Composites

=

Vol. 27, No. 4, 174-181 (2014)

Paper

Analysis of Thermal Deformation of Carbon-fiber Reinforced Polymer

Research ISSN 2288-2103(Print), ISSN 2288-2111(Online)

MEINS 120} EFA A

2% 2UM @ WY {7

12 A SjA

|

I.

JS“S'%* . 7=!_c'>_||;“*’r . ﬁxﬂ@r**

Matrix Composite Considering Viscoelasticity

Sung-Rok Jung*, Wie-dae Kim*’, Jae-hak Kim**

ABSTRACT: This study describes viscoelasticity analysis of carbon-fiber reinforced polymer matrix composite material.
One of the most important problem during high temperature molding process is residual stress. Residual stress can
cause warpage and cracks which can lead to serious defects of the final product. For the difference in thermal
expansion coefficient and change of resin property during curing, it is difficult to predict the final deformed shape of
carbon-fiber reinforced polymer matrix composite. The consideration of chemical shrinkage can reduce the prediction
errors. For this reason, this study includes the viscoelasticity and chemical shrinkage effects in FE analysis by creating
subroutines in ABAQUS. Analysis results are compared with other researches to verify the validity of the subroutine
developed, and several stacking sequences are introduced to compare tested results.
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of Wi}, o] ypFgofl A Bhaidf A3t %ﬂxﬁfﬁ% ] (Fiber)
o} 227) (Resin)©] LY AAZ2} Sfer B AL ChE o
of w2 =449 W= aefsfiof sk e (Viscoelasticity)
AL 71Tt € 734X (Thermosetting resin}= 17-2,
aefe 2 AP o) H3k7](Cure cycle)o] whzt A& 3F
t}. A3} #7100 ufe} B3R 2] AHSe (Degree of cure)’| 2
A, Astro] ulel 4AJE2] BFAIAIS(Young's modulus)
7 el Ashesl e A9 AEL) Azt 4TS A
oo} Eak A3} Lofuk Fok B A} A7)
7MA = 22+ 3heh4== A 4>(Coefficient of chemical
shrinkage)@} &%} A<= (Coefficient of thermal expansion)
9] Zpo|= et it oA B ] X752 (Residual stress)
S WA A FHE T (Warpage), 237 Q1 (Spring-in)¥} 22
WS ok Aro] 73 gt At 19704
ol A2 Qo w 1] A 7EA] WS Fofol| A A7} F
I ek R e o) =0 ARIRI R0 HIE gt
A AsS AR A 2]= Qlet. o] & 7|Rte & 3t
Graphite/epoxyof| et A7} Wo| 9lom A3}t 7], 1174
2% AZE A 25 AFRde gesh e A
52 Yoth= AF[B]%E Ut FFEok ¢o= QM=
7)ol AHE-E = Al 573 B o] A s Al [10]
of thet A% ek o] AY BRI} 2hol= ohgRt &
ofoll A e o] A7t X&q Folm et 3hst 4
2 L2, A9Fe) A oA FAE 4= gloh
= Aol A= ABAQUSS} M EHFEHE AL
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2.1 Asl= (Degree of cure)

FA 7 A3 v = 220 & A oln, UntH
A o] 7 ehitk-g-2 w - Hstet FoheS =
B3 AHAS ARESHY F o] ARHAL Qe AL
AAE D710l ofg=ol ek & A= Adol A
Az o] Asle T EAXE tjAlske] AS4/3501-62 ARR
5}3laL, 3 3H&(Cure rate)2 A (1)2 YeERHTH4].
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T =f(T,a) (1)
7| A T} o= 2+ =9t A3te s Yele 33z o
rof whet oh23 7o) v

d“ = (k,+k,o)(1-00)(0.47—0) (a < 0.3) @)

do‘ — k(1-0) (00>0.3) (3)

© vhgat g,

k,=A exp( ?if) (4)
k,= Azexp(—i—%) (5)
k;=A exp( é-E-j%) (6)

