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Abstract: TiIMoNbZr, refractory high-entropy alloys were prepared by vacuum arc melting, and
the influence of the Zr alloying element and its content on the phases, microstructure, mechanical
properties, and wear resistance of TiIMoNbZry alloys was explored. It was found that the alloys after
Zr addition were composed of a single BCC phase. Upon increasing the Zr content, the grain size of
the as-cast alloy decreased first and then increased, and TiMoNbZr 5 exhibited the smallest grain size.
Adding an appropriate amount of Zr increased the strength and hardness of the alloys. TiMoNbZr 5
exhibited the best wear resistance, with a friction coefficient of about 0.33. It also displayed the widest
wear scar, the shallowest depth, and the greatest degree of wear on the grinding ball because of the
formation of an oxide film during wear.

Keywords: high-entropy alloy; microstructure; mechanical properties; processing

1. Introduction

Refractory high-entropy alloys were first proposed in 2010 [1] as promising candi-
dates for use in high-temperature components of aerospace engines and turbine blades
due to their excellent mechanical performance, thermal stability, corrosion resistance,
and oxidation resistance [2-11]. Refractory high-entropy alloys are mainly composed
of high-melting-point elements of the IV, V, and VI subgroups. The properties of such
alloys can be improved by adding elements or adjusting the ratio of elements. Re-
ported refractory high-entropy alloys include NbTaMoW [12-15], TaNbHfZrTi [16-19],
NbMoTaWV [20-22], NbTiVZr [23-26], and AINbTiZrTagsMog 5 [27-29]. Due to their ex-
traordinary thermal resistance, studies of refractory high-entropy alloys have focused on
their mechanical performance [30-34], while few studies have investigated their wear
resistance [35]. Poulia et al. [36,37] used vacuum arc melting to prepare MoTaWNDbV and
MoTaNbZrTi alloys and studied their wear resistance under different conditions. It was
found that the wear resistance of MoTaNbZrTi was better than MoTaWNDYV, followed by
Inconel 718 superalloy. MoTaNbZrTi contained Ti, Zr, and other easily oxidizable elements,
resulting in the generation of oxides on the contact surface, which played a lubricating
effect that helped reduce the wear of the alloy; however, MoTaWNbV and MoTaNbZrTi
had low plasticities of 2.3% and 3%, respectively, which hindered their engineering ap-
plications. Recently, Zhu et al. [38] used mechanical alloying and spark plasma sintering
to prepare TiMoND alloys and found that the cast TiMoNb alloy had a microstructure
composed of the BCC phase. The interface structure and chemical structure of the TiMoNb
alloy were adjusted to form high-density Ti-rich nanoscale precipitates that displayed
high thermal stability and wear resistance, the latter of which was comparable to alu-
mina at room temperature. At 600 °C, the TiMoNDb alloy still showed a very low wear
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rate (~107® mm?3/(N m)), but its hardness and strength were relatively low, making it
unsuitable for applications as a wear-resistant material.

Improving the plasticity of this alloy while ensuring its excellent wear resistance may
further expand the development of other refractory high-entropy alloys for friction and
wear-resistant materials. Zeng et al. [39] confirmed that Al and Cr atoms were prone
to oxidation and formed Cr,O3 and Al,O; layers. The oxidation products produced by
the coating played an important role in the formation of a lubricating film and exhibited
good wear resistance. In addition, it was found that the presence of Zr generated oxides
on the wear surface of the alloy, which provided a lubricating effect and improved the
wear resistance of the alloy [37]. In addition, Tong et al. [40] studied the effect of alloying
elements (Cr, Zr, V, Hf, and Re) on the strength-plasticity trade-off of NbMoTaW refractory
high-entropy alloys. Through first-principles calculations and experiments, they found that
the addition of Zr simultaneously improved the ductility and strength of the alloy. In other
investigations, Mo, Cr, Nb, Ti, V, and other elements also improved the strength-plasticity
trade-off of such alloys [41-45].

