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Evaluation of Thermal Degradation of CFRP Flexural
Strength at Elevated Temperature

Tae-Kyung Hwangm, Jae-Beom Park’, Sang-Yun Lee Hyung-Geun Kim’, Byung-Yeol Park’,
Young-Dae Doh’

ABSTRACT

To evaluate the flexural deformation and strength of composite motor case above the glass transition
temperature(T,),170°C, of resin material, a finite element analysis(FEA) model in which material non-linearity
and progressive failure mode were considered was proposed. The laminated flexural specimens which have the
same lay-up and thickness as the composite motor case were tested by 4-point bending test to verify the
validity of FEA model. Also, mechanical properties in high temperature were evaluated to obtain the input
values for FEA. Because the material properties related to resin material were highly deteriorated in the
temperature range beyond T,, the flexural stiffness and strength of laminated flexural specimen in 200°C were
degraded by also 70% and 80% in comparison with normal temperature results. Above T,, the failure mode
was changed from progressive failure mode initiated by matrix cracking at 90° ply in bottom side and
terminated by delamination at the center line of specimen to fiber compressive breakage mode at top side.
From stress analysis, the progressive failure mechanism was well verified and the predicted bending stiffness
and strength showed a good agreement with the test results.
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Fig. 4 Attachment of the stmin gauge and the thermocouple for high
temperature test: (1) tensional specimen. (b) 4-point bending

specimen.

e F8 AEe #8 A¥E A g shghite] Aol
Mg BEStl, 3 shEolde) Hd A 9 Ay E
MY ES ZAsigon, of AN Bd2 39 24 (E)
& A4kstsith A ()3} Fig S o A ASE AL
thebdl Zlole},

My
E,=—- = ()
I ¢

Inertia) & #¢ RHE, y, e 2 &)A] AlEH Ak 9
stk W7bA el A 9 S WY Eeln
strain gauge
compressive
77 side ] 7
o . = h{gle)
= / neural axis =0 pm—IL
s s B M)
. &=g
tensile side '
@) (b)
Fig. 5 Schematic showing the stmin gauge attachment configuration
and the neutral axis position determination: (a) stmin gauges
at the top and the bottom surfaces of the specimen. (b)
determination of the neutral axis position.
332 88 A4
P BAF A3 FH AlEe 39 ¥y 9 g gy
of vliE T L& F¢ v nYs Yysta, 18 s
oMol B34 48 7F2E F9 Fr AN FAE 5
N9l A% Theg DAY K8 84 9 d4do) S
Atk 2E ¥ 24N AE WS 2003 A% Be mEg
a7l 93l ABAQUSE HE s¥Y=E @

2
< o

¥ whe olF Z4 AR mIE =il stk Fig 6o U
B uke} 2ol HE stuv) wAE U ¥ olE FRS

A&stli, 7k mtd me o A xs A 488k
oluf B o Avk HIEZ L 4 ()Y Zo| oA FF A
o £¥g AEShE ¥ MEAL T 4L Heskec)

Yp=—2+a’ T,

12
I
el = (—ra ) 2)
12 s
(i+l) Gll {i+1)

T l+a’G, () M

[Generate material properties

in elevated themperature

Load. Pi L

Calculate stress&
strain of laminate

7

onverged

$olution 7 to
kCH

Re-establish
equilibrium

Degrade material Failure analysis Smat
properties (Modified Hashin criteria) Load

Increment Load

nd of incremen

Fig. 6

Flow chmt for the progressive failure analysis.

2
2 3,0 s
2 oy 2 2G4 -
ey =(—)" + > R When o5 >0
Vi Si2 3,0 sé
2G,, 4 :



