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Abstract . Refractory high-entropy alloys (RHEAs) have attracted considerable attention due to their outstand-
ing mechanical properties. However, the influence of their microstructural behavior on macroscopic mechanical
performance remains poorly understood. With the increase of study on material micromechanical behaviors, the
crystal plasticity finite element methods become essential tools for uncovering the underlying mechanisms of
crystalline materials. Since crystal plasticity constitutive models involve numerous complex parameters, a thor-
ough analysis of these parameters is critical for a deeper understanding of the micromechanical behaviors of al-

loys. The crystal plasticity model used in this study incorporates the Peierls stress, which accounts for the
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short-range potential barriers of the material, thereby enabling a more accurate simulation of its strain-rate be-
havior. Through experimental design and range analysis, the key constitutive parameters affecting the alloy’ s
mechanical properties were identified. Univariate analysis was then employed to clarify the specific effects of
these critical parameters on the mechanical characteristics of the material. For parameter inversion, an optimi-
zation-based approach was developed, combining the support vector regression with optimization algorithms.
This method effectively inverts crystal plasticity constitutive parameters from macroscopic mechanical testing
data. For the cast TiZrNbV alloy, a set of optimal parameters was successfully inverted, and the agreement be-
tween simulation results and experimental data validated the method’ s effectiveness. This study provides valua-
ble insights for predicting the mechanical behaviors, guiding material design, and optimizing the performances

of refractory high-entropy alloys.
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Fig. 1 The flowchart of parameter inversion steps
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Table 1 The range of values for each factor in the experimental design

design variable symbol lower limit upper limit
initial hardening modulus hy /MPa 100 500
saturation stress 7, /MPa 220 780
initial critical resolved shear stress 7, /MPa 200 700
rate sensitivity exponent ngy 30 80

reference slip shear rate Vo /5! 2x1073 5%1073
Peierls stress 70 /MPa 300 900
reference strain rate )‘/p() /s7! 5.7%107 1.51x10%
kink-pair formation enthalpy H, /eV 0.38 0.56
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Fig. 4 Experimental stress-strain results at different strain rates!?-26)
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Tabel 2 Design variable values for parametric univariate analysis of variance

design variable symbol level 1 level 2 level 3 level 4 level 5
rate sensitivity exponent ng 30 15 22.5 37.5 45
initial critical resolved shear stress Ty /MPa 300 150 225 375 450
Peierls stress T /MPa 500 250 375 625 750
kink-pair formation enthalpy H, /eV 0.62 0.31 0.47 0.78 0.94
saturation stress 7, /MPa 600 - - - -
initial hardening modulus hy /MPa 200 - - - -
reference slip shear rate Vo /87! 3x1073 - - - -
reference strain rate '}'/1,0 /57! 1x108 - - - -
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Fig. 7 Quasi-static and dynamic mechanical response results of the polycrystalline RVE model with different n, values
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Fig. 8 Quasi-static and dynamic mechanical response results of the polycrystalline RVE model with different 7, values
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Fig. 9 Quasi-static and dynamic mechanical response results of the polycrystalline RVE model with different 7, values
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Fig. 10 Quasi-static and dynamic mechanical response results of the polycrystalline RVE model with different H, values
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Fig. 13 Box plots of optimization results for each material parameter after 50 optimization solutions
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Table 3 Crystal plasticity constitutive model parameters for cast TiZrNbV high-entropy alloys

design variable symbol value
initial hardening modulus hy /MPa 91
saturation stress 7, /MPa 430
initial critical resolved shear stress 7o /MPa 410
rate sensitivity exponent ng 34
reference slip shear rate Vo /87! 3.6x1073
Peierls stress 70 /MPa 320
reference strain rate 3";,0 /s 9.2x107
kink-pair formation enthalpy H, /eV 0.60
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Oexp €=¢

W sim ¢ =g,

6 0
2400 F O exp &€ =¢&y D3=1.17% Dym1.20% ] 2400
. _ 4_ 0, a
. @ sim ¢ = 23 446‘VD£72.74/0 e g
—4.46% g
E i 2 @ = =] - b=
% w = 5-179% Di=1.27% 2
= . Dizogy, DiT179% Di=127% @
2 D}=0.07% 1 g
= 1600 - D}:é=10"s7(T) | 1000 _E
= /2:{';‘21073 sH(C) =

3:6=334057(C)