Based on the above considerations, in this paper, Zr was added to TiMoND alloy to
strengthen it and improve its wear resistance. TiMoNbZr, high-entropy alloys (x = 0, 0.5,
1, x = the molar ratio, hereinafter referred to as Zrg, Zr( 5, Zr1) were prepared by vacuum
arc melting. The effect of the Zr content on the microstructure, mechanical properties, and
wear resistance of the TiMoNDb high-entropy alloys was studied.

2. Experimental Methods

The raw materials included high-purity (>99.99%) metal blocks (Ti, Mo, Nb, and
Zr). Button-shaped TiMoNbZr, refractory high-entropy alloy ingots were prepared by arc
melting. Each ingot was smelted at least five times under the protection of pure Ar gas to
ensure the uniformity of the alloy components. DK77 wire EDM was used to cut, polish,
clean, and dry samples for later use. X-ray diffractometry (XRD, Cu K« radiation, Rigaku
D/Max 2550VB, BRUKER, Billerica, MA, USA) was used to analyze the phases in the
alloy, with a scanning speed of 5°/min and a scanning range of 20-80°. Scanning electron
microscopy (SEM) (Phenom, Eindhoven, The Netherlands ) was used to characterize
the microstructure, and energy-dispersive spectrometry (EDS) (Phenom, Eindhoven, The
Netherlands ) was used for element composition analysis.

An HVST-1000Z semi-automatic Vickers hardness tester (Laizhou Wei Yi Test Equip-
ment Manufacturing Co, Shandong, China) was used to test the hardness of the alloy (static
load: 100 g; holding time: 15 s). In total, 10 data points were collected for each sample,
and the average value was taken. Samples with a size of ® 5 mm x 8 mm were cut from
the ingots, and a CMT5105GL electronic universal tensile testing machine (SUST, Zhuhai,
China) was used to test the compressive mechanical properties at room temperature with a
loading rate of 0.5 mm/min. The ingots were cut into block specimens with dimensions of
20 mm x 15 mm x 4 mm. The samples were polished with SiC water-abrasive sandpaper,
and the anti-friction and wear properties of the alloys were tested by MDW-05 reciprocating
friction and wear tester (Jinan Yihua Tribology Testing Technology Co., Ltd., Jinan, China).
The grinding ball was Si3sN4 with a size of ® 6 mm. The loads were 30, 50, and 100 N, the
running time was 30 min, and the frequency was 2 Hz. Dry sliding wear tests were carried
out at room temperature in a nonlubricated manner. The samples were ultrasonically
cleaned with acetone before and after wear, and the width and depth of the wear scar were
measured using a two-dimensional profiler to analyze the wear resistance of the alloy.

3. Results and Discussion
3.1. Phase Structure

Figure 1 shows the XRD pattern of (a) the TIMoNbZry high-entropy alloy and (b) an
enlarged view of the main diffraction peak. It can be seen from Figure 1a that the alloys
after Zr addition were composed of a single BCC phase. As shown in Figure 1b, upon
increasing the Zr content, the main diffraction peak of the BCC phase shifted to a lower
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diffraction angle, and the lattice constant of the alloy increased, with lattice parameters of
3.26 A,3.28 A, and 3.29 A for Zry, Zrg5, and Zrq, respectively. The atomic sizes of Ti, Mo,
and Nb are 1.47, 1.47, and 1.4, respectively, which are similar, while Zr has an atomic size
of 1.6, which is much larger than that of Ti, Mo, and Nb; thus, the lattice distortion of the
alloy increased upon increasing the Zr content.
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Figure 1. (a) XRD patterns of the TiIMoNbZry HEAs; (b) magnified main diffraction peak of the TiIMoNbZr, HEAs.

3.2. Microstructure

SEM was used to characterize the microstructure of the TiMoNbZry high-entropy
alloys. The SEM image and EDS analysis of the alloy are shown in Figure 2 and Table 1.
Figure 2a shows that the structure of the Zrj alloy is a typical equiaxed crystal, with
an average grain size of 200 um. In addition, some black precipitates (volume fraction
of approx. 0.42% by Image] software) appeared in the grains, which is known to be a
Ti-rich precipitate according to Ref. [38]. Zr( 5 alloy displayed a dendritic morphology,
with disordered grains with a size range of 40-80 pum (Figure 2b). It can be observed from
Figure 2c that the Zr; alloy has an equiaxed crystal morphology, with an average grain
size of 120 um. This shows that the dendritic morphology of the as-cast alloy was quite
different from that of alloys with different Zr contents. Upon increasing the Zr content, the
alloy grain size first decreased and then increased.