24 Fej Aol dddd g e g R A M RR s
.2 3 (Ei, By vyt & W% E8A9 A6 W 3 99 o
12 +2g? T-’l
: 12
‘3} = ((;2 )2 + 262]2 4 When o, <0 (3) M 7:“4\" Eg}ﬁl H‘» a ﬂ(); /g“ﬁ‘ q“:g A] ‘x_.g’] ?_;g' 701'5
‘ St L3 g0 54 ol E(Weibull) F4% HE sfepojy)
2Gi2 4 aen gEa gy =mdge A ne BY AW %
Aol g FE dujgor EAste A A#Hy 59
2) Aé'?r ‘g‘g }Ez*?r ZHLH j‘}‘?‘} 8}‘7'11[—*—451.55mm/901,()mn\/i'l5!.3:!\1“/900]5mm/i‘5I,3mm/901.0m m]g}' Q
2 3 2 HEF ke FAE 4 F 2 R mdy gom,
T
s o, 30 tEe Aael ZRde A8 oA 24 2de o8 12 B
€ (“XIT) +- 5212 3 . When oy >0 Hol 38 FoR e =5 WYL YA Y BE
20‘122 + e’ S 52 Hgstgich
2
2 +—§—0{ 1’142
2 oy 2, 26 4
e‘/:\ = (~)—(~—-) + ?————g———————, When oy <0 4)
¢ ‘1‘2 +—6(()-S|42
2G|, 4
3y &7 dgk uwhy
) Tiin Ty s
en = ()T H (T )
‘YIB S23
(Xr. Xeo Yo, Yo @ o WeF B zEwe] A9 Wak o
R oobE: E, 3 ke dF dE AR, Sw, Su, S
7k el A 45
ol e 7h Wk ¥ mhdo] whE By B4 A3
= A (6)-(8)3 ol —‘?—016‘}1‘_ o, zb sbE whoolA] At
b SrbEel mé T S AR AEE fudh)
# %3 - ) A AE
% A 7k
) A4
Ey =vyp =vay =Ga3=0 (6)  Fig. 7 Finite clement modeling and deformed shape of 4-point bending
specimen,
2) A 2 AS A g3
“ Oy e 4. 23 9 u3
F:eXp[—(—ﬂ—) ]
t (]
G 41 254 7|2 ME 24
) o,
fls =gy = Gy = 12— exp[—(=LL)“ N
Mz =vas= O =0 pr=expl- Hg By ne A% @ A4 4nE Hnst 99
7t gx 8 AR B4 ANYE FY¥shoich Fig 89 ‘i4
3) 27 AT w3 %%% 74 aA g 2 By B4 Alge 907 457 ¢
A AEARE 25 Ha2 vehyodu. 170°Col e FA %
F3=vi3=v23 =013 =023 =0 ®)  BA A3t @Abo] ushtn gtk ofed L& W AR B
4 AE ATE Table 1o 3 Helshdi, olslE &7



