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Abstract Microstructure evolution and tribological properties of a new TiZrAlV alloy have been investigated in the
present study. Various microstructures, i.e., equiaxed grain structure, dual-phase lamella structure, and heterogeneous
lamellar structure, have been successfully prepared, and the effect of the microstructure on tribological properties was
explored by means of cold severe plastic deformation combined with subsequent recrystallization annealing and aging
treatments. The special heterogeneous lamellar-structured alloy exhibits a high ultimate tensile strength (~ 1545 MPa),
reasonable ductility (~7.9%), and excellent wear resistance as compared with the equiaxed grain-structured and dual-
phase lamella-structured alloy. The present study demonstrates an alternative route for enhancing the tribological prop-

erties of alloys with heterogeneous lamellar structure.

KEY WORDS: Titanium alloy; Severe plastic deformation; Thermal treatment; Microstructure; Tribological

property

1 Introduction

Tribological properties are closely dependent on strength
and plasticity. Normally, wear resistance can be enhanced
by increasing strength because hard material hinders the
press/cut of a friction pair into its surface and decreases its
adhesion to the friction pair’s surface [1-4]. Simultane-
ously, high plasticity also contributes to wear resistance by
inhibiting brittle fracture formation during sliding wear [5].
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To enhance the strength of metals and alloys, thermal-
mechanical deformation, e.g., hot rolling, has been widely
employed. However, the grain size of thermal-mechanical
deformed materials is limited from several to tens of
micrometers, which limits the further enhancement of
strength of metallic materials. Recently, cold severe plastic
deformation (SPD) has been employed to change the
microstructure leading to improvement in mechanical
properties of metals and alloys [6-8]. By using the com-
bination of cold deformation, e.g., asymmetrical rolling
and cryorolling, and subsequent thermal treatments,
heterogeneous lamellar structures and multimodal struc-
tures have been introduced into Ti, Cu, and Zr [9-11]. By
using room temperature rolling and subsequent annealing,
and aging, hierarchical structures have been formed in Ti-
based alloy [12]. The formation of these heterogeneous
structures can be attributed to high cold deformation
energy storage permitting high nucleation rates of recrys-
tallization and phase transformation during the thermal
treatment, which then produces various microstructures in
deformed materials [13]. These heterogeneous-structured

@ Springer


http://springerlink.bibliotecabuap.elogim.com/journal/40195
http://crossmark.crossref.org/dialog/?doi=10.1007/s40195-017-0558-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40195-017-0558-7&amp;domain=pdf

494

G.-S. Zhang et al.: Acta Metall. Sin. (Engl. Lett.), 2017, 30(5), 493498

materials exhibited unprecedented mechanical properties,
e.g., unusual high strength and ductility [9]. Researchers
have attributed these optimized mechanical properties to
the back stress effect or complex strain paths in these
heterogeneous-structured materials [9, 10]. These results
indicate a potential to yield good tribological performance
by using cold deformation and subsequent thermal treat-
ment. However, the effect of microstructure of cold
deformed materials upon annealing on tribological prop-
erties has been rarely explored.

As a new member of the Ti alloy family, TiZrAlV alloy
developed from Ti6Al4V alloy shows great potential
application in aerospace and aircraft due to its attractive
properties, such as the resistance to radiation [14-16]. In
the present study, TiZrAlV alloy was used as a model
alloy, and the microstructure and tribological properties of
cold-rolled TiZrAlV samples after thermal-treated at dif-
ferent conditions were investigated. Microstructural evo-
lution with thermal treatment and the relationship between
tribological properties and microstructure were discussed.

2 Experimental Procedure

After solution treatment at 850 °C for 1 h and subsequent
water quenching, a nearly single [ phase-structured
40.2Ti-51.1Zr-4.5A1-4.2V (wt%) alloy (abbreviated as
TiZrAlV below) was attained. The as-quenched TiZrAlV
sheets were rolled with a reduction of ~2% per pass at
room temperature (RT) to yield a severely deformed
sample. An accumulated strain of ~2.65 and a strain rate
of ~1.5 s~! were achieved. More experimental details can
be found in Ref. [16]. Subsequently, the TiZrAlV sheets
subjected to SPD were treated by a three-step thermal
treatment in a vacuum furnace. The thermal treatment was
composed of a one-step recrystallization annealing and a
two-step aging treatment. First, the SPD sample was trea-
ted by recrystallization annealing at 675 °C for 10 min
(A) to yield an equiaxed f grain structure. Then, the

annealed sample was aged at 625 °C for 2 h (B) to pre-
cipitate o grains and lamellas in 5 grains. Finally, the first-
step aged sample suffered from the second-step aging at
300 °C for 1.5 h (C) to precipitate o lamellas in residual f3
phase.