[ Dieaos Dos Dy:6=4800s7(C) ]
D;:é=80405"(C)
B DI=1.10% D{=3.81% Dj:£=1020057(C)
800 1 . s . n - 800
0 4000 8000 12000

strain rate /s~

B 15 RENEAAE T 07 B R SR A A0 T 2 0 D X L
Fig. 15 Comparison of mechanical response characteristics between simulation results and

experimental results under different loading conditions



505 CHHAR, 55 B5AS TiZeNDV (i R B PE A BB ) 25000 B 5 S RO 579

4 2% g7

AL FEEET AV BRI T — B AR A S RO 5 125, IF R0 45 2R S 3 1 #4525 TiZeN-
bV H A < B ARSEPE A MR SR [RINHA T T R IR PEA A 280 M A A A AR TR ) 2 i A
KA, RARGhe Tt .

1) 2T LR GBI A2 T A58 T S R EA MR v A SRS AL BT Br (R 220
JO7) B R MRV BE L SR B 1 22 5 RVE AR ) 292 A7 o BB A8 By R URGR B n, HD BRI VTN T 7, Peierls
B3 7 ARG H, RS ELN IF H ny,7 0 2050 2 S FOR R AR 2T,

2) IR S AR BB A BT (A S RO P ZR oA, W 1 45 2 00k bORE 7 S P RE A2 i JL A 7 i AR
DI, 7,7 0 H FERE T RITE PRI & n, G TS R R DR R AT R[] U 3 b A
A e A i JEE . AR A D7 1T, 2 B i B 7 AR Y ng AEACRR AR B 7 R A R IR 5

3) FIFHASHESE 3 B S BOGE A BT 7512 , RE A% v S 38 ) A AR SR PEAS M A L S 40 T MLS-SVR
R £ ) AP RY  JLTRIN A5 R R? a5 T 0.9, R WAL AL ARG 22 s R TR i T HER 3l i 2=
WO AW | B2 S A B T 9525 TiZeNbV AR SR WS, i A B2 T i 22 AN aed 3.819% , 4 PR o 2
WM TR ZE AT 4.46% , 2 WIA SR8 T3 VR REAS B e B AR 127478,

£ % ik ( References) ;

[1] SENKOV O N, SENKOVA S V, MIRACLE D B, et al. Mechanical properties of low-density, refractory multi-
principal element alloys of the Cr-Nb-Ti-V-Zr system[ J]. Materials Science and Engineering: A, 2013, 565.
51-62.

[2] MIRACLE D B, SENKOV O N. A critical review of high entropy alloys and related concepts| J |. Acta Materia-
lia, 2017, 122, 448-511.

[3] SENKOV O N, RAO S, CHAPUT K J, et al. Compositional effect on microstructure and properties of NbTiZr-
based complex concentrated alloys| J]. Acta Materialia, 2018, 151 201-215.

(4] JET, EEE, B, & GG SRS WA RS ) SR T]. S EEs R, 2021, 29(10) : 1008-1018.
(TANG Yu, WANG Ruixin, LI Shun, et al. Potential and challenges of high-entropy alloy energetic structural
materials[ J]. Chinese Journal of Energetic Materials, 2021, 29(10) ; 1008-1018. (in Chinese) )

[5] RFE, AU, Eer, & ORRSHES SRt R[I]. Bl S, 2021, 39(11) ;. 96-108. ( LIANG
Xiubing, WAN Yixing, MO Jinyong, et al. Research progress in novel high-temperature high entropy alloys
[J]. Science & Technology Review, 2021, 39(11): 96-108. (in Chinese) )

[6] SENKOV O N, WOODWARD C F. Microstructure and properties of a refractory NbCrMo, ; Ta, , TiZr alloy[J ].
Materials Science and Engineering. A, 2011, 529, 311-320.

[7] MENG J, SHEN B, WANG J, et al. Energy-release behavior of TiZrNbV high-entropy alloy[ J]. Intermetal-
lics, 2023, 162; 108036.

[8] MENG J Y, HE J Z, ZHANG B, et al. The effect of Ti and Zr content on the structure, mechanics and energy-
release characteristics of Ti-Zr-Ta alloys[ J]. Defence Technology, 2024, 31 343-350.

(9] XIE Q, ZHU Z, KANG G, et al. Crystal plasticity-based impact dynamic constitutive model of magnesium al-
loy[ J]. International Journal of Mechanical Sciences, 2016, 119 107-113.