A, A, A, = pre-exponential factoro] ™ AE,;,AE,,AE; =
2/d 3} of| A (Activation energy), R> URF 7|A| A<=
(Universal gas constant), Ti= A j}.2= (Absolute temperature)S-
et 27] 2712 T=T, t=04 ©f a=00] 3fj4o]
ARl 7] 2%+ 303.15 Kolth. & Aol A= 3o
AR A= 0] A= 3501-6(Epoxy)E ARE-SHATH 4]

2.2 HE "™ Al (Viscoelasticity equation)
At e o2 e o) HEre FAY S

Qlom STl 4, WaETe] AL Tt 2ef)
—_ [t P ’ 0
Gl](t) - JAfoc Gijkl(a’> T>X3 t3t )5-;1

X (84X, ) —ep(X, £'))dt %

o] 7] X o= stress tensor, akl,skl Z+Z} total strain, non-
mechanical straing- L3t} X oz W, ¢, t'e 22 F
A AZE2} 2] AZEE LreRdiet o1 714 Kim[31 35016
Epoxy &2 &3 7453 M A9 12 d(Generalized maxwell
ol ako] Theat 2ol AlkeheiLt.

model)<

Qij(as E,» T) = Q;)((l, T)

+ N —€(a,T)
# Q0 TIZ W, (e, Dexp( =) ®)
Qv ¢ ¢st w/dA4(Fully relaxed modulus),

<2} &4 A 4= (Unrelaxed
gefo] = 2o]

Q;=Qi-Q; o™ Q=
modulus)o]t}. 4] (8)o]A] QU,Q;, W, =
gt 7} orea o] UERE 4= 9)

Q0,5 T)=Q +Q;25zlwwexp(§%)) ©)
24 Hpape] B ARl BrS A7l S A oln UHs)
b agER S s s B, Gu()E a8
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TA AL 7}A] e R(Partition factor)2 3501-62] %o R&
0.01, graphite/epoxy®] ¢~ 1/7& 7} th[3].

Qj=RQy (10)
= A5k 7ol B S 34 o (shift function)Z e
o] xlct.
_qr_ 1
a_'[o (XT(UvaT)dt ()

Eot gk g Ot ol Ukl 4 gtk
~@)(T-T,) (12

Ralget Zsher) el et $71513 Lo B
3 419 Bolth. 8 okt ATH(R)S § Mo £EE
7122 3t AP 9L 5 900 graphitefepoxy] £

o] 2 (Glass transition temperature) 7§42 t}3-1}

2t

T,(ar) = 10.344+11.8590.+178.04a.” (13)

A (13)= B3 a,,=0.98 U 0] F2] o] L2 Ly
Al = 31814 A3} §H4=(Chemical hardening function)&

.Q_ < O]]‘;}-

= T M

Ty(a)

£ _ f(a) = 0.0536+0.06150+0.9227> (14)

T, (aref)

o714 §e] Mol Lmis g2 gt A\7hn AR ABL
Shehi 7bge 4 9L, olell 4 (14)2 thewt go] 5o] 3
% qlek.

los(tl@) _ ) (15)

log(rp(aref))

o] A= ol-8slf Fet=r) 0.98Y W] 7S Aok o H e
oF Ak o183l Yok AetEol MY 7 9 S

Table 1. Master curve parameter for D.0.C = 0.98

o T Wa

1 2.922137 x 10 0.0591334
2 2.921437 x 10° 0.0661225
3 1.82448 x 10° 0.0826896
4 1.1031059 x 107 0.112314
5 2.8305395 x 108 0.154121
6 7.9432822 x 10° 0.2618288
7 1.953424 x 10" 0.1835594
8 3.3150756 x 10" 0.0486939
9 49174856 x 10* 0.0252258

5 A7hE de & %Eﬂﬂ ABHE 0989 wo] A5 9} &
10 2] TH3].

2.3 &8t =& (Chemical shrinkage)
YAl A S A KT ATA AL shat 238 3T
wju)ats] wjie] A 4 gl =
AT 3], Lt 6] oA g}o sz

iAol WA 4R IR e Ul Ak A7 2

T2} QrH6]. # Aol FHPASNS DAHE o)

o) malo) Mg} B 2%, AAPAS T S BT

23 ¥ 9 (Displacement)2- 2o} a1 518} =50 F &5

o JEFL F=A gotugith the- e} 2o WY E

< el Aol

SJ-A = KAoy(t) (16)
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2.4 M 3 HEF(Stiffness & Strain)

ws] 7} 2ol s ol vished o e
v 52 o] (Orthotropic material) 3| ‘?:P% iy,
& Bugel Aol sk 715 & 5 2
(Generalized Hooke’s law)o & HE| F=Hgko &2 321} B
FE WA= vk ZrH12].

