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Abstract: In this experiment, an annealing treatment was carried out for a rolled Zr–Ti–8V alloy,
and the toughening mechanism of the material was thoroughly analyzed by combining advanced
material characterization and other testing methods. The phase composition of the Zr–Ti–8V alloy
was sensitive to the applied annealing temperature, while a series of changes in the phase composition
of the alloy were induced by enforcing bigger thermal budgets. Implementing a temperature value of
450 ◦C led to a higher α-phase content, in striking contrast with the case where a lower annealing
temperature of 400 ◦C was applied. The β grains that were stretched in the alloy’s rolling direction
and annealed at 600 ◦C to 800 ◦C were recrystallized. As a result, the acquired configuration was
equiaxed with β grains. The extracted results revealed that the alloy annealed at 450 ◦C showed a
good strong–plastic ratio, with tensile strength and elongation of 1040 MPa and 8.2%, respectively. In
addition, the alloy annealed at 700–800 ◦C showed good plasticity properties. From the hardness tests
and friction wear experiments on all the experimental alloys, it was demonstrated that the dual-phase
alloy with α + β had higher hardness and wear resistance, whereas the opposite trend was observed
for the single β-phase alloy.

Keywords: Zr alloys; microstructure; tensile performance; tribological properties

1. Introduction

Zirconium (Zr) and Zr-based alloys are regarded as excellent material structures for
the nuclear industry [1–3]. More specifically, the relatively small neutron absorption cross-
sectional area of the Zr-based materials reduces the imposed damages to the structural
components in the irradiated environment, which in turn improves their material lifetime.
Consequently, Zr and Zr-based alloys have applications of high importance in the nuclear
industry, accounting for about 70% of their total production applications. Conventional
Zr-based alloys have several disadvantages, such as low tensile strength and susceptibil-
ity to pitting, which significantly limit their application to other fields [4–6]. In addition
to the nuclear industry, Zr and Zr-based alloys also have important applications in the
aerospace field. However, there currently are not many Zr-based alloys that are commer-
cially available. Due to the modern needs of both the nuclear and aerospace industries,
the development of new Zr-based materials with high mechanical strength and corrosion
resistance capable of adapting to the complex space environment has become a research
hotspot [7,8]. The optimization of the composition of the material and enforcing different
rolling deformation treatments for improving the alloy’s strength has been reported in the
literature. However, in the industrial field, in order to better adapt the structural material to
the operating environment, it is necessary to apply a heating process during the synthesis
of the structural material to obtain matching operating properties [9].

Crystals 2022, 12, 1765. https://doi.org/10.3390/cryst12121765 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst12121765
https://doi.org/10.3390/cryst12121765
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://doi.org/10.3390/cryst12121765
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12121765?type=check_update&version=1


Crystals 2022, 12, 1765 2 of 17

The desired microstructure of Zr-based alloys can be obtained by selecting the ap-
propriate thermomechanical processing parameters (e.g., strain rate, deformation, and
temperature) to acquire suitable properties [10]. Zhang et al. [11] first discovered the dou-
ble yielding behavior in Zr-based alloys by examining the organization and mechanical
properties of a new Zr–Al–V-based alloy in the hot-rolled state. The alloy can be rolled and
deformed, which leads to an increase in the density of defects within the matrix and an
elevated distortion of gold. As a result, the alloy exhibits mechanical instability [12–14].
Moreover, the β-phase volume fraction and grain size in the alloy increase with the anneal-
ing temperature, while the excessive grain size is not conducive to the overall mechanical
properties of the alloy. Thus, the annealing temperature of Zr–Ti-based alloys should not
be made too high [15,16].

After the plastic deformation region, the annealing process results in a more homoge-
neous organization and the formation of stable grain boundaries. To better understand the
induced changes in the specimen’s organization and the mechanical properties of the anneal-
ing process parameters, many experiments have been conducted [17,18]. Yang et al. [19]
annealed a Zr–2.5Nb alloy in the hot-rolled state, and the results showed that the post-
extension of the alloy gradually increased. The tensile strength also initially showed a
tendency to increase and then decrease when annealed at 300–700 ◦C. By applying an an-
nealing temperature of 500 ◦C, a β-phase toω transition was recorded, which was the main
goal for strengthening the alloy. In addition to the impact of the annealing temperature on
the conventional mechanical properties of Zr-based alloys, the influence of the annealing
temperature on the frictional properties of Zr-based alloys has been reported by a few
studies in the literature. It is worth noting that zirconium and its compounds are used
in medicine, particularly, the production of oxide structures with the high hardness and
wear resistance of zirconium products [20,21]. Ding et al. [22] further improved the wear
resistance and corrosion resistance of Zr–Ti-based alloy surfaces by using a thermal oxida-
tion treatment. Wang et al. found the biomedical feasibility of Ti–Nb–Zr shape memory
alloy through their research; more generally, these alloys are the basis for shape memory
materials [23].