$18% i 2 4k 2005. 4 2L Ago] g wa BEA 39 Z= Ast #Hot 25
25 Table 1 Material properties at high temperatures
o 24°C
0L A 100°C Temp°C) || 20 100 | 140 170 | 200 | 220
<& 140°C
P v 170°C Ey, GPa 116.0
E i5f g
z g 200¢ Ex 73 | 63 | 525 | o066 | 047 | 05
& 10f G 4.0 2.58 2.1 0.125 | 0.15 0.13
st 4]) 0.3 - - - - -
va'::‘:ﬂ:lu Arees
? X, MPa || 1950 | 1950 | 1891 | 1872 | 1696 | 1618
0 ' .
0 2()()() 40()() 6000 8000 Y 23.0 23.0 17.0 5.0 25 25
Strain (ue)
@ (90°) laminate Si2 451 | 450 | 360 | 20 | 79 | 62
60
813 56.8 42.7 27.6 11.3 6.7 5.2
50+
a. By @ =22.8. Bg = 2200
4() 24“C
5 100°C
z 5 140°c
% 170°C
7 “ 10} 410
v 20 200°C
20°C 09 b 409
10 08 - - 08
QPaEERTT IO FOO®HO 07 |- Jor
o Besss . g .0 _
0 20000 40000 60000 80000 3% 06
Strain (ue) E bady 108
(b)]£45°] laminate goar 04
2 ot 03
o . —-- Fiber strength
Fig. 8 Stiess and strmin relationship of the [90] and [+45"] laminate 02 + Transverse strength 102
at various test temperature, —~In-plane shear strength
01 ¢ ~4-- Interlaminar shear strength 01
rys R 'Y
A 24 2= 8 BA e AL FoR U £ Y @ 0 20 40 60 80 100 120 140 160 180 200 220 240
& 229 4R Fig 99 L}EHH%‘% A WY B Temperature (C). T700/Epoxy
140°CH-E] Ajz3te] 170°Col 3y T3 sheho] W3 E o
= . S . Fig. 9 N lized material properties at vand test temperature,
2()0"C0]-,-oﬂ /E*% {Lo] 10%7/}4 6}"_% k3 %11(} {x}f% %-X] g omalized ma prope: various tes pe
a1 ol%-‘_ rﬂq:ﬂ Ao 1}?1‘ =N 1 7rol Ao ulsk Lﬂ-k} 5
]’L— AR S U (: HA 12 r%‘ﬂ’ [e2xe] o 'Iﬂ :‘QJ‘"] 701,59’ ﬁ]g}-% L}'E}-LH 7)‘\‘_0§ *E‘"é;‘ 70}‘5:94 76‘.?—, 8}—
4o AEL vEA eno 3y ARE morn Ao ) ‘
2 . ) ol F73] Aotele AHY stE AgHe gz el
= o # ol Lo HH ol A ° o =) ) H ) gt ol
% 200°C ojF o= tjRE 7t 1o oI n 3} . o N
. . . s E, 5t% AAHE dolg nEste AEsiiuh A AlY
W4 Wy W Aol weh mA Q¥el F4s Ass
o s s Ane By A% 9y A7d @ W 24 Mt d4tol
o, of#¥ AMrt £ T BAY F4T AsE e . o m o ol L Mo -
P33 =N ol o 5t w42 2 7lo) ubek 2o 3
Ga oo Ea M8 e de pE med ou e TAEE S A ol ses 2o ve 29 3
N o B _ Z 2o # Wk % A i Y(matrix cracking) 2 A &b
AW Anel oz nocdde e & Azes o | TS WY DS S o
N A X FZ:FH O P Az o] 7V Hg{(delamination 2
2009l B EAE BaG Rd 4% 4wy Ace [0 DFARE SO HES S SHCAmnon® 4
2 1k = ES e i=R
2R FAE ARt SARSE Ud £E Zre) @ o o) ORI AT mEd swn Me pawe
Gao] G Aem e W ZEE $29 dsto] o8 HeHE How Do,
T e = olgjg olg2 ~AAE ®mA FY AW FY A4 2L 7
- =3 °CE 7]|Ho A3 sl FARe Ug 31
4.2ﬁ91§ EA}'_—'LSE'E Al-g S 140 |dez 43 ]‘—1~°\_ g vElY I,
200°Co] Fol s tjREe] £x7 AztEo] vmy F A
Fig 10-112 4% 237 % 7 259 g9ola-ues 2 58 Jeh)n oo



26

e -t ol 4l o

BEE AR

o
P

0.9

T

£ 06

PSS

0.3

0.0

N
>
<.
(=]

Axial strain {

-0.3
-0.6
-0.8

Fig. 10

1 ! i
1200 1600 2000 2400

Force (N)

L
0 400 800

2800

Bending force and strain relationship of 4-point bending
specimen at various test temperature,

50
7; wor
= °
§
g 30r
£h o
;§
3 20t
._2. 10 °
2 ° °
0 1 1 1 - 1 L
0 40 80 120 160 200 240

Fig. 11

Temperature ("C)

Effect of test temperature on the maximum bending moment

of 4-pont bending specimen,

Fig.

2 e ge 5
web Ak ook AstEe HE gz 9 &)
EF g 79 Yd sl o8 2A

gk oy FY AR ngow

e FE A FYw 9% 88 e @
Aew Awe FF AL LwTt Zbao)

o A7l $ & EWOE o) Hizy, ok L% 2
Zbol weh el W gejel il 45 FB 903 7
4 Ao} 1 gl Uglol glth oleld WAL 4%
b @A AskEl 200007 &5 Fobel vz sto} wAy
8k 9t

43 T 28 si4

B 210
24

40
= 30
S ° °
2 °
£ 20
@
20
2 10}t °
() k Il 1 1
0 50 100 150 200 250
Temperature ('C)
()
6
- compressive side
;E newral axis
E " : tensile side
£ s e
8
ti °
2 5f
o
?: e
=
3
< °
°
°
4 1 1 1] 1
0 50 100 150 200 250
Temperature (°C)
(b)
Fig. 12 Effect of test femperature on the bending stiffness(Eb) and

the position of the neutral axis (y) : (a) Eb. (b) y.

aA A4
Non-positive® 4 o] #A15}o] o] 43 &%
Al slAe] oié BE wags 99

12 o3

determinantg}: 2]
oA ek
142}

Fig.
Ae]