G1 Qn Q, 0f®&
C2071Qy Qp 0 &2 (17)
T2 0 0 Qg V12

B ofe] Ae] Setol (Pl
2 27ke] Eetolutet o)yt Ex jFe] 2102 13 W
L geE ach 4324u 44 W Wg e AL o
3} e,

2 g H55n

~|

cos’0 sin’®  —2sinOcosO
Uid=] sin®®  cos’®  2sinfcosd (18)
sin0cos® —sinBcosd cos’O—sin’0
cos’0 sin’0 sinBcosO
[21=] sin’0 cos’®  —sinBcosd (19)
|—25inBcosO 2sinBcosO cos’0—sin’0
O Qn le 0 Ex
o, =UQ, Q, o0llle, (20)
Ty 0 0 Q (Yo
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£ 34 b4 AlBelo] ABAQUSS Aol HL, 3
HE 5 5 QA o] 98] 71 R g
202 AL st A (1)-4] 202 vigoz A
B A2, skl sae] A4S SRk

3.1 HETVAL

oo upe Ashre] AFS doluy] 915 ABAQUSO]
A Heat transfers A8} o] oA Z3teE 7]
& =223 v wstgich. HETVALS| ARE-E f3he 4 4]
2 2180 4& Attt o] AL BEe Bk
Z 7tE, Al2E 2794 x 152.4(mm), F7= 1 plys 0.1905
(mm), R4 70 x 38(EA) , & 26607]= mElg 5140
T AL 27697, 249> DS4S ARSI & A
ol A= 3D-shell modelZ ARE-5141 1L, e plyo] U3t
5o} A Ht #UG LF RIS X Hotr
= 8dofA Ut H-gHT)

Fig. 1% 331 = [2]7} HETVALS ARE3E 439 H
WA ot} Ha L& 2 zk7} 135°C, 163°C, 177°CE U
o] A3}w7t 0.99] =t AlXkE S5k 7HES e
= 28°C/mine = FUslt}. 27| 7oA = 7HE &
Sl BUsnE 2o £5E Aspt dojun] A1 2w
o ket e ket A} ofibs AL B 4 S
(Fig. 1). o] ) Ashe steds o] Wyst BA} 9l

LS B 5 gom, Aotk eue EAYS B 5

=
o

A Q1E|o] HBEr} 090] Eershe 2L 2 4 ol A3
shel7] who] At g

o

—ABAQUS(135°C)

Loos and George S. Spinger{135°C)

Degree of cure

—ABAQUS(163°C)
~Loos and George S. Spinger(163°C)
~-ABAQUS(177°C)

~Loos and George S. Spinger(177°C)

o 0 100 150 200 20 %0
Time(min)

Fig. 1. Degree of cure

Stress relaxation

~——Abaqus(D.0.C=0.98)
——Kishore V. Pochiraju(D.0.C~0.98)
us(D.0.C~0.89)
e V. Pochiraju(D.0.C=0.89)

us(D.0.C=0.8)
Kishore V. Pochiraju(D.0.C=0.8)

~——Abaqus(D.0.C=0.69)
——Kishore V. Pochiraju(D.0.C~0.69)
Abaqus(D.0.C=0.57)

Abaqus(D.0.C=0.4)
Kishore V. Pochiraju(D.0.C=0.4)

-2 o 2 4 6 8 10 12 14 Abaqus(D.0.C~0.1)

Time(Log(min))

Kishore V. Pochiraju(D.0.C=0.1)

Fig. 2. Change modulus of elasticity

Table 2. 3501-6 Resin property

Property Value
E) (MPa) 3.447
E, (MPa) 3.447 x 10°
Vshrinkage (%) 5.0
3.2 UMAT

Aafialell A (9)~4] (15)& ARg-sto] A BRI 28, 3f
Astglct A5l ZhaL g 71 =751 2 e s A
BHES 01004 0.9874) 7714 A9 Lol 1A A7)
= Algtol| g A AsS Bl shith mdle] =2
7= 72, Al2E 2794 x152.4(mm), T4 = lpyT
0.1905(mm), R A= 70 x 38(EA), & 26607l =2 2dllg] 319
om F AL 276971, 8 4FF-2 S4RS ARG5S

