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Abstract: Boron carbide ceramic is an important strategic material for aerospace and nuclear facilities. Its thermomechanical

coupling behavior under transient thermal shocks determines structural service safety. Classical thermomechanical models neglect

microscale local thermal diffusion, leading to obvious errors in predicting thermal shock responses. To solve this problem, this
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study improved the Green-Lindsay model based on dual-phase relaxation theory and established a thermomechanical coupling
model incorporating four relaxation items: heat flux vector, stress, strain rate and temperature gradient. Laplace transform was
used to obtain frequency-domain analytical solutions. A finite difference scheme with nonlinear iteration was constructed to
numerically solve the coupling fields, and the consistency between analytical and numerical results was verified. The dynamic
evolution of temperature, displacement, stress and velocity fields was systematically analyzed. The quantitative influences of
various relaxation coefficients on coupling responses and stress wave propagation were clarified, and the size effect of thermal
waves and stress waves was revealed. Thermal waves together with elastic waves dominated field evolution at the micro-nano
scale, while thermal waves decayed rapidly at the macroscale and stress waves became the dominant factor. High-energy electron
beam thermal shock experiments with Polyvinylidene Fluoride (PVDF) piezoelectric sensors verified the reliability and
applicability of the proposed model. The results show that all four relaxation coefficients are negatively, correlated with stress
wave amplitude. The relaxation coefficients of stress and temperature gradient govern the pulsewwidththe heat flux relaxation
coefficient determines wave speed, and the temperature gradient relaxation term eliminatgs the strong discontinuity of stress
waves, making the model more consistent with microscale thermomechanical characteristics\T'he-established model provides a
theoretical method for predicting the thermomechanical responses of boron carbide ceramiciunder transient thermal shocks, and
offers guidance for structural design and service safety assessment of thermal-shock*s€sistant ceramics.

Keywords: thermo-mechanical coupling; dual-phase relaxation theory; thermal wavepropagation; thermal diffusion effect; boron

carbide
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Fig 1 Comparison of analytical and numerical solutions for various physical fields (Let £=0.2): (a) temperature field and

displacement field; (b) stress field and velocity field

2.1 WA TEHRDFBE N
BTG BRI TR 25k =0.05. TERAVE A IR B ko=0.05. TERMN PR 42K



B 5 il

Explosion and Shock Waves

k=0.05. TEANIREMZSE k=0.001 B, B 1EHTARNZTIRES. MEg. N Rk
IS AR

K 2(a) il B2 90 A, B 2(0) s A=A Z0(E=0.14 0.2 0.3)ITREZRTE . U F P8 AHK
A BIL FAE F AT N ) AL R . IR B Bl 5 A5 1R I R T 0, 7E &=0.1 I, fRERR )
PP MET ; &=0.2 I, PRI RIMEE TR LI =03 I, P Te sk, AR PG 1.

B 2(c) NBike 370 A, B 2()FTR N =N ZI(E=0.11 0.2 0.3)IBIRS I o« FAR B T A AE A8
B AL B R AFAES . Bl &=0.1 I, 7E 6=0.21 &7 R BER A SE S/, X T iZAabhr i
W AR B FH R 3G, TS S AT B BORLF 1A 22 B A SRS S S B T AR .

B 2(e) Wi 11350 A, B 20 BT A =T ZI(EE0.1. 0.2+ 03I ISR . B AHish AR L=
FB TR A A%, N R E A R FE A AW 08, Bk T8 AT N« F2(g) s FE 3% 43 i »
B 2(h) s A=A ZI(E=0.1. 0.2 0.3) IR, BA LA .