The addition of element V as an alloying element in zirconium alloys enhances plastic-
ity, has a low rheological stress, and facilitates die forging. In our group’s previous research,
it was found that Zr–Ti–8V exhibited excellent performance. To further improve the strong
plasticity of Zr-based alloys, this study explored the annealing of a hot-rolled Zr–Ti–8V
alloy. The correlation between the different annealing temperatures on the mechanical
properties of the proposed alloy structure, phase transformation and its tissue evolution
pattern, plastic deformation, and work hardening were thoroughly investigated. Its tribo-
logical wear properties were also studied, as a lack of tribological behavior data would
significantly limit its potential for use in moving parts.

2. Materials and Methods

The Zr–Ti–8V alloy was prepared in a vacuum induction suspension melting furnace
by using a water-cooled copper crucible. The selected raw materials were 99.7% titanium
sponge, 99.5% Zr sponge, and 99.9% high-purity vanadium lumps, added according to an
atomic ratio of 23:23:4, with a total mass of approximately 5 kg. After the elapse of 30 min,
the uniformly melted alloy was cast into alloy ingots. The ingots were cut into blocks of
20 mm height, 20 mm width, and 20 mm length blocks by wire cutting. The muffle furnace
was first raised to a preset temperature, and then the blocks were placed in the muffle for
30 min at 550 ◦C and then immediately removed for rolling. The rolling was achieved with
a two-high hot rolling mill. The method of multiple passes of late binding was used. The
amount of down-pressing was 4 mm. After three instances of down-pressing, to avoid the
alloy from cracking in the rolling process, the last amount of down-pressing was 2 mm.
Finally, the sample was rolled from 20-mm-thick to 6-mm-thick sheets.

The hot-rolled samples were then placed in a vacuum tube furnace and were annealed
at the following temperature values with a holding time of 3 h: 400 ◦C, 450 ◦C, 500 ◦C,
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600 ◦C, 700 ◦C, and 800 ◦C. The cooling was performed by means of furnace cooling. Speci-
mens were sanded with 150#, 600#, 1000#, 2000#, 3000#, and 5000# sandpaper, followed
by polishing. The specimens were subjected to metallographic etching with Kroll reagent,
which was composed of a mixture of H2O, HNO3, and HF (16:3:1). The phase composition
of the samples was measured by X-ray diffraction (XRD, Bruker D8 Discover) at an angle of
10–90◦. Optical microscopy (OM, OLYCIA M3), scanning electron microscopy (SEM, JEOL
JSM-7100 (JEOL Ltd., Tokyo, Japan), electron probe (EPMA, JEOL JXA-8530F (JEOL Ltd.)),
and transmission electron microscopy (TEM, JEOL-2010 (JEOL Ltd.)) measurements were
used for microstructure and elemental distribution of the alloy. The TEM specimens were
prepared via twin-jet electropolishing. The preparation environment was −30 ◦C, 15 V, at
10 wt% perchloric +90 wt% methanol electrolyte. The phase-transition temperature of the
alloy was also tested by differential scanning calorimetry (DSC, TA Instruments SDT Q-600
(TA Instruments, New Castle, DE, USA)).

Hardness testing was carried out using an FM ARS 9000 micro-Vickers hardness tester
from FUTURE-TECH (Kawasaki, Japan). The hardness test load was 200 gf for 15 s, whereas
an average value was taken for 12 consecutive measurements. The tensile tests were carried
out on an Instron5982 tester, all-sheet tensile samples were used, the length direction of
the sample was in the rolling direction, and the test rate was 5 × 10−4 s−1. To ensure the
accuracy of the tests, three samples were prepared for testing.

Before conducting the friction and wear tests, the entire specimen was polished to
exclude the influence of different surface roughness values on the test results. In this
experiment, the reciprocating mode of the Bruker UMT-5 friction and wear tester were used
for the dry friction test at room temperature under air condition. By applying a loading
pressure of 10 N, a sliding speed of 1 cm/s, a reciprocating amplitude of 4 mm, and a
sliding time of 10 min, the friction and wear were characterized by the reciprocation of
linear sliding friction between the ball blocks. The indenter in the friction and wear test
was a GCr15 steel ball.