Table 1. Nominal and actual compositions of the TiMoNbZry, HEAs.

Element Content/at %

Alloy Ingredient Region - Mo Nb P
Zrg Nominal 33.33 33.33 33.33 -
Actual GB 35.28 32.24 32.48 -
IG 31.26 33.95 34.79 -
Zrgs Nominal 28.57 28.57 28.57 14.29
Actual ID 31.23 24.27 27.96 16.54
DR 26.18 31.88 28.96 12.98
Zrq Nominal 25.00 25.00 25.00 25.00
Actual GB 28.32 19.18 24.66 27.84
IG 23.27 29.84 25.63 21.26
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Figure 2. SEM and EDS images of the TiMoNbZry HEAs: (a) Zry; (b) Zr(5; (¢) Zry.

According to the SEM images and EDS results, element segregation occurred in the
Zr alloy, in which Ti atoms accumulated in the interior of the grain (IG) region, while Mo
and Nb atoms were uniformly distributed throughout the alloy. In the Zry 5 alloy structure,
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Nb was evenly distributed, while Ti and Zr were mainly distributed between dendrites
(DR), and Mo was mainly distributed in the dendritic arm (ID). In the Zr; alloy structure,
Nb was relatively uniformly distributed, Ti and Zr were mainly distributed between GB,
and Mo was mainly distributed in the IG.

3.3. Mechanical Performance

To explore the influence of alloying element Zr on the mechanical performance of
the alloy, room-temperature compression mechanical performance tests were carried out.
The stress—strain curves in Figure 3 show that the yield strength of the Zrj alloy was
1109 =+ 28 MPa, its compressive strength was 1416 & 14 MPa, and its plasticity was 12 £ 1%.
The yield strength of the Zr( 5 alloy increased to 1314 + 33 MPa, and the compressive
strength reached 1673 & 11 MPa with no reduction in plastic strain. The Zr; alloy yielded at
1287 £ 21 MPa, reaching a maximum strength of 1518 & 16 MPa and a fracture plastic strain
of 8 £ 1%. It can be found that a proper Zr content improved the mechanical performance
of the alloy while maintaining its plasticity. Compared with the Zry alloy, the yield strength
and compressive strength of the Zry 5 alloy were 18.47% and 18.14% higher, respectively.
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Figure 3. Room-temperature compressive stress—strain curves of the TiMoNbZr, HEAs. The inset
table is the strength and plastic strain of the TiMoNbZry HEAs.

SEM analysis of the cross section of the TIMoNbZry high-entropy alloy was carried out,
and the compression fracture morphology is shown in Figure 4. It can be observed from
Figure 4a—c that the samples were all broken at 45° without obvious occurrence, indicating
that the three alloys have some compressive plasticity. The cleavage steps and complete
grain steps can be seen in Figure 4d, indicating that the Zr; alloy underwent trans-granular
fracture and partial intergranular fracture. After Zr alloying, the number of cracks in
the Zr( 5 alloy decreased. Compared with the Zr alloy, the Zr( 5 alloy had more tearing
edges (Figure 4e), indicating that it had better ductility and that it changed from ductile
and brittle fracture to only ductile fracture. When the Zr content continued to increase,
the cleavage steps and cracks increased during the fracture of the Zr; alloy (Figure 4f),
showing partial transgranular fracture and ductile fracture. The results indicate that the
Z1( 5 alloy exhibited the greatest plasticity among the three alloys, which is consistent with
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the compression mechanical performance tests. The alloy grain size followed the order of
Zry > Zr1 > Zr( 5, which is consistent with the microstructure analysis.

a b C

Figure 4. Photos and SEM images of the fractured TiMoNbZry HEAs: (a,d) Zry; (b,e) Zrys; (¢ ,f) Zr;.