3501-6 o FA| B4 AHE-5FG S Table 20 A 2]5}3l
th2]. 2=} 0.99] =EehA] ekal Aol Bt A9 ©
ARGt wEA AtEl= AE & 4 AUch(Fig. 2). ABAQUS
oA sfA Rt Ao} =& Fho] 2 A 7HA= A&

2 % 9l

o

4. sl 4ahd

41 224 A A=A
73} 7](Cure cycle)= & 4A]7ko] A2 Q Tl 719 14
b 2Z=AAAZE 2X 2, WZE 1A g Y72 E =

o1

Cure cycle & D.O.C

——Temperature

~——D.0.C

Temperature(K)
8

a1m o 3a18aq

o 50 100 150 200 250 300
Time(min)

Fig. 3. Cure cycle and degree of cure
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Case 2) 3}3} <==(Chemical shrinkage)?} EHA4-& 25
S L L T R
S 4jol] AFSE B3AIC P23ISIW-198 AREEHGCv]
E/d A= Table 40f |5ttt
5. s ZAn}
5.1 28 gl g E(Stress & Strain)
Fig. 4. Geometry of the model @R 23 & Ay seteSa GRS
23t Al7tol b2 S o] 58 opugkc. M3zt [of
Table 3. Model data 45/-45)2 3plyS A =3t mdo] £ olH ok, 315k
Us S.I ° & 7h Migo] go] Yojif= A 3dollA] 9] nodeo] A (Fig.
Width 11(inch) 279.4(mm) 4 (node 1)) &7 &< LotHl.
Length 6(inch) 152.4(mm) s A A Y ol A s o] w4 sHA A sh=
Tickness (1ply) | 0.081~0.0091(inch) | 0.2073~0.2299(mm) A& & 4= QUoh(Fig. 5, Fig. 6). HetA 7t Agaahe 1
Element 2660(EA) <22
Node 2769(EA) -
Type S4R 0 —Thermal expansion&Chemical shrinkag

303.15(K), 7}= 4= 2.5(K/min), H &= 452.6(K), §7H;
=& -2.5(K/min)o]ch(Fig. 3). o] LEHIIE ALgato] A3}
T E |43t A3} A3twr} 0.90] EEEHe AR 8750]
o} s Aol ARg-E o] o} PAFS Fig. 4 4l Table 3
of Aelshtt.

42 29X ¥ & HE sli{M
A4 142 317] $18) ABAQUS A HLEES AHg-3)
Aow YL B B Aute} vlasigct. S5t 5250
FEHol vA= G dobr] Qs F 7HA A= v
ol )4 S AAIATh £ /1A B mE FEge 1
#stolet.
Case 1) €% (Thermal expansion)7HS 123t & HE
S A.
Table 4. Elastic property
uUs S.I
E, 22.60 x 10%(psi) 142.03(MPa)
E, 1.13 x 10%(psi) 7791.08(MPa)
E,, 1.13 x 10%(psi) 7791.08(MPa)
Vi, 0.34 0.34
Vis 0.34 0.34
Vas 0.34 0.34
T, 0.58 x 10°(psi) 3.99(MPa)
T, 0.58 x 10°(psi) 3.99(MPa)
Ty 0.37 x 10%(psi) 2.55(MPa)

Stress(MPa)

Strain

80

60

40

20

-20

0.006

0.00a

0.002

-0.002

-0.004

-0.006

-0.008

Stress(MPa)
N
o

[

—Thermal expansion

0 200 220 240

Time(minute)

Fig. 5. Changes in stress (0,,,[0/45/-45])

S12

——Thermal expansion&Chemical shrinkage

——Thermal expansion

s

20 40 60 80 100 120 140 160 180 200 220 240

Time(minute)

Fig. 6. Changes in stress (o,,, [0/45/-45])

Strain(e..)