3. Results
3.1. Initial Microstructure and Phase-Transition Temperature

Figure 1a,b depicts the EBSD graphics of the hot-rolled Zr–Ti–8V alloy. The results
show that all grains of the hot-rolled Zr–Ti–8V alloy were compressed and deformed along
the ND direction. Furthermore, a large amount of deformed fiber organization within
the original β grains was captured in combination with a large amount of deformation
weave inside the alloy. The presence of a deformation weave led to a change in the alloy
crystallographic orientation. Figure 1c shows the acquired XRD pattern of the Zr–Ti–8V
alloy in the rolled state. By observing the peak intensity of the (200) crystallographic
diffraction peak at 2θ = 53◦ in the XRD diffraction pattern of Figure 1c, the peak intensity of
the (200) crystallographic diffraction peak of the hot-rolled Zr–Ti–8V alloy is significantly
higher than that of the other crystallographic orientations. This effect clearly indicates that
the base crystal of the alloy has been selectively oriented during the applied rolling process.

The main methods that are commonly used in the laboratory to test the phase-
transition temperature of alloys include metallographic and DSC methods. Compared with
the metallographic method, DSC has the advantages of fast detection, high sensitivity, and
low cost [24–26]. The phase-change point of the alloy was also tested. Since the Zr–Ti–8V
alloy in the hot-rolled state could be found in full β-phase, the rolled state was regarded
as the complete β phase, while the phase-transition point could not be obtained by the
DSC test. For that reason, the alloy was held at 400 ◦C for 24 h before carrying out the
phase-change point test. The extracted DSC results are shown in Figure 1d, where a single
α-phase below 440 ◦C, a single β-phase above 510 ◦C, and a co-existence of the α + β
phases in the middle of these two temperature ranges was detected.
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Figure 1. (a,b) EBSD orientation image of 450 ◦C of hot-rolled Zr–Ti–8V alloy; (c) XRD pattern of
hot-rolled Zr–Ti–8V alloy; (d) DSC curve of Zr–Ti–8V alloy.

3.2. Phase Composition and Microstructure after Annealing

Figure 2 shows the XRD patterns and TEM images of the Zr–Ti–8V alloy in the
rolled state at different annealing temperatures. As can be ascertained from Figure 2a, the
phase composition of the Zr–Ti–8V alloy was changed significantly by enforcing different
annealing temperatures. Partial enlargement of the XRD diffraction pattern of the Zr–Ti–8V
alloy annealed at 400 ◦C, 450 ◦C, and 500 ◦C in the range of 50◦ to 60◦ was measured by
observing the intensity of the diffraction peaks in the β-phase (200) plane. However, at the
temperature values of 450 ◦C and 500 ◦C, the α-phase and β-phase contents of the alloy
were diametrically opposed [27,28]. More specifically, the α-phase content predominated
at 450 ◦C, and the β-phase content predominated at 500 ◦C. The phase-transition point
of the Zr–Ti–8V alloy was reported in our previous work, in which it was demonstrated
that the biphasic zone of the alloy was developed in the temperature range of 440 ◦C to
510 ◦C. The phase composition of the alloy annealed at 400 ◦C is biphasic mainly due to
the weak atomic migration ability at this low temperature value and the short holding time.
Consequently, the β-phase fails to decompose completely into the α-phase. Interestingly,
above the temperature value of 600 ◦C, the phase composition of the alloy was mainly
composed of a single β-phase, and no other phase structure was found. Figure 2b shows
TEM images of the annealed alloys at 400 ◦C, 450 ◦C, and 500 ◦C, where the needle-like
alpha phase is clearly visible in the matrix along a certain orientation.
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Figure 2. (a) XRD pattern of the annealed Zr–Ti–8V alloys; (b) TEM images of the Zr–Ti–8V annealed
alloy at 400 ◦C, 450 ◦C, and 500 ◦C.

The microstructure images of the annealed Zr–Ti–8V alloy are shown in Figure 3. The
alloy organization that is displayed in the metallographic image in Figure 3a was signifi-
cantly influenced by the annealing temperature. At the temperature range of 400–500 ◦C,
the alloy grain morphology remained the same as that after the rolling deformation process.
Moreover, the equiaxed grains were stretched along the rolling direction, and a large num-
ber of stripes along the rolling direction were distributed inside the grains. Arguably, the
internal stresses inside the annealed alloy do not disappear completely in this temperature
range, whereas both the annealing temperature and time cannot induce the recrystalliza-
tion of the alloy. By further observation of metallographic organization, it was found that
regular precipitation of black tissue near the deformed tissue of grain boundaries occurred
at the annealing temperatures of 400 ◦C and 450 ◦C. On the other hand, in the organization
of the unknown region, annealing at 450 ◦C rather than 400 ◦C led to the precipitation of
more tissue. At 500 ◦C, the precipitated tissues near the grain boundaries disappeared,
but the grain boundaries and deformation stripes appear coarsened, probably due to the
precipitation of other tissues in this area. Additionally, according to the XRD analysis, the
precipitated structure may be composed of a fine needle-like α phase.