The hardness of a material is an important indicator of its wear resistance. Before the
wear tests, the room-temperature hardness of TiMoNbZr, was measured, and the results
are shown in Figure 5. The hardness of Zr(, Zr( 5, and Zr; alloys were 438 + 38, 516 + 52,
and 489 £ 43 HV, respectively. As observed, the hardness of the alloys increased first and
then decreased upon increasing the Zr content, and the hardness of the Zr 5 alloy was the
largest. According to the solid solution strengthening formula [46],

Gele s%
700

where M is the Taylor coefficient (2.75 [47]), and G is the shear modulus of the TiIMoNb
alloy (68.93 GPa). It can be converted to the shear modulus using Young’s modulus
(E = 183.37 GPa) and Poisson’s ratio (v = 0.33) as follows [48]:

AUS:M

)

E

“=311v)

@

where c is the concentration of solid solution atoms, and ¢; is jointly determined by
differences in the moduli and atomic sizes (labeled e; and ¢;), which can be estimated by

£ = ‘ T ®)
In the equation, e and ¢, are defined as
19G 10a
= 4)

€= Gac T aac

where ¢ is generally negligible, compared to ¢;, and a is the lattice parameter.

Aoy for Zrg 5 and Zr; were calculated to be 4.69 MPa and 6.88 MPa, respectively, which
suggests an enhanced strengthening effect upon increasing the Zr atomic percentage, and
the Zr; solid solution strengthening effect is the greatest. Zrps had the smallest crystal
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Frication coefficient

Figure 6. Friction coefficients versus time for the TiMoNbZr, HEAs under different loads: (a) 30 N; (b) 50 N; (c) 100 N.
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grains, with the best grain boundary strengthening effect. Under the combined action of
solid solution strengthening and grain boundary strengthening, Zr( 5 displayed the best
mechanical performance.
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Figure 5. Hardness of the TiMoNbZr, HEAs.

3.4. Wear Behavior under Friction

Zr,

Figure 6 shows the relationship between the friction coefficient and wear time of the
TiMoNbZry alloys under different loads (30 N, 50 N, and 100 N). At the beginning of
friction and wear, the friction coefficient of the alloy increased rapidly. Upon extending the
wear time, the friction coefficient gradually stabilized and became smoother as the load
increased. At 30 N, 50 N, and 100 N, the average friction coefficients were 0.45, 0.42, and
0.40 for Zry alloy; 0.42, 0.37, and 0.32 for Zry 5 alloy; and 0.30, 0.32, and 0.34 for Zr; alloy.
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The wear scar morphology of the samples under different loads was characterized
by SEM, as shown in Figure 7. The wear scar surface was relatively flat, with different
numbers of furrows and white peeling edges, the width of which increased as the load
increased. Under the same load, many particles accumulated, and there was unevenness
on the surfaces of the Zry and Zr; alloy wear scars. The wear scar surface of the Zrg 5
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alloy had nearly no accumulated particles, and the whole surface was relatively flat and
smooth. The wear scar morphology was further enlarged and analyzed in depth, as shown
in Figure 8. Under the same load, the surface of the Zrj alloy was broken and a large
area peeled off during the wear process. Exfoliation occurred and large cracks and wear
particles appeared on the surface (see the black accumulation in Figure 8) (Figure 8a—c).
Compared with the Zr alloy, the surface of the Zr( 5 alloy was smooth and flat after wear,
and longitudinal cracks disappeared and furrows appeared (Figure 8d—f). Various wear
particles appeared on the surface of the Zr; alloy, and the surface was relatively flat with
a small amount of exfoliation (Figure 8g—i). In addition, under different loads, the wear
surface of all three alloys was smooth, longitudinal cracks were reduced, transverse cracks
disappeared, and the wear resistance of the alloys increased with the load.

30N 50N 100 N

500um ; 500um_f iR e _AD0nm

5001m 500um : S00im-

300um 500um 500um

Figure 7. SEM image of the wear tracks of the TiMoNbZry HEAs under loads of 30, 50, and 100 N:
(a—c) Zro,' (d—f) Zr0.5; (g—l) Zrl.