8% 1 2 4 2005. 4 2E g5ol whe wa BEAe 2Y ZFE A Yot 27
3.0 -
2.7 k| — Testdata {Top) -
Test data (Bottom}
o 24 *  FEA results (Bottom)
Delamination 21 F| e FEAresulls (To -
at ceterline 18 -
\ 15 b
3.5 e v2 b
30 [ In-plane shear non-linearity F ool
3 & Failure (45° ply) £ osf
25 |- F o3l
20 Matrix cracking E o0
o r (90° ply) el
1.5 k- 0.6 |-
L 0.9 |
F 1o} 12 [
pas [ 15 [ *
s 05 e .
% 0.0 - ¢ 400 800 1200 1600 2000 2400 2800
3 o5 L Load {N)
1 (@) 20°C
-1.0 .— 20 ¢~
-1.5 |- 1.8 1= |~ Test data (Top)
N 1.6 |- Test data (Bottom)
20 | 1.4 | * FEA results (Bottom)
12 *  EEA resulls‘TnEz
.25 L i Il L 1 Il ! 1 1 1 1 1 1 . 10b
-25 O 25 50 75 100 125 150 175 200 225 250 275 300 ! ® o8l
Load (Kg), T=20°C g ook
% 04l
B o02f
Fig. 13 Numerical progressive failure mode of 4-point bending specimen 2 ool
at 20°C. 0.2 |
0.4 |-
0.6
y P12 08 -
1.0 |-
1.2
14 . . L L X : . !
0 300 600 900 1200 1500 1800 2160 2400 27
Load (N)
(b) 100°C
support A Shear Region Pure Bending 141 | ———Testdata {Top)
L3 ) 12 b Test data (Bottom)
® FEA results (Boltom)
] 0 *  FEA results (To)
§ . o8
i T o0sp
E = o02f
0 % ool
) ! 0.2
0.4 -
7 06
(Inter-laminar shear strain) (Axial tensile strain) 08 -
o -
Fig. 14 Comparison between test results and predicted results for the P T Tra T, 1260 1300 600 1860 3¢
failure mode of 4-point bending specimen. Load (N}
_ ~ (¢) 140°C
432 2= ¥ 3% ¥y 9 A 10
1 & A M=ol L b T Testdata (T
AlE Adkel g4 Axbo| ving B3 4 ndye g os Toat data (Bonbm)
- = P =1 A FEA results (Bottom)
If)‘./\g% 14 6]'7‘ ‘I'IEH Fl" 159’}' /]‘0 :t:!l—%} /“ ‘\..'-%' O]-g.o]-()/] 06 | FEA resuits {To
w5 38 99 A4 A8 B4 FwD v o A g ol
P = 5 5 . - £
Hol WY ¥MIEL 25 AR 4z Age vastgd g ozl
@
Ao A 2% Frbol whet AjHe] FAo) Astxle] F E ool
_ ~ N N <
o HEgol F48] AN 1o) wet Y = ol ¥ 02|
St Qloh ol Bigh Fawke AlY Al fAlEA 140°Co) ol
Fof F4% HaE Uehlin ook 23 2E7 443l 06|
mhah, & wgre] B4l A9 d¥e aA wE urdy sl . ; . ; . .
o = N e 0 100 200 360 400 500 600
45 'o‘o‘ E::_\_—§}~E]01 /‘I LQ'I -3 '—-’QB*OI /‘]ﬁ '?'{5—% i ?‘ig—‘é '%:]f Load (N)
Fote] AT & WHEBY Hol7l ©L AXA H©oh @ 170°C



&
W

T

=3

28

ot ] it e
< of %O u o
F o B -
GRS 3 4+
& 53 o
T M T
X [ 70 £l
mv,ﬂ ~ T o=
e 2
W SN
o 00 ,_o
B [N
~ .‘Mmo .ﬂo E._‘_ v Lh
o HS n..t Ot
X " oo W ar
3 T iz . T F
T o vi o W
Moo .
| ol s
G o
P =
N T
B o= X
<o o]
o o B W m
of ot T
wE g i
TS O
W T <
_E ”,
L553
£t . W
”, *» * M..
L i 1 1 1. m 1 1 ]

(%) uiesns eixy

<

R

L%
=

250 300 350 400
Load (N)

200

=
I3

LER U SLEk.

(e) 200°C

o

il

Comparison between measurement and prediction for axial strain

at varjous test temperature.