When the annealing temperature was increased above the value of 600 ◦C, the de-
formed grains and deformation streaks disappeared from the matrix, and a relatively large
number of equiaxed β grains with uniform and small grain sizes appeared. By comparing
the average grain size (600–800 ◦C annealed), it was found that the grain size of the sample
annealed at 800 ◦C was the largest. From the SEM image shown in Figure 3b, substantial
needle-like α-phase organization was detected at the annealing temperature values of
400 ◦C and 450 ◦C, whereas the needle-like α was regularly distributed in the matrix along
with the deformed fiber organization. Annealing at 500 ◦C led to the formation of a small
amount of needle-like α-phase precipitation on both sides of the grain boundary, which
can be interpreted as the existence of a coarse grain boundary in the metallographic picture.
Combined with the binary phase diagrams of Zr–V and Ti–V, the solid solubility of element
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V in α-Ti and α-Zr is evidently limited. Therefore, the distribution of elements in the alloy
microstructure must be further studied. Figure 3c shows the EBSD image of the alloy
annealed at 450 ◦C, where the distribution of α and β phases in the matrix of the alloy
annealed at 450 ◦C can be more clearly observed. Although the α phase precipitated in the
βmatrix, this precipitation was not uniform. Furthermore, the α phase precipitated only
inside β grains, whereas some β grains were retained under the low-temperature annealing
condition at 450 ◦C. This situation may be related to the solid solubility of V elements in
the α phase and the aggregation of V elements within specific β grains that caused the
inhomogeneity of the α phase precipitation.
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The annealed alloy was also tested by EPMA. Figure 4 shows the EPMA image of the
annealed Zr–Ti–8V alloy by comparing the distribution of Zr, Ti, and V elements in the alloy
matrix. The formation of evident V-rich regions in the matrix under 400 ◦C and 450 ◦C
annealing conditions was found. Based on the metallographic analysis, the V-rich region
appears to correspond to the unknown region in the metallographic diagram, while the V-
rich region annealed at 400 ◦C is significantly larger than that at 450 ◦C. These outcomes are
also consistent with the XRD test. Due to the application of a lower annealing temperature
at 400 ◦C and a relatively short holding time, the atomic migration ability was reduced.
Thus, the original β-phase in the alloy annealed at the temperature value of 400 ◦C could not
be completely decomposed into the α-phase. A V-poor zone could be also found near the
grain boundary at the annealing temperature of 500 ◦C, which was due to the preferential
generation of the α phase near grain boundaries. We must emphasize that the α-phase
belongs to the V-poor phase. By further increasing the annealing temperature in the range
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of 600 ◦C to 800 ◦C, the elements were uniformly distributed, with no apparent elemental
segregation taking place.
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3.3. Mechanical Properties
3.3.1. Tensile Properties

The test results of the tensile mechanical properties of the Zr-Ti-8V alloy at different
annealing temperatures are shown in Figure 5. As shown in Figure 5a, the elongation after
fracture, yield strength, ultimate tensile strength, and modulus of elasticity of the alloy
are significantly affected by the annealing temperature. Figure 6a–d shows the specific
performance parameters. More specifically, the alloy annealed at the temperature value
of 450 ◦C shows better mechanical properties, with an ultimate tensile strength of up to
1040 ± 12 MPa and elongation of up to 8.2 ± 0.3%. This is discussed in more detail below.
Although the alloy annealed at 400 ◦C showed the highest ultimate compressive strength,
poor elongation after the break was recorded. The compressive strength and elongation at
break were 1417 ± 11 MPa, and 1.7 ± 0.2%, respectively. For the alloys annealed at 700 ◦C
and 800 ◦C, a good elongation behavior after the break was observed, with elongation
ranging from 11.4% to 11.5%. Compared with annealing at 450 ◦C, the ultimate tensile
strength decreased significantly, which reflects the well-established mechanical rule that
better elongation usually corresponds to a lower tensile strength. The alloy structures
annealed at 500 ◦C and 600 ◦C exhibited poor ultimate tensile strength and poor post-
extension, as shown in Table 1.