60

80 100 120 140 160 180 200 220 240

—Thermal expansion

—Chemical shrinkage

Time(min)

Fig. 7. Changes in strain (&,,, [0/45/-45])
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(015} Casel)d 22 753t Hebd, AR Foiede
R 1 (o]e} Cased)d SEAFL @ 4P AlZ F oF 30
EAAE 2L 28 A5S HolA o] Fri Sejo] 4
o] gEAE AL & 4 ol |

ol kg .

A= 7t FASHA B = 1Rl 308
5ol o7t A 5o G R <l
Xy 374 2Hgste] =50] YojupA| =L
e ol(+)o] gzttt

A&o] Bt 3 X 0,,= Casel?] A 28.77 MPa, Case2
= 39.89 MPa& ¢F 1.48]9] Z}o]Z= Kl o o, Casel
17.16 MPa, Case2= 22.25 MPa=z ©F 1.38j9] 2}o]S H g},

5.2 £HYH

AW e @R 674 AF R FAs 2
719 Al 1048 SESHe| R 4y F T WP
ZA% Avke ABuerth Wa 24 e 4 ¥
£ H7o] 2R (2794 mm)S Folo] BAo T7 F
(Fig. 8), 1214 4le] of THL ol A4 Tk of

Fig. 8. Warpage measurement methods (1)

Fig. 9. Warpage measurement methods (2)

Fig. 10. Warpage measurement methods in ABAQUS

F Folof ela TA A4 Aole] AelE Hujoie)
ko] wig A

W2z At} 71 ol £ WL
gro Aslsirkg 9). & AP ML 2 AFuY 10

Wo) A S B3 e A BEg 71EoR ol v

sheict.

°|5 ABAQUSOJA| Ao}

3l node& = paths A5t

3} Lk (Fig. 10).

Fig. 11.

[0/45/-45] Maximum warpage point (Z-direction)

Table 5. Composite layup

Composite lay-up

Model.1 0/45/-45
Model.2 0/45/-45/90
Model.3 45/-45
Model.4 0/45
Model.5 0/45/-45/-45
Model.6 0/45/-45/-45/45

Table 6. 1ply thickness

1ply thickness (mm)

Model.1 0.2167
Model.2 0.2101
Model.3 0.2223
Model.4 0.2299
Model.5 0.2089
Model.6 0.2073

Table 7. Thermal expansion result

Experimental Prediction Error rate

value (mm) value (mm) (%)
Model.1 9.91 5.68 74.6
Model.2 3.98 2.40 65.9
Model.3 32.28 18.81 71.7
Model.4 2.94 5.16 429
Model.5 5.59 1.67 234.7
Model.6 1.59 1.29 23.25
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Table 8. Thermal expansion and chemical shrinkage result Qo] = 3luo)y 29} Al o] Aottt HELA Q]
Experimental | Prediction Error rate ARe nE 727} 7FA L QANE 1 FsFo| u-- Ao 11
value (mm) | value (mm) | (%) eahd gtk e Bee S0 HGE T Stol
Model.1 9.91 12.9 23.1 glel AFo|m g 2xxof o) HerAe] HRo] I A L
Model.2 3.98 4.42 9.9 EFL}= AHo] EAo|t) ehEo] AEg e o g ol At
Model3 3228 32.50 07 S U e Y A AR BAL 5] 19 e

Model.4 2.94 5.85 49.6 slloF 3l ZQ 3k Qolo|t}.
Model.5 5.59 491 13.7 Q) At Lwof o2 Aol A AL upelo 7 3t
Model.6 1.59 233 31.7 o} A utt; A3 r o] AEAle 2 AF S vl g
BHAZ Aolof Fhrh. H qATo| A o EA] 3501-62] B

Error rate = ——
Prediction value

(Prediction value — Experimental value)} %100

3 | E8(Warpage)

Ao AHEE SA mE o] A5 671 Ao ¥ 1ply Q]
AW R BEe AL F S5

&}, Z-direction(Fig. 11)2.2 7}A} o] ¥ o]

S

il =743 Sl v 2 227t
t}. Elastic propertyS A 2|3t 73}
|, SeEAS AS4/3501-62] &
24 A A st o Ao At
oleh. el #2zte] up2 HE
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