Fig. 15

w

o
=
5
=)
B
ol

W Mo W B T oo rhn T o
R ., Bormz __ T
AL I
N=%®M" Ty
H-" XTRTE o
oo T oo ol % -
—, WO L ool
T A
Mom%ﬁagm%ﬂ
o X oW U oy mvt g
B o7 [ I
Rl [} O o
7 owﬁﬂiow (AT
R o BB
e o) 6E.._01
®_WwmET T o E
ﬁ.@mﬁw@r@ﬂlmﬁ@
PR R gy B >
T e ook
..Tlm@ﬂﬂmmu.w}c'o_;
T T o G e
5 wlotm_.mi bl
aCﬁuﬂ_IMoﬂ_ﬁO“qmm.
S Wy ol %
B P
= o oy B OB
R L P I e
3 H U - el
wEt o gw "t @
TENBETE TS
2 ]
s 9
=3
EH ]
&<
/ >
W ]
¢ 8
| SUNFISINS SUUIPIU NS U N TR Y RNR R |
s o e o =@ e e = o
g g &8 g8 g g g 2
§ 2 38 &8 8 =8 <

{n} #0104 Buipusg

50 75 100 125 150 175 200

25

Temperature {°C)

ol 4] €]

%

&

_._ﬂu

16  Comparison between measurement and prediction for bending
force at various test temperature.

Fig.

=

Fa

it

of

By

1% 543

A
ol

AR

ol

o 2l

5]

oly

oy
mp

w

00° b}

La
i

CEEEEE
Hof, o] o

o
&3
%
<+
o
>
]
B3
o
ﬂmo
T
o
T

o
"

ul
]

A% wAR A%

1) F. Mard, “Design, Manufacture and Test of Composite Case

.n_Ano
N

70
!
.
n

o)

ol

for ERINT-1 Solid Rocket Motor,” AlAA 29th Joint Propulsion
Conference and Exhibit, AIAA 93-2462, June 28-30, 1993.

Booster

“THAAD DEM/VAL Solid Rocket

Inman,

2y F

]

of el wheh 34

BN E
- w

o} 2

]

Q.
ik

]

9]

3, Dec., 1995.

630, Vol.

CPIA Pub.
3) K. Fossumstuen, G. Raudsandmoen,

»
a2

Development

H. Heie and A. S.

Raufoss, “Design Verification Program for an Air-to-Air Type

|

T 7E A AlE

e
<]

.&o

o

T

CFRP Composite Case and Reduced

Smoke Propellant,” A/4A 29th Joint Propulsion Conference

and Exhibit, AIAA 93-2320, June 28-30, 1993,
4) C. E. Browning, G. E. Husman and J. M. Whitney, “Moisture

Motor  with

Rocket

169]|
N oA el

£ 7o Qedv. Fig

3|

o] 7] 4

ek

|

H

Effects in Epoxy Matrix Composites.” Composite Materials:



184 U 2 W 2005, 4 2 o] g

ol

29

5)

6)

7

8)

9)

Testing and Design, ASTM STP 617, 1976.
K. E. Holfer, Jr.
“Development of Engineering Data on the Mechanical and

D. Larsen and V. E. Humphreys,

Physical Properties of Advanced Composite materials,”
Technical Report AFML-TR-74266, Feb., 1975.

G. S. Springer, “Moisture and Temperature Induced Degradation
of Graphite Epoxy Composites,” Environmental Effects on
Composite Materials, Vol. 2, 1984, pp. 6-19.

C. Sauder, J. Lamon and R. Pailler, “Thermomechanical
Properties of Carbon Fibres at High Temperatures (up to
2000°C),” Composites Science and Technology, Vol. 62, 2002,
pp. 499-504.

T. Naruse, T. Hattori, H. Miura and K. Takahashi,
“Evaluation of Thermal Degradation of Unidirectional CFRP
Rings,” Composite Structures, Vol. 52, 2001, pp. 533-538
R.E. Allred, “The Effect of Temperature and Moisture
Content on the Flexural

Response  of  Kevlar/Epoxy

Laminates: Part 1 and 1,7 Environmental Effects on

Composite Materials, Vol. 2, 1984, pp. 27-57

10) R. M. Verette, “Temperature/ Humidity effects on the

Strength  of Graphite/Epoxy Laminates,” AlAA  Paper
75-1011, 1975

11y K. Y. Chang, S. Liu and F. K. Chang, “Damage

Tolerance of Laminated Composites Containing an Open
Hole and Subjected to Tensile Loadings,” Jowrnal of
Composite Materials, Vol. 25, 1991, pp. 274-300.