Crystals 2022, 12, x FOR PEER REVIEW 8 of 17 
 

 

3.3. Mechanical Properties 

3.3.1. Tensile Properties 

The test results of the tensile mechanical properties of the Zr-Ti-8V alloy at different 

annealing temperatures are shown in Figure 5. As shown in Figure 5a, the elongation 

after fracture, yield strength, ultimate tensile strength, and modulus of elasticity of the 

alloy are significantly affected by the annealing temperature. Figure 6a–d shows the 

specific performance parameters. More specifically, the alloy annealed at the tempera-

ture value of 450 °C shows better mechanical properties, with an ultimate tensile 

strength of up to 1040 ± 12 MPa and elongation of up to 8.2 ± 0.3%. This is discussed in 

more detail below. Although the alloy annealed at 400 °C showed the highest ultimate 

compressive strength, poor elongation after the break was recorded. The compressive 

strength and elongation at break were 1417 ± 11 MPa, and 1.7 ± 0.2%, respectively. For 

the alloys annealed at 700 °C and 800 °C, a good elongation behavior after the break was 

observed, with elongation ranging from 11.4% to 11.5%. Compared with annealing at 

450 °C, the ultimate tensile strength decreased significantly, which reflects the 

well-established mechanical rule that better elongation usually corresponds to a lower 

tensile strength. The alloy structures annealed at 500 °C and 600 °C exhibited poor ulti-

mate tensile strength and poor post-extension, as shown in Table 1. 

 

Figure 5. (a) True stress–strain curve and (b) elastic-deformation-stage true stress–strain curve of 

annealed Zr–Ti–8V alloys. 

Table 1. Yield strength, compressive strength, elastic modulus, and elongation after fracture of the 

annealed Zr–Ti–8V alloys. 

Alloys 400 ℃ 450 ℃ 500 ℃ 600 ℃ 700 ℃ 800 ℃ 

Yield strength (MPa) 1408 ± (21) 966 ± (9) 810 ± (16) 809 ± (18) 868 ± (6) 839 ± (9) 

Ultimate tensile 

strength (MPa) 
1417 ± (11) 1040 ± (12) 846 ± (12) 856 ± (13) 915 ± (9) 893 ± (8) 

Elastic modulus (GPa) 90 ± (1) 84 ± (2) 79 ± (6) 69 ± (2) 71 ± (1) 69 ± (3) 

Elongation (%) 1.7 ± (0.2) 8.2 ± (0.3) 3.7 ± (1.7) 6.9 ± (0.3) 11.9 ± (0.5) 11.4 ± (0.8) 

Based on the trend curve of the elastic modulus with the applied annealing temper-

ature in Figure 6d and analyzing the variation law of the elastic modulus of the alloy, 

when the annealing temperature is in the range of 400 °C to 600 °C, the elastic modulus 

of the alloy shows an opposite variation trend with the annealing temperature. On the 

other hand, when the annealing temperature is in the range of 600 °C to 800 °C, the 

modulus of elasticity of the alloy does not significantly change. By further observing the 

Figure 5. (a) True stress–strain curve and (b) elastic-deformation-stage true stress–strain curve of
annealed Zr–Ti–8V alloys.

Table 1. Yield strength, compressive strength, elastic modulus, and elongation after fracture of the
annealed Zr–Ti–8V alloys.

Alloys 400 ◦C 450 ◦C 500 ◦C 600 ◦C 700 ◦C 800 ◦C

Yield strength (MPa) 1408 ± (21) 966 ± (9) 810 ± (16) 809 ± (18) 868 ± (6) 839 ± (9)
Ultimate tensile strength (MPa) 1417 ± (11) 1040 ± (12) 846 ± (12) 856 ± (13) 915 ± (9) 893 ± (8)

Elastic modulus (GPa) 90 ± (1) 84 ± (2) 79 ± (6) 69 ± (2) 71 ± (1) 69 ± (3)
Elongation (%) 1.7 ± (0.2) 8.2 ± (0.3) 3.7 ± (1.7) 6.9 ± (0.3) 11.9 ± (0.5) 11.4 ± (0.8)
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annealed Zr–Ti–8V alloys.

Based on the trend curve of the elastic modulus with the applied annealing tempera-
ture in Figure 6d and analyzing the variation law of the elastic modulus of the alloy, when
the annealing temperature is in the range of 400 ◦C to 600 ◦C, the elastic modulus of the
alloy shows an opposite variation trend with the annealing temperature. On the other
hand, when the annealing temperature is in the range of 600 ◦C to 800 ◦C, the modulus of
elasticity of the alloy does not significantly change. By further observing the trend of the
yield strength of the alloy as a function of the annealing temperature, a similar trend to that
of the elastic modulus is found; the occurrence of such a change is related to the atomic
bonding pattern.