Wum

Figure 8. Microstructure of the wear tracks of the TiMoNbZry HEAs under loads of 30, 50, and 100 N:
(a—c) Zro,' (d—f) Zr0.5; (g—l) Zrl.



Metals 2021, 11, 1315

9of12

Furthermore, the wear of the grinding balls under different loads was analyzed, and
the optical microscope images are shown in Figure 9. The cross sections of the wear on
the alloy grinding ball were all round, at 30 N, 50 N, and 100 N. As for the Zry alloy,
the diameters of the grading ball wear surface were 1.79, 1.89, and 2.33 mm, respectively.
As for the Zrg 5 alloy, the diameters of its grading ball wear surface were 1.82, 2.14, and
2.49 mm, respectively. As for the Zr; alloy, the diameters of its grading ball wear surface
were 1.80, 2.11, and 2.17 mm, respectively. According to these results, a proper amount
of Zr alloying improved the wear resistance of the Zry alloy, which is consistent with
the wear scar analysis. In addition, the width and depth of the sample wear scar were
measured by a profiler and plotted in Figure 10. The Zrg5 alloy had the greatest width
under different loads, while the depth was relatively shallow, which once again shows that
a proper amount of Zr alloying improved the wear resistance of the Zr alloy.

Figure 9. Optical images of Si3sNy counter-face used in the wear tests of Zr; (a) and Zry 5 (b) under a
50 N load.

3.0 0.30
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2.8 ° —O—100N L 5
/ —=—30N
] —A—50N
o —e— 100N
2.6 - 0.20

- 0.15

Width(mm)
&
1
-
//7
> oo
Depth(mm)

2.2 . N N - 0.10
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[ ]

1.8 . . . . ; 0.00
0 0.5 1

Zr content

Figure 10. Wear width and depth of the TiIMoNbZry, HEAs under loads of 30, 50, and 100 N.

To explore the reasons for its excellent wear resistance and wear mechanism, the Zrg 5
alloy wear scar morphology under a 100 N load was characterized by SEM, and SEM-EDS
(Figure 11). As observed, Ti, Mo, Nb, and Zr elements were concentrated in the smooth and
flat area, and N and Si were segregated in the black area. In addition, a large amount of
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oxygen was found, whose mole fraction was as high as 20.50%. Due to the nature of Zr, it
is easily oxidized and binds to atmospheric oxygen to form large amounts of oxides, which
can act as a lubricant that reduces the friction [37] and the wear rate of the Zr( 5 alloy.

Element |Element Atomic |Weight
Symbol |Name Cone. |Conc.
Nb Niobium 2488|3490
Vo Violybdenum | 21.52| 3116
Ti Titanium 20,65 1492
Zr Zirconium 9.62| 1325
0 Oxygen 2050] 495
Si Silicon 105|044
N Nitrogen 77| 037

Figure 11. Morphology and EDX analysis of the wear tracks of the Zrj 5 under a 100 N load.

4. Conclusions

In this paper, a TiMoNbZr, alloy was prepared by arc smelting, and its phase com-
position, microstructure, mechanical properties, and wear resistance were systematically
studied. The following conclusions were drawn:

(1) The alloys after Zr addition were composed of a single BCC phase. Upon increasing
the Zr content, the lattice constant and solid solution strengthening increased. The
alloy structure transformed from an equiaxed crystal-dendritic to a crystal-equiaxed
crystal morphology, and the alloy grain size first decreased and then increased.

(2) A proper amount of Zr alloying increased the strength and hardness of the alloy while
maintaining its plasticity. Compared with the Zry alloy, the yield strength and com-
pressive strength of the Zr( 5 alloy were increased by 18.47% (to 1314 + 33 MPa) and
18.14% (to 1673 £ 11 MPa), respectively. Additionally, Zrg 5 exhibited the maximum
hardness (516 + 52 HV).

(3) Zrps alloy had the widest wear scar, a relatively low depth, the greatest degree of wear
on the grinding ball, and the best wear resistance. These properties were attributed to
the generation of an oxide film on the wear surface, which acted as a lubricant.
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