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Fig.1 XRD patterns of as-cast Zr,TiNiCuBe samples
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Fig.2 Non-isothermal DSC curves (a, c, e, g, i) and Kissinger plots (b, d, f, h, j) for Zr,TiNiCuBe HE-BMGs
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Table 1 Thermodynamic characteristic parameters of Zr,TiNiCuBe HE-BMGs at different heating rates
Alloy @/K-min-! T/K TWK AT/K Tp1/K Tp/K Tp3/K ATy/K
10 681.8 717.2 35.4 730.7 788.9 845.8 115.1
20 685.6 724.6 39.0 738.7 796.2 852.5 113.8
Zr;sTiNiCuBe 30 693.0 732.7 39.7 747.2 805.4 860.1 112.9
40 695.8 735.6 39.8 751.0 807.2 861.9 110.9
50 699.3 740.7 41.5 757.5 814.9 866.5 109.0
10 665.9 696.6 30.8 709.7 810.8 - 101.1
20 673.2 706.9 33.7 721.1 820.5 - 99.4
Zr2TiNiCuBe 30 675.2 711.2 36.0 727.0 823.2 - 96.2
40 679.6 715.9 36.3 731.3 827.2 - 95.9
50 680.3 717.8 37.4 733.6 828.7 - 95.1
10 651.4 681.6 30.2 696.3 747.8 824.0 127.7
20 658.2 690.0 31.8 704.9 752.6 830.9 126.0
Zr2sTiNiCuBe 30 663.7 697.8 34.1 713.3 758.7 836.5 123.2
40 665.9 701.6 35.7 718.0 760.1 838.5 120.0
50 666.9 703.8 36.9 722.0 760.3 840.0 118.0
10 637.0 666.7 29.7 682.0 724.0 805.8 123.8
20 645.9 677.2 31.2 692.2 733.9 819.0 126.8
Zr;TiNiCuBe 30 648.9 680.3 31.5 691.0 736.9 823.3 132.3
40 651.3 684.5 33.1 700.7 741.2 829.0 128.3
50 656.1 689.3 33.2 706.0 745.0 834.1 128.1
10 627.8 657.2 29.4 671.7 712.9 799.9 128.8
20 634.3 666.1 31.8 680.1 720.9 808.4 128.3
Zr3sTiNiCuBe 30 637.9 671.0 332 685.7 726.4 814.2 128.5
40 640.1 674.5 34.4 689.6 729.8 818.2 128.6
50 642.5 677.1 34.6 692.4 731.5 820.7 128.3
Zr [ 20 683 729 46 751 831 862 111
Vit 331 20 625 705 80 721 738 787 66

SERHEIR L s AE NAHRL LSRRI Egv Exs Epis Eps
Ep B BERE (kJ/mol).
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Table 2 Crystallization activation energy of Zr.TiNiCuBe
HE-BMGs(kJ/mol)

Alloy E, Ex Epi Ep Eps
Zr1sTiNiCuBe 329.73  286.8 263.1 316.48 454.49
Zr;TiNiCuBe  394.54 300.47 275.54 483.36 -
ZrrsTiNiCuBe  342.99 2644 24341 519.99 538.99
Zr;TiNiCuBe  298.32  268.96 266.18 340.93 313.36
Zr3sTiNiCuBe 360.98  287.8 287.14 351.99 402.64
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Fig.4 Isothermal crystallization activation energy (a—e) and the curves of local crystallization activation energy versus crystallization

fraction (f) of Zr,TiNiCuBe HE-BMGs
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Fig.5 Avrami curves of Zr,TiNiCuBe HE-BMGs under isothermal conditions
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Crystallization Kinetics of Zr,TiNiCuBe High-Entropy Bulk Metallic Glasses

Wang Yanfang, He Yaru, Hu Fangyu, Shi Zhigiang
(School of Materials Science and Engineering, China University of Petroleum (East China), Qingdao 266580, China)

Abstract: Non-equiatomic Zr, TiNiCuBe (x=1.5, 2, 2.5, 3, 3.5, at%) high-entropy bulk metallic glasses (HE-BMGs) were prepared by copper mold
casting method, and the crystallization kinetics was studied by differential scanning calorimeter (DSC) under both non-isochronal and isothermal
conditions. The non-isothermal crystallization kinetics of Zr,TiNiCuBe HE-BMGs show a multiple-stage process. The characteristic temperatures
increase with the increase in the heating rate, showing obvious kinetics effects. The activation energy calculated by the Kissinger equation shows
an order of Ez>Ex>Ep, indicating that overcoming the energy barrier for the rearrangement is more difficult than atoms nucleation process and the
grain growth process of crystallization. The activation energy of crystallization event is in the order of E,<Ep<Ep3, demonstrating the
non-isothermal crystallization processing is from easy to difficult. The activation energy increases and then decreases with the increase in Zr
content. Zr,TiNiCuBe HE-BMG has a larger activation energy and better thermal stability than others. Isothermal crystallization shows a single
exothermic behavior after different incubation periods. As isothermal temperature increases, incubation time decreases rapidly and the width of
exothermic peak decreases markedly. The crystallization volume fraction (x) vs time (f) curves are typical “S” type. With the decrease in isothermal
temperature, the x vs ¢ curves become gentle, indicating that the process of crystallization slows down. The local crystallization activation energy
for isothermal processing was calculated using the Arrhenius formula. With the increase in Zr content, the local crystallization activation energy
gradually decreases and the thermal stability decreases. The Avrami exponent obtained by the Johnson-Mehl-Avrami (JMA) equation is between
1.5 and 2.5, indicating that the isothermal crystallization mechanism is mainly a diffusion-controlled growth process with a nucleation rate
decrease.

Key words: high entropy bulk metallic glass alloys (HE-BMGs); crystallization dynamics; non-isothermal crystallization; isothermal

crystallization; crystallization activation energy
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