[10] LUY, ZHU Z, LI D, et al. Constitutive model of 42CrMo steel under a wide range of strain rates based on
crystal plasticity theory[ J |. Materials Science and Engineering: A, 2017, 679 215-222.

[11] BOBBILI R, MADHU V. Constitutive modeling of dynamic flow behavior of Ti-5553 alloy[ J ]. Journal of Alloys
and Compounds, 2019, 787. 260-266.

[12] RAABE D, SACHTLEBER M, ZHAO Z, et al. Micromechanical and macromechanical effects in grain scale
polycrystal plasticity experimentation and simulation[ J]. Acta Materialia, 2001, 49(17) . 3433-3441.

[13] BERTIN M, DU C, HOEFNAGELS J P M, et al. Crystal plasticity parameter identification with 3D measure-
ments and integrated digital image correlation[ J|. Acta Materialia, 2016, 116. 321-331.



A R~ G SO | ) = 2025 4E 5 46 &

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[28]

[29]

[30]

[31]

GALLARDO-BASILE F J, ROTERS F, JENTNER R M, et al. Application of a nanoindentation-based approach
for parameter identification to a crystal plasticity model for bee metals| J|. Materials Science and Engineer-
ing: A, 2023, 881. 145373.

CHAKRABORTY A, EISENLOHR P. Evaluation of an inverse methodology for estimating constitutive parame-
ters in face-centered cubic materials from single crystal indentations[ J |. European Journal of Mechanics-A/
Solids, 2017, 66. 114-124.

HERRERA-SOLAZ V, LLORCA J, DOGAN E, et al. An inverse optimization strategy to determine single crys-
tal mechanical behavior from polycrystal tests: application to AZ31 Mg alloy [ J |. International Journal of
Plasticity, 2014, 57. 1-15.

JIH S, SONG Q H, GUPTA M K, et al. Grain scale modelling and parameter calibration methods in crystal
plasticity finite element researches: a short review [ J ]. Journal of Advanced Manufacturing Science and
Technology , 2021, 1(2) : 2021005.

SEDIGHIANI K, DIEHL M, TRAKA K, et al. An efficient and robust approach to determine material parame-
ters of crystal plasticity constitutive laws from macro-scale stress-strain curves| J]. International Journal of
Plasticity, 2020, 134. 102779.

SUN X C, WANG H M. A method for crystal plasticity model parameter calibration based on Bayesian optimi-
zation[ M ]//Magnesium Technology 2022. Cham: Springer International Publishing, 2022 105-111.

Jil%, REFHL, A, . FETHLES MLk iR B R S PRI SR AN [ I ], 1224k, 2024, 56
(3): 751-762.(ZHOU Rui, XIONG Yukai, CHU Jielei, et al. Parameter identification of nonlocal crystal plastic
model based on machine learning and genetic algorithm[ J]. Chinese Journal of Theoretical and Applied Me-
chanics, 2024, 56(3) . 751-762.(in Chinese) )

XU S, AN X, QIAO X, et al. Multi-output least-squares support vector regression machines[ J|. Pattern Rec-
ognition Letters, 2013, 34(9) . 1078-1084.

F2, RV, WHEE SETUME ARX BRI SVR Sk AR R G DRI [ J]. B HIECE R, 2022, 43
(11). 1281-1287.( WANG Lan, DONG Yiping, CAO Jinde. Switching control of nonlinear systems based on the
quasi-ARX model and the SVR algorithm[ J |. Applied Mathematics and Mechanics, 2022, 43(11) : 1281-1287.
(in Chinese) )

BT, RN, A, AR B IE B S RSB S R [ T ). B TR A, 2020, 27(5) : 12-32. (ZHANG
Haiming, XU Shuai, LI Qian, et al. Progress of crystal plasticity theory and simulations[ J]. Journal of Plas-
ticity Engineering, 2020, 27(5) : 12-32. (in Chinese) )

HILL R, RICE J R. Constitutive analysis of elastic-plastic crystals at arbitrary strain[ J]. Journal of the Me-
chanics and Physics of Solids, 1972, 20(6) : 401-413.

REN K, LIU H, CHEN R, et al. Compression properties and impact energy release characteristics of TiZrNbV
high-entropy alloy|[ J |. Materials Science and Engineering: A, 2021, 827. 142074.

WANG J, BAI S, TANG Y, et al. Effect of the valence electron concentration on the yield strength of Ti-Zr-
Nb-V high-entropy alloys[ J|. Journal of Alloys and Compounds, 2021, 868 159190.

