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Mechanisms of Strength and Plasticity Enhancement in
Ti, NbZrV, , Mo, (Si, , High-Entropy Alloy via Ultrasonic-Induced
Microstructural Refinement

CHEN Yao, QIN Gang, CHEN Lei, WANG Qi, WANG Liang, SU Yan-qing, CHEN Rui-run
(National Key Laboratory of Precision Hot Forming, Harbin Institute of Technology, Harbin 150001, Heilongjiang, China)

Abstract: This study systematically investigated the effects of ultrasonic treatment time (0-120 s) on the microstructure
and mechanical properties of Ti, sNbZrV,, Mo Si,, high-entropy alloy. Alloy specimens were prepared via vacuum arc
melting combined with ultrasonic field treatment. The phase composition, microstructural evolution, and mechanical
properties of the alloy were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-
dispersive spectroscopy (EDS), and room-temperature compression tests. The results indicated that ultrasonic treatment
did not alter the dual-phase composition of BCC and Zr;Ti,Si, silicide in the alloy but significantly improved the
uniformity of element distribution. The content of the BCC phase decreased from 70.4% to 54.5%, while the content of
the silicide phase increased from 29.6% to 45.5%. Microstructural analysis revealed that ultrasonic treatment promoted
the transformation of BCC dendrites into clustered morphology, increased the proportion of eutectic structure to 93.0%,
and refined the lamellar spacing from 3.7 pm to 0.93 um (with a refinement degree of 75%). In terms of mechanical
properties, the yield strength of the alloy increased to 1 762 MPa, the compressive strength reached 2 108 MPa, and the
fracture strain increased by 66.3%, achieving a synergistic optimization of strength and plasticity. Fractography analysis
further revealed a transition in the fracture mechanism from intergranular fracture to cleavage fracture. This study
elucidates the synergistic effects of ultrasonic cavitation and acoustic streaming, which promote nucleation, suppress
segregation, and refine eutectic lamellae through multiple mechanisms. It provides theoretical insights and process
references for the solidification control of high-performance high-entropy alloys.

Key words: high-entropy alloy; ultrasonic treatment; eutectic structure refinement; fracture mechanism; strengthening
and toughening; vacuum arc melting; element segregation
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Fig. 1 XRD patterns of the high-entropy alloys under different

ultrasonic treatment times ( 0-120's )
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Tab. 1 Phase contents of the high-entropy alloys at different
ultrasonic times calculated based on XRD peaks

7 b3 AR 340 %
Fisf A /s BCCAH Zr,Ti,Si, AL

0 70.4 29.6
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60 57.5 425
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120 54.5 455
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Fig. 2 Microstructures and characteristic analysis of the high-entropy alloys under different ultrasonic treatment times ( 0-120's )
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Tab. 2 Elemental distributions in different regions of the high-entropy alloys under various ultrasonic treatment times at.%

Kb BN I /s [X 35, Ti Nb Zr \ Mo Si
BCCHifh 29.92 +1.25 33.45+1.33 6.16 £0.70 8.22+0.38 20.92 +1.83 1.33+0.18
0 BCCHfhlAl  40.70 +2.52 21.52+1.29 14.74 £ 1.07 11.08 = 0.75 1125 +0.42 0.02 + 0.005
TEY) 20.55 + 1.33 9.32£0.58 35.70 + 1.76 1.44+0.29 1.03 +0.02 31.96 + 1.62
BCCH 30.39 + 1.85 32.55+0.24 6.66 +0.34 8.86 +1.42 19.44 £1.22 2.10 +0.07
30 BCCHfhlal  39.87+3.53 21.55 +0.89 14.67 = 0.54 11.38 + 0.65 10.79 + 0.54 1.74 +0.12
G127 19.61 £0.38 8.91 +0.92 33.50 +3.54 2.0+0.12 1.13 £0.06 34.85 +3.02
BCCH 33.48+1.71 30.41 +2.32 6.69+0.77 9.45 +0.35 18.19 + 1.06 1.78 +0.87
60 BCCHfhla]  40.82+1.25 20.14+1.12 1538 +1.39 10.62 £0.42 11.22 +0.62 1.81 +0.08
ALY 17.84 +0.60 7.47 £0.75 37.55+2.04 1.50 £ 0.17 1.58 +0.06 34.06 +3.52
BCCHi i 33.32+2.39 28.38 +3.01 7.56 +0.79 9.66 + 1.20 18.96 + 1.67 2.12 +0.05
90 BCCAHifHE]  40.18 +3.26 20.81 +2.34 1473+ 1.71 11.45+0.87 10.90 + 1.24 1.93 +0.30
L 18.06 + 0.63 6.56 +0.62 38.77 + 1.99 1.13£0.05 0.41 £0.01 35.07 £3.12
BCCH T 34.49 + 1.99 27.93 + 1.40 8.04 +0.53 10.08 +0.33 17.67 + 1.28 1.79 £0.25
120 BCCH;fhlA]  38.88+2.05 24.69 +1.25 10.49 + 091 11.04 = 1.39 13.00 £ 0.95 1.90 £0.37
7| 18.01 = 0.79 6.25+0.34 38.84 +2.10 1.09 +0.27 0.64 £0.08 35.16 +2.86

®3 FEBELERETBCCHEETEMNRT RS
(Sx=Cig/Cigim)
Tab. 3 Segregation ratios ( Sg=Cienarite / Cinterdenariic ) Of main
elements in the BCC phase under different ultrasonic
treatment times

R b PRI I /s Ti Nb Zr % Mo
0 074 155 042 074 186

30 076 151 045 078 180

60 0.82 151 043 089 1.62

90 083 136 051 084 174

120 089 1.13 077 091 136
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Fig. 3 Room-temperature compression properties of the high-entropy alloys under various ultrasonic treatment times
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Fig. 4 Room-temperature compression fracture morphologies of the high-entropy alloys under various ultrasonic treatment times
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EBPBREREIH (k) « X—IHZEEHILE, BRE
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Wim A S S E AL . KIEFeRIA L7572 ( Clausius-
Clapeyron equation ) , XFEXRIEDRNEHZBED
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