HHUERT L. 29 & /NT 0.2 B, B S ELIZEA E F R3E, Ti0 &R0 0P, % 2R RN,
FER, P EEE R A SO AR

a 0
( )0.5 1.01 (b)m
Io.ss
0.4 0.8}
{0.76
10.63 0.6}
0.3 — 01
e -
I0,51 2 _g:gg
0.2 10.38 0.
foas” , 02
0.1
013 ool
000 . . . L
0.0 . . . . . 0.0 0.2 0.4 0.6 0.8 1.0
3
W
0.07 (d 0.10
0.04
0.05F
{-0.00
{-0.04 000
—=0.1
[1-0-08 =-0.05 — 02
— =03
1-0.12
-0.10
1-0.15
I0'19 =0.15F
-0.23 020

0.0 0.2 0.4 0.6 0.8 1.0




B 5 il

Explosion and Shock Waves

=022 (D

—0.06

0.3

—0.35
—0.63
-0.92
-1.21
—1.49
-1.78

P 2 A Pab o N BRGNP 2 MBI I R A R ()i B (o) ANFEIN ZIRE 2 (ofiEma K (d)
ANFI 2R AR LG ()N 13 B (DANFI ZI R i AL s (@)IEFEI 2z s (h)ANIRIIN 221 e JE2 vk A1 b 2
Fig.2 Spatiotemporal evolution results iphysics fields in boron carbide ceramics under transient thermal shock: (a)

temperature field cloud map; (b) te ature evolution curve at different time; (c) displacement field cloud map; (d)

-,

é&ti es; (e) stress field cloud map; (f) stress evolution curve at different times; (g)
i c

loud map; (h) speed evolution curve at different times

displacement evolution curve

EISE:REALD
O BT RS NI RE o 35 AN R BB, B ko=he=  ke=he=0 I, 1
B RR POFRARY, S 3 b B 2. TF IR A R B R, IR
TR RS HOGH, SR I E A A R B

Bl ()2t i ZE s N S IR B SR G st BN (B GL AN IR it S e k. tHEmfE
PAT AR I B9 BUEE TR AB BORIE sh(Wr B0 TR BC B fE . W Uk i hr &
NFAB T s IR 5 T AT B X TR, B B R R Rl P JE S R, B
PRI RE B B IZ AT K. GL BTSRRI SR B F MO, B 3(0) s LA 348 4
PRI ALIE RN B 3()FTs KN J13 A EL 3(d)FT7s K FEIAE 6=0.21 4k, BIAGRFRIAL, L
Pirie

MGL HBRAE GL AR LA | 5 N BAR R G FRIN (8], ff o 1 N3 5 EE Y v S b B 77 7 4k
W 3(a)h SR - TR IR, AT CAVK IR . 1B 3(b)rh & 0 il 28 s A AL 1 A e A



B 5 il

Explosion and Shock Waves

SEHT, B 3(c)harth M Z B (8 B 73 AT 3(d) 2k th il 28 P s PR B 37y 2 18 19 K HL BB BRAIR . AR

IR LTS SURREE i R RN RS Y4 R =R AR i NE S Z

1.0
(a) Ak =0,k =0k, =0k, ~0 (b)o.oz I B(C)
sk ——k,~0.05.k=0.05 k 0.k ;=0
: k,=0.05.k =0.05 k =5 k=0
—— b, =0.05.k,=0.05.k,=5.k ;~0.001 0.00
0.6}
002} —— ki 0k =0k, =0k =0
C 04k B = ——k~0.05 k ;=0.05 k=0 k =0
: e, =0.05.k,4=0.05 =5 Jc ;=0
—0.04F —— I 0.0,k ,=0.05.k,=5.k,,~0.001
02F
-0.06f A
0.0F Cl =
1 1 1 1 —008 M 1 1 2
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
14 o
0.5 -
(c) (d) 12 c
A —, 20k 0.k, =0k, =0
0.0 X _ 0k =
0sk S— &, 50.05.k =0.05.k =0,k ,~0
ey =0.05,k 5=0.05 k =5 k ;=0
-0.5 =Lk, ~0.05,k =0.05 &, =5.k,~0.001
—k ~0k =0k, =0,k =0 0alb

