Mechanical Properties of the TZ20
Alloy After Various Treatments

Figure 1 shows the XRD patterns of the TZ20 alloy after
various treatments. The as-received and annealed specimens

were composed of a major o phase and a small amount of 3
phase. By contrast, the XRD pattern of the quenched specimen
differed significantly from that of the other two specimens. The
phase composition of the quenched specimen includes a major
retained B phase and a spot of o’ martensite. The obtained
XRD results were consistent with previous reports (Ref 21, 27,
28). Figure 2 shows the microstructure of the TZ20 alloy after
various treatments. The micrographs in Fig. 2 indicate that both
the as-received and annealed specimens had a typical bas-
ketweave microstructure, whereas the o plates in the annealed
specimens were coarser than those in the as-received speci-
mens. By contrast, the micrograph of the quenched specimen
displayed no coarse o plates and numerous short acicular
grains. According to the current XRD results and the literature
(Ref 28), the short acicular grains were o phase.

Table 2 lists the mechanical properties of the TZ20 alloy
after different treatments. The yield strength, tensile strength,
elongation, and static toughness of the as-received specimen
were approximately 1286, 1426 MPa, 2.8%, and 43.2 kJ/m>,
respectively. The yield and tensile strengths of the annealed
specimen were decreased to 1123 and 1248 MPa, respectively.
Conversely, the plasticity of the annealed specimen in terms of
elongation and static toughness was sharply increased to 9.3%
and 114.5 kJ/m?, respectively. Compared with the as-received
and annealed specimens, the quenched specimen had the lowest
strength and the highest plasticity and toughness. The yield
strength of the quenched specimen was only 395 MPa. The
decrease in the strength of the annealed specimen relative to
that of as-received specimen was primarily due to the coarse o
plates. The sharp decrease in the yield strength of the quenched
specimen was due to the soft o martensite. According to the
literature (Ref 29-31), TiZrAlV series alloys with major
retained B phase and soft o™ martensite had low strength but
could easily facilitate a stress-induced martensitic transition
during a tensile test. The stress-induced martensitic transition
requires an additional stress and yields extra strain. Thus, the
quenched specimen exhibited a significantly lower yield

Q_
=
-
=
]
N/
—~ N
=
& -
=
<) —
=y N S
& ) 2 =
g Ai N N A
— =) =3
2ENE = s 2
o S S —_ = —
o\l\) — S —_ 2
T1 =% = & B =
N~
T T

T T T
25 30 35 40 45 50 55 60 65 70 75 80
2 theta (degree)

Fig. 1 XRD of TZ20 alloy after various heat treatments

Table 1 Details of heat treatments performed on the TZ20 alloy

Specimen Treatment Details

T1 As-received Melting, homogenization, breakdown, forging

T2 Annealing 900 °C, 30 min, cooling in furnace to 500 °C then in the air
T3 Solution treatment 900 °C, 30 min, water quenching within 5 s
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Fig. 2 Microstructure of TZ20 alloy after various treatments (a) as-received, (b) annealed, and (c) solution treatment

Table 2 Mechanical properties of the TZ20 alloy after various treatments

Specimen 692, MPa oy, MPa & % Up, kJ/m? Hvl
T1 1286 1426 2.8 432 375
T2 1123 1248 9.3 114.5 361
T3 395 1161 13.8 122.9 328

Ur: static toughness, total areas under the stress—strain curve

strength, a comparable tensile strength, and high elongation and
toughness. Table 2 also presents the hardness results of the
examined alloy atwent various treatments. The trend of
hardness was consistent with that of tensile strength.