To simulate the outer space environment and study the
effect of microstructure on the tribological properties of
TiZrAlV samples, friction wear tests were performed in
vacuum (p < 10™* Pa) using a ball-on-disk GTM-3E tri-
bometer with a load of 4 N. The sample size was 18 mm in
diameter and 0.5 mm in thickness. The hardness of the GCr
15 ball with a diameter of 6 mm was 720-780 HV. The
rotation diameter and speed were 7 mm and 200 rpm,
respectively. Uniaxial tensile tests were performed on the
samples with a gauge length of 2.2 mm x 0.35 mm X
5.0 mm at a strain rate of 0.001 s~ ' using an Instron 5948
Micro-Tester at RT. The tensile direction was parallel to
the rolling direction of the samples. More than three times
of the friction wear and tensile tests were performed on
each sample to ensure reproducible results.

The mass and hardness were measured using an elec-
tronic balance and a Shimadzu HMV-2000 Vickers
microhardness tester, respectively. The microstructure of
samples on the rolling plane and the worn subsurface was
characterized by transmission electron microscopy (TEM,;
JEM-2010). Optical metallography and field emission
scanning electron microscopy (FESEM; Hitachi S-4800)
were used to examine the morphology of the worn sample
surfaces.

3 Results and Discussion

Figure 1 presents the TEM images of SPD TiZrAlV sam-
ples after three different thermal treatments. After the
annealing at 675 °C for 10 min (Fig. 1a), coarse f§ grains
with an equiaxed grain having an average grain size of
~12 uym were observed. After the first-step aging at
625 °C for 2 h (Fig. 1b), some coarse o lamellas (indicated

Fig. 1 Bright-field TEM images of the annealed a, first- b, second-step ¢ aged SPD TiZrAlV samples. The equiaxed o grains, « lamellas, and o
lamellas are indicated by the symbols «,, o, and yellow arrows, respectively
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Fig. 2 Metallographic images of the surface morphologies of the annealed a, first- b, second-step ¢ aged SPD TiZrAlV samples after a
6000-cycle friction wear test. The variation in wear mass with the increasing thermal treatment procedure is shown in d
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Fig. 3 FESEM images of surface morphologies of annealed a, first- b, second-step ¢ aged SPD TiZrAlV samples after a 6000-cycle friction wear

test

by a) and equiaxed « grains (indicated by o) appeared in
the f§ primary grains, showing a typical dual-phase lamella
structure [15, 17]. After the second-step aging at 300 °C
for 1.5 h (Fig. 1c), numerous needle-like o” lamellas
(indicated by yellow arrows), together with some equiaxed
o grains, were presented in the residual f§ phase between o

lamellas, demonstrating a heterogeneous lamellar structure
[9]. The phase structures of these lamellas and grains were
determined by selected area electron diffraction (SAED)
analysis [12]. The above TEM observations revealed that
the annealing, first- and second-step aging resulted in the
formation of equiaxial grained, dual-phase lamella and
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heterogeneous lamellar structures in the cold deformed
TiZrAlV alloy, respectively.

Figure 2 presents the comparison of tribological prop-
erties of SPD TiZrAlV samples after thermal treatments,
demonstrating an increase in wear resistance. After a
6000-cycle friction wear test, the widths of the wear track
were ~925, ~822, and ~679 pm for the annealed, first-
and second-step aged samples (Fig. 2a—c), respectively.
And the mass weighing gave a decreased wear mass cor-
responding to the three different thermal treatment proce-
dures. Both the decreased wear track width and wear mass
showed an increase in the wear resistance. Moreover, the
increase in wear resistance was also confirmed by SEM
observations (Fig. 3a—c). On the wear surface of the
annealed SPD sample (Fig. 3a), severe peeling and deep
furrows running parallel to the sliding direction were
observed, showing severe wear damage. However, for the
first-step aged sample (Fig. 3b), slight peeling and shallow
furrows were present. After the second-step aging, a
smooth surface with shallow furrows was observed on the
worn surface (Fig. 3c). The results indicate the fewer and
shallower peeling and furrows, the lower wear damage, i.e.,
the better wear resistance.

To reveal the enhanced wear resistance of SPD TiZrAlV
under different thermal treatment procedures, the
mechanical properties were evaluated. The tensile engi-
neering stress—strain curves of the SPD samples after
thermal treatments are shown in Fig. 4. The annealed
sample exhibited a low ultimate tensile strength oy, of
~987 MPa and a large elongation to failure & of ~21.1%
(curve A). After the first-step aging, o, increased to
~ 1140 MPa, whereas & sharply decreased to ~11.9%
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Fig. 4 Engineering tensile stress—strain curves of SPD samples after
annealing a, first- b, second-step ¢ aging. The inset shows the Vickers
hardness of TiZrAlV samples after annealing, first- and second-step
aging treatments
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(curve B). After the second-step aging, oy, sharply
increased to ~ 1545 MPa, whereas ¢; slightly decreased to
~7.9% (curve C). The increase in strength was also con-
firmed by Vickers hardness measurement, which gave the
Vickers hardness of ~365, ~388, and ~402 HV corre-
sponding to the three thermal-treated SPD samples (see the
inset in Fig. 4). The low strength and hardness of annealed
sample can mainly be attributed to the large amounts of
pure soft  phase (Fig. la). After the first-step aging,
equiaxed o grains and o lamellas were formed in the
TiZrAlV samples (Fig. 1b), contributing to the enhanced
strength and hardness due to the following two factors.
First, the o phase is harder than f phase. Second, the for-
mation of o lamellas resulted in a lot of phase boundaries in
the sample, which can be acted as barriers to impede dis-
location motion. After the second-step aging, needle-like
o lamellas precipitated in the residual f phase (Fig. 1c),
further suppressing the dislocation motion via increasing
phase boundaries. This led to the further enhancement in
strength and hardness. The increasing hardness augments
wear resistance by weakening the plowing effect [18].
Moreover, poor ductility of high-strength material is
detrimental for wear resistance. Normally, a high strength
higher than 1500 MPa is always accompanied by a limited
ductility (e.g., <5%) [14, 19]. Here, appropriate ductility
(¢ = 7.9%) of the second-step aged sample is also
important in maintaining the high wear resistance via
suppressing the brittle fracture of surface material during
sliding wear [5].

