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Formulation of Time-Dependent Thermal Strain in Composite Materials
which are Composed of Elastic and Viscoelastic Solids

HE A Bl f5EE

Masatoshi TSUDA Etsuo KOKURYU

In this study, time-dependent behavior of thermal strain in composite materials which composed of elastic
and viscoelastic solids is investigated. First, homogenized thermal expansion behavior of a unidirectional
continuous CFRP is numerically analyzed using mathematical homogenization method. It is assumed to be
orthotropic thermo-elasticity for carbon fiber. On the other hand, isotropic thermo-viscoelasticity based
on generalized Maxwell model is assumed for base resin. It is shown to exhibit time-dependent thermal
strain because of stress relaxation of base resin in the micro-scale (unit cell) of the CFRP. Second, the
behavior of thermal strain is formulated by assuming that thermal strain is additively decomposed into
equilibrium and non-equilibrium parts such as stresses in generalized Maxwell model. Non- equilibrium
part of thermal strain is assumed to be dominated relaxation time of each Maxwell elements of the base
resin. The resulting formulated thermal strain is shown to be perfectly successful for simulating the
relaxation behavior of the unidirectional continuous CFRP.

Keywords :
Composite materials, Viscoelasticity, Orthotropy, Thermal strain, Relaxation

behavior, Homogenization method

R, INEREISBHETE 2~ 7 oz
ETDHIENPRLEERDL., BEMEIIBWT, WL

1. &

BRI AEMRHE, S EE A R & v o 72
W7 E A L, kFESMERICENE (CFRP) XH
BHAOBHANL HEshTtnsg V2,

BAFECHERL S M2 EED OIS TN 2179 & &,
ZOI 7 ulEE ETEFMLT 5L, TOREAN
IO THEL R DBENTIE RV, CNERIRTH7
DITIE, BEEMEZHEAL ML T2 oL E

EBEPER EGE SN B LTt L, BRI doRs A
EEZONL. W ZATHALBIIRIE, 2 & oLt
2 & 2R E BB IR O R 2 A3 5, R
WYk E ZZ SN B,

BAMR O EAUKERE S, B LYY
(U, BRI nEllioTRFShTws Y. &
MUTH LT Kaliske @ 1%, ~ 27 ol e LCHRSRY

* REHEEABAMBZROTEZIFT, M8 Vol. 74, No. 2, pp. 116-123 (2025)) & 1) &rd

PE— At Maxwell E 7V ERELTBY, FHS 7 ik
C DRI VE— AL Maxwell € 7 V2% L THEAL
BEED BT A= F [ B X O F 0B %
ZiToTWab.

BAMEHCIREZLE A 2 &, ML & B IR
ORGIRREGE LY, WEBICBUS N2 LB, ZL T,
FEOEPEAR T D 2 BV IR ASIG IR 2 2 LT, HH
BIRICE DAL ZEAMEIE LTo~ 7 a3 A
WEAEE 2 R . BB IR 2 itk e L2 B 0
PALMERRBUIRE ST v B2, R IR A
T 2 BAM R O BB IR Z B A N TSRS
FEAERL, WRIZT 7 OB OF ADOR BRI
ML ThRZZEA SN TR,

AWFZETIE, BHPEA LRI TR S B — 7R
Al CFRP Z @M & L, ¥WEALEEHWT, ~7 ok
O3 AWK 2 RT3 5 & LIz h iz AL
L7z, &512, BRI O LHAADE,
WRE MR 7B EOBIS I 25T 52 L TEORY
4 % MG L 7.

2. BIEILE

<7 OO AT BT B KRS O IZH W 72
WEALEICOWTHMT 5, BN E I 7 oz s
THEAMB M EL, CORMEMTHL L= b
VY EREZL ZLTL=y MEVADIRT], O
ABLUEMEZNZNIZUIn)), I700TAB
XTI 7 aZ i LI, 6, £, u THETI LTS,
7 BRI S AR 2 L, BUNERZIGET 5.
=y PENVYHNOMENT MVvEXxETHE, 37
T A e,

11

=3+ () 2

LEREINS, 22T, TidmEZRY. /2, I70%
fLuix, ¥7 003 HREZHNT,

u=E-x+u* )
LRENDL, 22T, w I Y- AR AT L EREN
Ths RQEXDIRATELE, I700TAhe
Z~ 27 0O FHE ZHNT,

DENSO TECHNICAL REVIEW Vol.30 2025

e=E+¢ (3)
Eph, 2T, e ldv-EANEE AT LELOTAT
HY,

4)
Thb. b, FEHOTHe O Y- FE?S,
1
E::ﬁﬁﬁlst (5)
1
Tﬂﬁ,ydvzo ©)

M H. 22T, [Mid=y b vokEE RS
—J, xzuaphizIzuibiecnzr=y bt
HEFEHTERSN, KDL HIcEKsh L.

1
z:mfy sdV 7)

B, BEHOTAe o v-HEEZERE TS L, HilloO
70— 7 oEREMR Y 25, KIORT &) A
HFEXPROEN L.

(8)

CIT, SEBLU S RENENY /OO TAMEL 3
70O TAREEDLEOLEGTHY, () TR %
#73. K@) EX@) IMRAL, hEzEHTLE, K
RIRT L=y FEVHIZBT 202 ) HwuRD
#ohs.

1 . B
mfya:as dv =0 )
DO &3V S UL R OB AR % Y-

JHMBER LML LT, FEM ZHWTHL I &2 D
2= MeVOEALERE E BT RE T H .