3.2 Tribological Behavior of TZ20 Alloy Under Different
Conditions

The friction coefficient (FC) versus test time curves of the
TZ20 alloy at different conditions were investigated, and results
are depicted in Fig. 3. As shown in Fig. 3(a), the friction
coefficient remained in a stable range when the test duration
reached 4500 s. Thus, the duration of the other tests was set to
900 s. The average FC of TZ20 at various conditions was
obtained based on the FC versus time curves. The tribological
properties of the TZ20 alloy at different conditions were
determined by combining the FC and weight loss results, and
the results are provided in Fig. 4. Figure 4(a) shows the
variation of the FC of the TZ20 alloy after various treatments
with respect to the normal load. As the normal load increased
from 25 to 100 N, the FC of the as-received specimen was
gradually decreased from 0.38 to 0.32, and that of the annealed
specimen stabilized at around 0.35. This 'C range was similar
to that of Ti alloys in previous reports (Ref 15, 20, 32). The F'C
of the quenched specimen was markedly decreased from 0.42
to 0.21 as the normal load was increased from 25 to 50 N, and
it stabilized around that range as the normal load was further
increased. Figure 4(b) shows the variations of the weight loss
of the TZ20 alloy that atwent various treatments at a normal
load. The weight loss of all specimens after various treatments
increased with increasing normal load. Similar results have
been reported in the literature (Ref 33, 34). Although the
variations of the weight losses of all examined specimens at
normal load were similar, the values of the weight loss of the
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different specimens vastly differed. The as-received specimen
had the maximum weight loss, which was almost double that of
the quenched specimen. The specific wear rate Ws, which is
defined by the volume loss of materials at the action of per unit
applied load and per unit distance, was also investigated.
Figure 4(c) shows the variation of the Ws of various specimens
with respect to the normal load. The variation of the Ws of the
as-received specimen at normal load was parabolic. The
maximum value was approximately 2.0 x 10~* mm?®/(Nm) at
a normal load of 50 N. The Ws of the annealed specimen was
gradually  increased  approximately 0.4 x 107*  to
0.8 x 10~* mm®/(Nm) as the normal load was increased from
25 to 100 N. By contrast, the trend of the Ws versus normal
load curve for the quenched specimen was inverse parabolic.
The Ws was approximately 0.6 x 10~* mm?/(Nm) at the
normal loads of 25 and 100 N and 0.38 x 10~* mm?/(Nm)
at 50 N.

3.3 Correlation Between Hardness and Wear Properties

Figure 5 presents the correlations between the wear prop-
erties of the TZ20 alloy and hardness at different normal loads.
At anormal load of 25 N, the variations of weight loss, FC, and
Ws with respect to hardness were similar. That is, the wear
properties initially decreased and subsequently increased as the
hardness increased. The minimum values were detected at the
hardness of 361 HV. Comparison of Fig. 5(b) and (a) implied
that the relationships between the wear properties and hardness
at the normal load of 50 N obviously differed from those at
25 N. Weight loss, FC, and Ws increased with increasing
hardness at the normal load of 50 N. As the normal load was
further increased to 100 N, the relationships between the wear
properties and hardness continued to change. The trend of the
Ws versus hardness curve at a normal load of 100 N was similar

Volume 27(9) September 2018—4647



0.60

0.55 4

0.50

0.45 -

FC

0.40 -

0.35 A

0.30

0.25 4

—8— FC-4500s
0.20 T

0 1000
(a)

0.6

2000

3000 4000

Time (s)

0.4 1

FC

0.2
—e— FC-25N
0.0

0 200
0.6

400

600 800

0.4 1

FC

0.2
—— FC-50 N

T

0.0
0.6

0 200

400

600 800

0.4

FC

0.2 -
—%— FC-100 N

IR

0.0 L — ;
0 200
(b)

400

600 800

Time (s)

Fig. 3 Friction coefficient vs. time duration of (a) 4500 s at 25 N of the as-received specimen, and 900 s at various normal loads of (b) as-re-

ceived, (c) annealed, and (d) solution treated specimens

to that at 50 N. Weight loss and FC initially increased and
subsequently. In other words, hardness greatly affected the wear
properties. However, the trend of the wear properties versus
hardness curve was markedly changed by the normal load.

3.4 Correlation Between Toughness and Wear Properties

The relationships between the wear properties and static
toughness were also investigated, and the results are provided
in Fig. 6. At a normal load of 25 N, weight loss, FC, and Ws
displayed similar variations with respect to static toughness.