Figure 7 shows the tensile fracture morphology of samples of the Zr–Ti–8V alloy with
different annealing temperatures. Based on their sizes, the tough nests in the fractures of the
alloys annealed at 450 ◦C, 700 ◦C, and 800 ◦C were large and deep, characteristic of ductile
fracture. The fracture microscopic morphology shown in Figure 7c,d has a non-uniform size
of tough nests and tiny cracks at the fractures can be observed, reflecting the low plasticity.
Notably, the fracture microstructure of the alloy annealed at 400 ◦C exhibits very small
toughness nests, which also indicates a poor plastic deformation capability in the alloy.
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3.3.2. Microhardness

In this work, the microhardness of the samples at different annealing temperatures was
tested. Figure 8a shows the histogram of Vickers hardness test results of the Zr–Ti–8V alloy
at different annealing temperatures. Interestingly, the alloy annealed at 400 ◦C showed the
largest Vickers hardness (371 HV1.96), and the temperature was further increased to 345
HV1.96 at 450 ◦C, which was 26 HV1.96 lower than that of the alloy annealed at 400 ◦C. In
addition, the microhardness of the alloy annealed at the temperature range from 500 ◦C to
800 ◦C had a decreasing trend, but the decrease was not large. As a result, by considering
the microhardness characteristics of the alloy in combination with the phase components,
we concluded that the microhardness values of the α + β dual-phase alloy were higher
than the β phase alloy.
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3.3.3. Tribological Properties

The impact of the annealing temperature on the tribological properties of the Zr–Ti–
8V alloy was further studied. To do so, frictional wear experiments were conducted on
specimens with different annealing temperatures. The results of the friction coefficient
curves are shown in Figure 8b, where the curves of the run and stage have been removed.
Here, the friction coefficient of the alloy substrate that was annealed at 400 ◦C is relatively
smooth from the beginning to the end, and they all remain around the value of 0.4. For
the alloy substrates that were annealed at 450 ◦C and 500 ◦C, similar friction coefficients
to annealing at 400 ◦C were recorded in the first 300 s, while the friction coefficients were
around 0.4. After 300 s, the friction coefficients of both exhibited an increasing tendency
with time, and by the end of the experiment, the same pattern was observed. The coefficient
of friction of the alloy structures annealed within the range of 600–800 ◦C remained at a
relatively high level (0.5) at the beginning of the experiment, and interestingly, a declining
pattern in the 0–400 s time range emerged. After 400 s, the friction coefficient of the alloy
increased with time. Comparison of the magnitude of the coefficients of friction at each
stage of the alloys annealed at 600–800 ◦C revealed that the alloy annealed at 800 ◦C
maintained a high coefficient of friction at all stages. Meanwhile, the alloys annealed at
600 ◦C and 700 ◦C possessed similar coefficient of friction curves.

The wear volume is regarded as a physical quantity indicator that can visually reflect
the frictional wear performance; Figure 8c shows the wear volume of specimens annealed
at different temperatures. The wear volume of the specimen annealed at 600 ◦C is the largest,
namely 0.578 mm3, which indicates that the wear resistance of the specimen annealed at
600 ◦C was poor and severe wear occurred during the frictional wear process. Consequently,
the reduced volume left the substrate in the form of abrasive chips [29]. In striking con-
trast, the specimen annealed at 400 ◦C had the smallest wear volume, which was due to its
higher hardness, denser film layer, and reduced number of defects, resulting in excellent
wear resistance.

Since the friction process will inevitably induce the formation of many complex condi-
tions such as the broken film of abrasive chips, damage to the grinding ball, etc., the impact
of the friction coefficient on the results of friction wear is not clear. At this time, the two-
dimensional and three-dimensional morphology of the abrasion marks can provide valuable
evidence, as can be ascertained from Figure 9. The three-dimensional morphology of all the
specimens shows a deep furrow-based shape along the direction of the ball movement,
whereas many fine particles scattered near the furrow can be detected, which are typical of
the abrasive wear morphology [30,31]. Grain wear also occurs when the micro-convex body
between the two contacting surfaces is dislodged to form abrasive chips or when external
hard particles are introduced, which can produce microscopic cuts on the surface and cause
scratches. Thus, the abrasion marks could lead to the formation of a furrow-like shape.
Comparing the two-dimensional images and cross-sectional curves depicted in Figure 9,
the abrasion marks of the specimen annealed at 400 ◦C were narrower and shallower, and
for the specimen annealed at 400–600 ◦C, they gradually became wider and deeper as
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the annealing temperature was increased. Notably the wear marks were narrower and
shallower within the range of 700–800 ◦C compared to the annealing temperature of 600 ◦C.
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4. Discussion
4.1. Tensile Performance Analysis