To further investigate the underlying factors contribut-
ing to wear resistance, TEM analysis of the subsurface of
worn samples was performed. In the annealed sample
(Fig. 5a), dislocations were present in some coarse grains
(indicated by the triangles), demonstrating typical harden-
ing results from dislocation pile-up and tangling. The flow
stress in the sample was low because of the relatively weak
grain boundary strengthening. In the first-step aged sample
(Fig. 5b), abundant dislocations appeared in the residual f
phase (indicated by the triangles). However, these dislo-
cations are difficult to transit into o lamellas because these
o lamellas may still be elastically deformed due to their
high yield strength. The heterogeneity in the dual-phase
lamella structure produces high back stress as pointed out
by Wu et al. [9, 20]. This high back stress together with
high grain boundary strengthening resulted in high flow
stress in the sample. In the second-step aged sample,
besides of dislocation accumulation, some small laths
(indicated by the red arrows) appeared in the coarse o
lamellas (Fig. 5c, d). The small laths were determined to be
o/ phase by SAED patterns (Fig. 5¢). The appearance of o”
lath in the interior of o lamellas signified the occurrence of
o to o” martensitic transformation during the friction wear
test, which is different from the isothermal transformation
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Fig. 5 Subsurface bright-field TEM images of the annealed a, first- b, second-step ¢ aged SPD TiZrAlV samples after friction wear test. d,
f High-magnification bright- and dark-field images of the local area in ¢. e SAED pattern is achieved from the encircled region in d. Dislocations
in a, b, o” laths in ¢ are indicated with triangles and red arrows, respectively

of B to &’ phase during the second-step aging. The latter  increased due to the formation of «” lath in them. Although
led to the formation of needle-like o phase in residual § & phase is softer than o phase, the newly formed o laths
phase (Fig. 1c). As a comparison, there is no o lath found  may still increase the strength and hardness of the TiZrAlV
in the interior of the o lamellas of the first-step aged  alloy by hindering dislocation motion via the increased
samples. The phase boundaries in the o lamellas should be ~ phase boundaries, thereby contributing to wear resistance.
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Similar wear-induced martensite transformation has not
been reported in other Ti alloys. The study on the effect of
martensite transformation on wear resistance is currently
underway.

One point should be mentioned that many equiaxed
grain-structured Ti-based alloys also have been reported to
exhibit ultrahigh strength and good ductility. For example,
equiaxed grain-structured TiNb alloys were prepared via
introducing strengthening phase FeTi or CoTi, into f-Ti
matrix and exhibited excellent mechanical properties,
including high strength, good ductility, and high wear
resistance [21-25]. Here, an equiaxed grain structure
without any precipitates was formed in the annealed TiZ-
rAlV alloy. The equiaxed grain-structured TiZrAlV alloy
exhibited a poor wear resistance, which should be attrib-
uted to its low strength due to the lack of strengthening
phases. Conversely, due to the existence of structural gra-
dient (e.g., o and o” lamellas in different scales), the sec-
ond-step aged TiZrAlV exhibits a good combination of
high strength, good ductility, and high wear resistance.
These results demonstrated that forming a hierarchical
structure is an effective way to optimize wear properties of
metallic materials.

4 Conclusion

Three different microstructures are formed in a TiZrAlIV
alloy by employing a combination of cold SPD and dif-
ferent thermal treatments. Compared with the equiaxed
grain-structured and dual-phase lamella-structured alloy
samples, the TiZrAlV alloy with heterogeneous lamellar
structure exhibits an excellent wear resistance. The high
wear resistance could be mainly attributed to the combi-
nation of high strength and reasonable ductility provided
by the heterogeneous lamellar structure. Moreover, the
transformation of « to «” phase during sliding wear also
contributed to the enhanced wear resistance. The present
study revealed that the heterogeneous structure is promis-
ing for high wear resistance and may attract extensive
interest for engineering applications.
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