4648—Volume 27(9) September 2018

That is, the wear properties initially decreased and subsequently
increased as the static toughness increased. However, as shown
in Fig. 6(b), weight loss, FC, and Ws decreased gradually with
increasing static toughness at a normal load of 50 N. Compar-
ison of Fig. 6(c) and (b) indicated that the variations of FC and
Ws with respect to static toughness at a normal load of 100 N
were similar to that at 50 N. The variation of weight loss with
respect to static toughness was markedly changed. The weight
loss was substantially increased from approximately 27 to
50 mg as the static toughness increased from 43 to 115 kJ/m?
and then decreased to nearly 40 mg as the static toughness was

Journal of Materials Engineering and Performance
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Fig. 3 continued

further increased to 123 kJ/m”. In addition, the literature (Ref
35-37) also showed that the toughness strongly influenced the
wear properties of Ti alloys.

3.5 Wear Surface and Mechanism

These results suggest that the normal load of the friction test
can obviously affect the tribological behavior of TZ20 alloys
after various treatments. To investigate the wear mechanism at
various normal loads, the worn surface of the as-received
specimen was observed and analyzed. The worn surface graphs
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of the as-received specimen are presented in Fig. 7. The worn
track of the specimen at a normal load of 25 N in Fig. 7(a)
indicates that this track was mainly characterized by grooves
and some debris. These debris were formed during friction and
acted as abrasive particles that promoted abrasion. Thus, the
main wear form of the specimen tested at a normal load of 25 N
was abrasive wear. The 3D depth and 2D profile graphs indicate
that the average depth of the grooves after testing at 25 N was
approximately 6.3 um, suggesting that the wear at this
condition was relatively weak. Figure 7(b) shows the worn
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Fig. 4 Wear properties of specimens at various normal loads (a)
friction coefficient, (b) weight loss, and (c) specific wear rate

track at a normal load of 50 N, which was also mainly
characterized by obvious grooves. Wave-like patterns were also
observed on the wear surface. According to the literature (Ref
15, 38), these wave-like patterns resulted from the plastic
deformation during friction at a high normal load. Given that
the shear stress component of the normal load was greater than
the shear strength of the friction materials, shear deformation
would occur, and wave-like patterns would be formed (Ref 39,
40) As shown by the 3D depth and 2D profile graphs in
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Fig. 5 Variations of wear properties of TZ20 alloy with hardness at
a normal load of (a) 25 N, (b) 50 N, and (c) 100 N

Fig. 7(e), the depth and width of the grooves on the wear
surface after testing at 50 N were significantly higher than that
at 25 N. The average depth of the grooves after testing at 50 N
was approximately 13.5 um. Thus, the abrasion at 50 N was
more severe than that at 25 N, and the main wear form of the
specimen tested at 50 N was the mixed form of abrasive and
adhesive wear. As the normal load was further increased to
100 N, the worn track (Fig. 7c) became obviously different
from that at the other two normal loads. The obvious
characteristic of the wear surface at 100 N was the wave-like
pattern. Grooves could still be observed, but they were no
longer the major feature. Furthermore, numerous bent bound-
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aries of the grooves were observed after testing at 100 N. Bent
boundaries are typical stacks of severe surface plastic defor-
mation (Ref 41). The 3D depth graph shows that the average
depth of the grooves after testing at 100 N was approximately
10.4 um. The shallow and wide grooves further proved that a
severe plastic deformation occurred and yielded stack. Thus,
the main wear form of the specimen tested at a normal load of
100 N was adhesive wear.
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Journal of Materials Engineering and Performance

4. Discussion

The tribological behavior of metals and alloys is related the
friction conditions (such as normal load, friction velocity, and
temperature) and the material properties (such as hardness,
toughness, and strength). Correlations between the wear
properties of the TZ20 alloy and the normal load showed that
with increasing normal load, the friction coefficient decreased,
whereas the weight loss and the specific wear rate increased.
The variations of the wear properties with respect to the normal
load exhibited the general rule for most of metals and alloys.
The main reason is that most particles lost their cutting edges
and particles damaged during the abrasive process, and such
loss would worsen with increasing load (Ref 42, 43).