Figure 10 shows the strain-hardening rate versus the strain curve for the partially
annealed Zr–Ti–8V alloy. The work-hardening rate reflects the real-time hardening rate
during the deformation process of the material, and a higher value indicates the sensitivity
of the material to work hardening. However, the work-hardening rate is also affected by
external factors such as temperature and strain rate. Hence, it can only reflect the work-
hardening ability of the material to a certain extent. Notably, the strain-hardening rate of all
alloys decreased sharply in the first stage, which was mainly caused by the transition from
the elastic to the plastic deformation mechanism of the alloy. During the second stage was the
plastic deformation, where the strain-hardening rate of the alloy was affected by a variety of
deformation mechanisms. As can be seen from the figure, the strain-hardening rate of the
alloy in this stage remained unchanged, being parallel to the x-axis. The third stage could be
assigned to the plastic deformation mechanism; the strain-hardening rate decreased slowly
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in this stage. By comparing the magnitudes of the strain-hardening rate in the second phase,
a higher value emerged for annealing at 450 ◦C than the other annealing temperatures.
This effect clearly indicates that the alloy has a higher resistance to the plastic deformation
mechanism when annealed at 450 ◦C. The dual-phase microstructure naturally induces
additional strain-hardening compared to the individual constituent phases. During the
deformation, the fine needle-like α-phase acted as a hard phase and impeded dislocation
movement. The simultaneous enhancement of both strength and ductility caused by high
strain-hardening has been also reported in several studies [32,33].
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The phase composition and microstructure of the alloys were also characterized by
significant changes in phase composition and microstructure by enforcing different anneal-
ing temperatures. The results of the tensile properties and hardness tests of the annealed
Zr–Ti–8V alloy indicate that the mechanical properties of the proposed alloy configura-
tion are sensitive to changes in the phase composition and microstructure. The fine-grain
strengthening effect caused enhancement of the mechanical properties of the alloy by
introducing a large number of grain boundary defects, which impeded the movement of
dislocations. In addition, in contrast to the second-phase strengthening effect, fine-grain
strengthening usually resulted in a better strength-to-plastic ratio [34]. During the tensile
property tests, we also found that the α + β duplex alloys with less α-phase content usually
exhibited poor mechanical properties. According to the literature, it has been demonstrated
that duplex alloys usually exhibit excellent mechanical properties. By combining them with
the microstructure of the alloy, the α-phase preferentially precipitates at grain boundaries.
As a result, an unstable alloy structure is formed that is prone to stress concentration [35,36].
Cavity nucleation, growth, and agglomeration can also lead to crack formation, which then
propagates along regions with high stress concentration or weak regions (grain bound-
aries, two-phase particles, shear zones), causing crack generation and subsequent rapid
propagation that ultimately contribute to the poor plastic deformability of the alloy [32].

In the Zr–Ti–8V alloy annealed at 450 ◦C, the β-phase was decomposed into α-phase in
large quantities at the annealing temperature, while the α-phase was uniformly distributed
and dominated in the alloy matrix. The α-phase was composed of a dense hexagonal (HCP)
structure with fewer slip surfaces in the crystal. Thus, the α-alloy usually exhibited high
mechanical strength and high hardness, while the uniform distribution of the α-phase
ensured the structural stability of the alloy, making it less prone to developing stress
concentrations [37]. This microstructure also gave the alloy good plastic deformation ability.
Under enforced high-temperature annealing conditions, the alloy matrix could be found in the
single β-phase, and the crystal structure was body-centered cubic (BCC), which has more slip
surfaces. Consequently, the β-phase alloy usually had better plastic deformation ability [38].
In general, the strength of the alloy increased as the grain size decreased. By comparing the
grain size of isometric grains of the alloy annealed at a relatively high temperature range
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(600–800 ◦C), we found that the difference in the grain size was not large. Hence, the
difference in the ultimate tensile strength and Vickers hardness also was not large.

4.2. Tribological Properties Analysis

A large frictional heat during friction is generated by a given substrate at a large sliding
speed, which will inevitably accelerate the reaction between the air and the substrate and
lead to the formation of a thin oxide layer on the substrate surface. The generation and
breakage of the oxide layer during the friction process is considered a dynamic process:
(1) Under the influence of frictional heat, a thin oxide layer is rapidly generated on the
surface of the substrate. The oxide layer is relatively hard and can play a certain protective
role for the substrate. (2) Under the impact of load and constant sliding friction, the oxide
film generated by the frictional heat is poorly bonded to the substrate and thus breaks
down to form tiny fragments of oxide particles [38].