—k

1.0 r::O.OS,k,(,:().OS,km:O,k,TZO 3
' e, =0.05 k=0.05 k =5k ;=0
sk —— ke ~0.05,k,4=0.05.k,=5.k,,~0.001 0.0 p
-2.0 204F
C
_25 L 1 1 L 1 1 L L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
3 8

3 SESHF &=0.1): ()IRE(0): OYBEH(w): R (DFEEH(w)
Fig.3 Influence of relaxation parameters (Let &=0.1): (a) temperature field (6); (b) displacement field (y); (c) Stress field (); (d)
Velocity field (w)

2.3 SRS N SR IR

KO A M G ML S H, B ks keon b B ke SERIVEFHOSE . B 4 BRSO T
X L5t 5 SR R A & 2(2) IT7s A ky=0.05, k,=0.05 Al k=0, HECFEA SRS ko
TR AR RIS Yo A 0.05 3EINEN 0.15, B JPEIRAEM 2.1 BRAKE] 1.7, N 73Rk TE A 0.1 3%
Izl 0.25. EAGYFTIR RNEES] ky=0.1, kg=0.1 F k=0, R B8 N AR 2 T4 S ke, VT 5 00 B g
FERFIE . ko MV IEIN R 10, RLAJBEEMEM 1.4 FEAKE] 0.8, RJBMKEEREARFEAE . 5 ky AFT)
FEr e RN TR A BRIk SE . B 4(0) I N k=015, k=0.1 Fl k=0, RSB
R SHL ko W TR ST WAL FERFAE o g AN 0.05 BEINEN 0.15, B9 1.75 BRAKE] 1.0,
LT AT s =021 ALFR AT 5=0.11 &b o ko XL T TRA B MIREIA . [ 4(d) BT 7R Jyd il
k=0.05, kp=0.1 Fl k,=0.05, 58T BERA B TE S ko N UHEL I B TR AESRFFAE o k=0 IF, RiJ)
e R AZTESRIM T : 390 kr 21 0.001, SLJU M ERASAFFIF, BRI K. ko MO SEINE]
0.005, A7 MEAE M 2.0 FEEE] 0.8, NSy bk i — e FERE I K.

HHUE AT L. PRIRR B TR 8] ko RR G STRIT H] ko LR BRI RIS ] koo 3R PS5 TOR 82 SO TAT ]
ko Y95 B AR MRAE B R FRA TR R B ko VAU A FEE Sth TN 8] e 6T N 7905 ok 5 A5 B4 5
IS T TR 1] ko X6 BT AT RO o [RIE, XS] o3 AR RRAE 5 BN R RO A NI



B 5 il

Explosion and Shock Waves

BALIRINEARL, A EEE T MGL AR 00 5t R A4 0 S B A LA e (0 B RIS

0.0
k. =0.05,k.=0.05 k ;=0 0.0F" //,f—"“'
0.5 / ’
——k,~0.05 0.1k, =01,k /=0
=10 —kg0.10 05 F —ha
kﬂ,:().lS - kr:::5
-15} k=10
-1.0}
2.0
25 1.5 "
00 02 04 06 08 1.0 00 02 04 06,08 1.0
3 5
()03 ()03
0.0 /-‘\ — 0.0F \ J -
05 k=0.15.k=0.1k;=0 0.5} f/ k=0.05.k=0.1k,=0.05
3 k=005 s 1 — k=0
Lol ——k,~0.10 ok ——,~0.001
k,~0.15 k_;~0.005
-15} “nst
720 L L 1 L ;20 L L i L
00 02 04 06 08 <0 00 02 04 06 08 1.0
5 5
B 4 5 7% S H06 R 73 I EEM (I &=0.1) ()R /1B S ENON B R SH; (MR BB SE: (d)RFERE
B

Fig.4 The effect of relaxation parameters on stress waves (Let £=0.1): (a) Stress relaxation parameter; (b) Strain Rate

Relaxation Parameter; (c) Heat flux/vector relaxation parameter; (d) Temperature gradient relaxation parameter
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mm length stress field
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