The relationships between the hardness and the wear
properties demonstrated that the friction coefficient and weight
loss of the TZ20 alloy decreased with increasing hardness at a
low normal load of 25 N. This trend is the typical result
reported in the literature (Ref 44). The main reason is that
improving the hardness can obstruct the break of the surface
bulges (Ref 1). However, reverse trends were detected at high
normal loads of 50 and 100 N. The relationships between the
toughness and wear properties of the specimens tested at high
normal loads of 50 and 100 N also exhibited reverse trends to
that at 25 N. That is, F'C and weight loss increased with
increasing static toughness at low normal load of 25 N, but they
decreased with increasing static toughness at high normal loads
of 50 and 100 N. The obvious effects of the normal load on the
variations of the wear properties with respect to hardness and
toughness were due to two main reasons. The first is the
different wear forms at various normal loads. The main wear
form tested at 25 N was abrasive wear, whereas tracks of plastic
deformation were observed on the worn surface as the normal
load was increased to 50 N. As the normal load was further
increased to 100 N, the plastic deformation became the major
wear character. Plastic deformation on the surface during
friction can drastically affect the wear properties of materials
with high hardness and toughness (Ref 45, 46). Thus, the
variations of the wear properties with respect to both hardness
and toughness significantly changed with increasing normal
load. The second reason is the martensitic transition. The XRD
result in Fig. 1 states that the o martensite was the major
phase of the quenched specimen. According to the literature
(Ref 47, 48), a stress-induced martensitic transition can easily
occur in Ti alloys composed of o” martensite and B phase
during plastic deformation. The stress-induced martensitic
transition in TiZrAlV series alloys can improve the strength
and the hardness (Ref 28, 31). That is, the plastic deformation
on the surface of the quenched specimen during friction can
induce a martensitic transition and change the wear resistance
(Ref 49). Thus, the variations of the wear properties with
respect to hardness and toughness at high normal loads over
50 N were significantly different from that at a low load.
Ehtemam-Haghighi et al. (Ref 10) found a similar result that the
wear rate of the Ti-xNb-7Fe alloy with highest o martensite
concentration had the lowest wear rate.

The results of this study demonstrated that the wear
properties of TZ20 alloys greatly depend on heat treatment
processing. The variation degrees of the wear properties after
various heat treatments were not significant. The FC of the
TZ20 alloy ranged from 0.35 to 0.42. The weight loss varied
from 6.7 mg to 9.6 mg. W, ranged from 4.3 x 107> to
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Fig. 7 Worn trace of the as-received specimen at normal load of (a) 25 N, (b) 50 N, (¢) 100 N, and corresponding 3D depth and 2D profile
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1.3 x 10~* mm*/(Nm). The wear properties of the Ti alloys
can be markedly changed after surface treatment and/or integral
alloying treatment. Chen et al. (Ref 6) showed that the wear
resistance of the 5% CeO, coating on the Ti6Al4V was
enhanced by 24.59-fold of that of the substrate. Ehtemam-
Haghighi et al. (Ref 10) demonstrated that the wear rate of the
Ti-xNb-7Fe alloy was gradually increased from 3 x 107'° to

4652—Volume 27(9) September 2018

1 x 107" m*m as the Nb content was increased from 0 to
11%. The notable difference in the effects of these methods on
the wear resistance resulted from their effect on hardness.
Therefore, on the basis of the current results and those reported
in the literature, the wear resistance of metals and alloys
strongly depends on their hardness (Ref 6, 50) and/or the ratio
of the hardness to the elastic modulus (Ref 9, 10).
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5. Conclusions

The tribological behavior and wear mechanism of the TZ20
alloy as a representative of TiZrAlV series alloys were
investigated in this work. Overall, the friction coefficient of
the TZ20 alloy after various treatments decreased, whereas the
weight loss increased with increasing normal load. However,
the specific wear rate of various specimens exhibited different
trend variations with the normal load. Hardness and toughness
also markedly affected the wear properties of the TZ20 alloy.
However, the variations of the wear properties with respect to
hardness and toughness were greatly affected by the normal
load. Abrasive wear was the main wear form of the TZ20 alloy
at a low normal load of 25 N. As the normal load was increased
to over 50 N, plastic deformation occurred on the wear surface
and worsened with increasing normal load. Consequently, the
main wear form was gradually shifted to adhesive wear.
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