The discharge of generated oxide particles during the friction process is difficult to
achieve relative to time, producing secondary damage to the surface and imposing serious
abrasive wear phenomena. Similarly, the oxide particles can scratch the hard counterbalance
ball and cause adhesion effects, further aggravating the wear. The friction curves and the
morphology of the wear grooves indicate the simultaneous manifestation of multiple wear
mechanisms in experimental alloys. As Zr- and Ti-based alloys are chemically active and
ductile, their wear mechanisms can be divided into the formation of transfer layers, work
hardening, and oxidation of the material surface, with abrasive wear occurring on all
experimental alloys under the combined effect of multiple wear mechanisms [39–41]. The
local hardness (H) is usually associated with the sliding wear behavior of a material, where
the amount of material lost to abrasive wear is inversely proportional to the hardness of
the material, according to the following equation [42]:

V = KLS/H (1)

where V is the wear volume, K is the coefficient of friction, L stands for the normal load
during the wear test, S represents the sliding distance, and H is the local hardness. It can be
seen from Equation (1) that the surface hardness of a material is closely related to its wear
resistance. The hardness tests showed that the Zr–Ti–8V alloy had a high surface hardness
when annealed within the range of 400–500 ◦C and therefore reflected a low wear volume.
At the range of 600–800 ◦C, the Zr–Ti–8V alloy had a lower surface hardness, and the full
β alloy showed good ductility. As a result, severe adhesive wear occurred in the later
part of the experiment, increasing the wear level, which was the underlying reason for the
increase in the friction coefficient of the alloy (400–900 s). Interestingly, the alloy annealed
at 600 ◦C has the highest wear volume loss of all the annealed alloys, but it was harder
than the alloy annealed at 700–800 ◦C. This phenomenon can be attributed to the instability
of the grain size. On the one hand, the large difference in the grain size, in terms of length,
and the uneven distribution of grains within the matrix during annealing at 600 ◦C can
lead to severe plastic deformation in the large grain region during frictional wear, which
further aggravates adhesive wear. On the other hand, the work-hardening phenomenon
was prominent under large plastic deformation conditions, resulting in a higher hardness
in this region than in the fine-grained zone. The development of uneven forces can also
lead to the formation of cracks within the alloy, prompting the dislodging of particles.

We must emphasize here that when the particles are dislodged during the wear
process, they can produce abrasive wear. Figure 11 depicts more clearly the friction wear
microstructure of the two different alloy configurations. The friction coefficient curves
show a gradual decrease in the early stages of the experiment, mainly due to the generation
of a large amount of heat on the surface under high-speed friction conditions, which could
lead to the formation of a dense and hard oxide film on the surface. In the later stages of
the experiment, the coefficient of friction of all alloys increased to varying degrees, mainly
due to fatigue failure of the alloy surface under prolonged friction conditions, as the hard
oxide film peeled off and the surface began to become rough. We regard the hardness of
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the alloy as the main factor influencing the wear resistance of the alloy, followed by the
microstructure of the alloy. In this study, the alloy phase composition and microstructure
were regulated by applying different annealing temperatures to experimentally control the
alloy’s wear resistance.
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5. Conclusions

In this study, the impact of different annealing temperatures on the structure and
mechanical properties of the Zr–Ti–8V alloy were thoroughly investigated with a variety of
experimental methods to obtain the following conclusions:

1. The hot-rolled Zr–Ti–8V alloy was annealed at lower temperature values (400–500 ◦C),
and the alloy consisted mainly of α + β phases. The needle-like alpha tissue was
regularly distributed in the matrix with the deformed fibrous tissue. When annealed
at 500 ◦C, a small amount of needle-like α phase precipitated on both sides of the
grain boundary, resulting in an organization of coarse-grain boundaries. When the
annealing temperature was increased above 600 ◦C, a large number of equiaxed β
grains with uniform grain size and small dimensions appeared. The grain size of
the alloy initially showed a decreasing trend and then increased as the annealing
temperature increased.

2. The tensile properties of the alloy were significantly affected by the annealing tem-
perature. More specifically, at 400 ◦C, the alloy had high tensile strength (1417 MPa),
but its plasticity was poor at 1.7%, while at 450 ◦C, the alloy exhibited the best
strength–plastic ratio (1039 MPa, 8.2%). The dual-phase microstructure naturally
induced additional strain-hardening compared to the individual constituent phases.
As the annealing temperature continued to increase, the alloy structure became a
single β equiaxed crystal, the strength of the alloy decreased, and the plasticity was
significantly enhanced.

3. Hardness and friction wear tests on alloys with different annealing temperatures
revealed that the hardness and wear resistance of the alloys were sensitive to their
phase composition. The alloys with a α + β dual-phase organization exhibited higher
hardness and wear resistance. The highest hardness and best wear resistance were
extracted for the alloy annealed at 400 ◦C. On the other hand, the single-β alloys had
lower hardness and wear resistance, while for the single-β-phase alloys annealed at
700 ◦C, good wear resistance was recorded.
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