WEINBERGER C R, BOYCE B L, BATTAILE C C. Slip planes in BCC transition metals[ J]. International Ma-
terials Reviews, 2013, 58(5) : 296-314.

CARROLL J D, CLARK B G, BUCHHEIT T E, et al. An experimental statistical analysis of stress projection
factors in BCC tantalum[ J]. Materials Science and Engineering. A, 2013, 581. 108-118.

HUTCHINSON J W. Bounds and self-consistent estimates for creep of polycrystalline materials[ J |. Proceed-
ings of the Royal Society A: Mathematical and Physical Sciences, 1976, 348(1652) . 101-127.

TERENTYEV D, XTIAO X, DUBINKO A, et al. Dislocation-mediated strain hardening in tungsten: thermo-me-
chanical plasticity theory and experimental validation[ J]. Journal of the Mechanics and Physics of Solids,
2015, 85: 1-15.

LIM H, BATTAILE C C, CARROLL J D, et al. A physically based model of temperature and strain rate de-
pendent yield in BCC metals: implementation into crystal plasticity[ J]. Journal of the Mechanics and Physics
of Solids, 2015, 74 80-96.



HRER 5 . PEAS TiZeNbV S RSB PEAKG R ) 28000 M 5 28U 581

[34]

[35]

[36]

[37]

[38]

[39]

[42]

PEIRCE D, ASARO R J, NEEDLEMAN A. An analysis of nonuniform and localized deformation in ductile sin-
gle crystals[ J]. Acta Metallurgica, 1982, 30(6) . 1087-1119.

WU Y C, YAN Y F, LV Z M. Novel prediction model for steel mechanical properties with MSVR based on MIC
and complex network clustering| J]. Metals, 2021, 11(5) : 747.

KATOCH S, CHAUHAN S S, KUMAR V. A review on genetic algorithm: past, present, and future[ J]. Multi-
media Tools and Applications, 2021, 80(5) . 8091-8126.

BIGGS M B. Sequential quadratic programming|[ M ]//Nonlinear Optimization With Engineering Applica-
tions. Boston, MA: Springer US, 2008. 1-14.

QUEY R, RENVERSADE L. Optimal polyhedral description of 3D polycrystals: method and application to sta-
tistical and synchrotron X-ray diffraction data[J]. Computer Methods in Applied Mechanics and Engineer-
ing, 2018, 330. 308-333.

SPETTL A, WERZ T, KRILL C E, et al. Parametric representation of 3D grain ensembles in polycrystalline mi-
crostructures| J |. Journal of Statistical Physics, 2014, 154(4) . 913-928.

FEWRT, R, BEBEH, . CrMnFeCoNi & 4 & 4 S W 24 i (4 S8 P A BROTEERL [ J ], LR TR 244k,
2021, 57(22) . 43-51. ( WANG Shuyu, SONG Shijie, LU Xiaochong, et al. Tensile fracture behavior of the
CrMnFeCoNi high entropy alloy: a crystal plasticity finite element simulation[ J]. Journal of Mechanical En-
gineering, 2021, 57(22) . 43-51. (in Chinese) )

HU P, LIU Y, ZHU Y, et al. Crystal plasticity extended models based on thermal mechanism and damage
functions: application to multiscale modeling of aluminum alloy tensile behavior[ J |. International Journal of
Plasticity, 2016, 86 1-25.

TIAN L 'Y, WANG G, HARRIS J S, et al. Alloying effect on the elastic properties of refractory high-entropy al-
loys[ J]. Materials & Design, 2017, 114, 243-252.

W, £, GG, 4. JET CPRVE BALR 304 ANEWIGHTEM S8rE [ J]. BPE TR, 2019, 26(4) :
268-273.(FAN Wanwan, WANG Tao, HOU Jie, et al. Parameters calibration of 304 stainless steel ultra-thin
foil based on CPRVE model[ J]. Journal of Plasticity Engineering, 2019, 26(4) : 268-273. (in Chinese) )
A BT CPFEM [ TALS Sk &R VR AR EM 5 [ D], . SIE Tl A%, 2013. (HUI Wen. Rsesearch
on the plastic deformation of TA15 titanium alloy at high temperature using CPFEM|[ D |. Hefei: Hefei Univer-
sity of Technology, 2013. (in Chinese) )

XUE J K, SHEN B. A novel swarm intelligence optimization approach; sparrow search algorithm[J]. Systems
Science & Control Engineering, 2020, 8(1) . 22-34.