3. —AMiE(E CFRP OIS E LR

31 a1=vy bt
AWFZECRES L7213, jrFEMiHE T800SC & TR F
YRR TR & B — D7 IR e R L CFRP Td 1)
Z OMMEARREEIZ V1L 61 % TH 5. CFRP IZBWT
fFEMAE L, MMEICTRE 2N, T Y AICRES
N5, LaL, MEREDT V5 AEIEZOHELE
BICIIKREREELZL5 220" W RICRFE T,
Fig. IR & 912, RFMAMEE AN HREL722= b
CVOHERERET V2R L, EALEN 217572

Fig.1 Finite element model of the unit cell of
unidirectional continuous CFRP (V=61 %)

32 /0@
3.2.1 R
RFEMWAETZO I 7 OiEEICL Y, BiEORT N
ERGETEME T, MELEELRTIE2MONT
WA W RIS, AHFZETIE k& 1 s B B
WRLAGE L7z, Thbb, O FA e lZBOThe" &
TNFOT R ™" DANC I Y K ENB.

€ = gh + gmech (10)
BH e HFEMOT A" DI KAITRT
Hooke O:HIANEANL$ % LARGE L7z,

c = Dortho: Smech (1 1)
CZT, DR GO SIS T Y v rEE
FORT Y U, HARHEERBIC L o THRES NS,
4 BEOE R ERIE T~V IV TH 5.

—J, BOTHIIRNCEYEINLE LT

gth = gortho(T _T) (12)
ST, TIHRE T, 3MMIRETH D, o« IES
BRI RRET >V VTH 5.

e FMAHE T8O0SC 1, BEH K DA S i % i LIk
IZBWT, HEWEOREERFEIBNTH L7202
NEBH L7z Fig. 1IORLAZL D ICERFHIA%Z x-
&L, WMWY 2 E =E=065GPa, E;=294 GPa,
V3=V5,=0.32, V,5=v,=0.41, Vv3=v,3=0.0071, G,;= G5
=182 GPa, G,= 6.5 GPa, ¥ EREK % a=,=5.6
ppm°C™!, a@=-0.56 ppm°C™' & L7z ",

(v

3.2.2 Bt

PR BRI S5 5 PR B BRI & AR L7z, RGP
JIE Fig. 2 1289 & 9 %, — AL Maxwell €7V %
Hwiz, Tz, KMTIRT L9, WHOREE D O
AR L TR 2 /R S ARE L 72.

c=pi+s (13)
N
s=so+ ) h; (14)
2
so = I4: Diso: gmech (15)
. 1
J

CIT, pEFKIEIRT), sdRAERT, 1120l
LT v, s (& PRI, by EIEF R 228
N Maxwell EEHBTH Y, 4 FilT ) 1354 Maxwell
RWEE2ERT. 72, LIZ4BOT YV TRINLRE
EANRL =5, D 3P AR G, B LUK T
Vv TERIND 4 BEOE TR T >V v E
FY. EBIT, 11344 Maxwell EZEORAEHTH ),
9=G /G, TH 5.

—7, BOTAR eIk EhERShDE L

e = ja(T - T,) (17)
ZIT, al3MBRRETH 5.

BB B O R BVEREE & R L 72 IR DT 120,
Jis\ JE % %5380 DMA (Dynamic Mechanical Analysis:
BRBHE) 77— 8 BUETH HA5, BEMITIZRDY
B b, WM, R B METHUE L7z i

BEVESR R A, RTINS PAT R L, 1
DO SRR (Y AY—H—7) LT BEEH
—REEAHIAE S hTwd, oL, BB
MNOBBEE KT RB a, 227 V77275 — (BH)
WF) LI, 25— —T % PIRETHI LT
IR FKB S NS,

REFFETIE, -100~200 “CIZB 1T %5 DMA #ll5E O &
Bnt, 25 CEILHEREL T LAY —H—T 2K
L7z, 2L T, =% —Ferry D3k P2 XD RN AT
PER G, &3k, WUT/RT Prony MEIT & o THER S
FTA=F BPE LT

N
t
G- (t) = Go {1 + Z gjexp (— ?)} (18)
=1 ‘

BB OMERAE AR T ST 27 778 — a3,
WLF I ¥ 245E L7z, $abb,

T - Tref

logypar = —C1m (19)

T IT, Tl 3HHERE (25°C), C, BXUCIIME
IRGA—=FTHY, C=-13.5 C,=-399 £ L7
AWFFETIE, Table TR RMBIEORT YV Y B &
OREBE /S5 A — % %\, Fig. 3 & Fig. 412, Zh
NG HRL ST VT 7 2 5 —BIXPZEDT 4 v
T4 Y TRERERT. MR, TMA (Thermo-
Mechanical Analysis : #EM5HT) DFR DS a =50
ppm°C' & L7z

Fig.2 Schematic illustration of generalized Maxwell
model
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Table 1 Viscoelastic parameters for base resin at 25 °C

Fig. 3 Relaxation modulus G, of base resin and fitting
result based on generalized Maxwell model

Fig. 4 Shift factor of base resin and fitting result
based on WLF model
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Fig.5 Components of relaxation homogenized CTE
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Fig. 6 Contour map of 03 in the unit cell under free
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Fig. 7 Contour map of & in the unit cell under free
thermal expansion from 25 °C to 125 °C and
keep for (a) 108 sec, and (b) 10'® sec
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Table 3 Relaxation homogenized elastic moduli of
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Fig. 9 Components of relaxation homogenized elastic
stiffness tensor of the unit cell; (a) D%, (b)
Dr'3333, and (c) D% and Df sy
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