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SUMMARY

This is the study about a strength evaluation method of composite
materials under hygrothermal environment. The materials used is two
types of Carbon/Epoxy reinforced composite materials i.e., 130C
cure-type composite T-1/347 and 180°C cure-type MM-1/982X, and test
condition is the distilled water of 80°C for 2 months, Influences of
water absorption on mechanical properties of these materials are
investigated with the theories, and the experiments and fractography.

The results obtained are as follows:

(1) The moduli computed by both analytical method of anisotropic
materials and liminate parameters are almost same, the results
of the experiment on 3 type symetric laminates with <0°>,
{445°)>, <0°/90°> in ply orientation.

(2) The water absorptions of cross-ply laminates under distilled
water of 80°C for 2 months are 2.0% in T-1/347, and 0.9% in
MM-1/982X. In early times, the rate of water absoption
continued to increase rapidly and then decreased gradually.

The absorption content estimated by the Fick’'s equation is
similiar to the experiment results.

(3) In the mechanical properties of cross-ply laminates wunder



distilled water of 80°C, the tensile strength of T-1/347 wet
specimens more increased than that of dry ones, but that of
MM-1/982X decreased. The fatigue strengths of both T-1/347 and
MM-1/982X wet specimen more decreased than those

of dry specimens.
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1. S SI3Ir=xI=2] 5b2g8 3 5=

AP oYY FehE Uehles U8% AFNe ARAed vy
Fig.1oll Ueplgdch o714, 1-2& ZI€5Az R, X-Y& H/ZA
¥, 0t ARui¥Zelrt. Are BUsFstold FHoIU v EHHY )
de Aoz 3o, dfuigzto]l [00], [£45°], [0°/90°]Q chy A Futg
Mg o= stgdrt. Ut oz AFute] YA BEdoz Ao AR
2 3ol BY AAE2A, AFLA AaHY, Az R Sy
& 71 F329 AAURENE 23, FFeAMed dside 235tz
dech

NP
‘>f

Fig. 1 Generally orthotropic configuration
of a unidirectional composite,
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duparzel By AEA AEetojdLet ©EFFE Fig. 2ol U
Ebd Ao o) ARY £ don, HRFAY X-YAA FHAY 1-2A4Y
Y2} FYELS (1) (2)2 2HHch

op = { ox, 0y, 6s }T, ci ={ 01,02, 06 }7T (1)
Ox, Oy, 0s : X&Fe £A8Y, Y58, X-YHouigt A3
o1.02. 06 : 1% $£A8Y, 258Y, 1-2Frit A

ep =1{ ex. ey, €5 }T, ei ={ €1,€2,€6 }IT (2)

7} wgage Ay

A

Ex, Ey, €Es : ]

€1,&E2, €6 :

a) Off-Axis b) On-Axis c) On-Axis d) Off-Axis

stress stress strain strain

Fig. 2 Determination of the off-axis modulus and compliance.



2}z21e] 2 EA ] oyt B EJ A(stiffness matrix)2} ZEFto]d A0
EdA (compliance matrix)& Qpq. Qij, Spq, Sijet3td, TR+ 9
ZEeloldae] % IR HQge 473 UL AVEA &Y, 4
BE& BAALZ A(3), (4)9} 2t
op = Qpa€p €p = Spq Op (3)
ci =Qijei €i =8Sijoi (4)
A(3)ell A X-YAIY ®REFSLHEYA Qot 4718 SYUH FHAHVERE S
Ex. Ey, Es, vxol 22} 4(5),(6) o8 EHHL

Qxx Qxy 0

Qpq = Qyy 0 (5)
sym. Qss
Qxx = m Ex Qyy = m Ey Qxy = m vx2 Ey
1 e
Qss = Es m= (1-vx2 Ey/Ex)'l

o710l Ex, Ey, Es, vx & 22 Xx&Wske] sty 4, Y&3usre] sy A

=, X-YS o] ot s 5, XE W] of¥t Tl (poisson)e] H] o]

th E, X-YRolM 1-2%EQ YR U HPYLAHAFEY ¥HH2 R(7)9
Pl

Ty, Teol UEhd AEHY W=

m2 n? 2mn m? n? zn
Ty = né m? -2mn Tz = n m? -mn (7)
-mn mn w2 - n2 -2mn  2mn m2 - n2

ol &3] ct}i22 ol Lelhd £ glch
cpr =Ti0i ep =T2€i (8)
m=cos@, n=sin@, @ = A{uyg

-10-



A7)l SRR AP YL AU EY LT} CtEAL, & EF
o] B4 wHgHEe 202 FHAI] wEel

Tl E, A(3)8 TA A(8)E g, Tivl= TLT, Tzol= T\TA A

oX
A

of AHgd AHAPFEAY

A

7t 22 A(4)9 1-2A419 0% Sije theAol "t
Qij = T2T Qeq Tz . Sij = TiT Spa Th (9)
AR SN 23] dRuBZ oo B TLWalp azx,y, s)ol ch2l
T AR sHgel "Wesich
8(z) = 6(-z), Qpq(z) = Qpa(-2) (10)
71N, z& TFA U] HERoith EY HFue] HYLS FAYY
of i3l dAsict &,
ei(z) = gi° (i=1,2,6) (11)
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W

€6 1, 2Fojciy At

olwf, H&ute} ILAF helD A, HFEY o0id

. 2 hs2
Oi == / oidz  (i=1,2,6) (12)
0

oith. oo plysjzte] thyt S} VYL BAA oi = Qjeidt A(11)
& R(12)0] chdd,

o1 A117h Ai2/h 0 E1°
o2 } = [ A22/h 0 } [ E2° } (13)
T sym, Ass/h

E 6°

A7, Aij (i,§ =1,2,6) @ H3ate] & P4
At1/7h = Qxx, Az22/h = Qyy

Ar1z2/h = Qxy, As6/h

Qss (14)
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o] ¥z, AFHUY i HZ] AURIEBFE (15)4 22 FHo

A11/h Up Vi* Va?
1

A22/h Uy -vi* Va*
= Uz

Arz2/h Uy 0 -V2*
Us

Ase/h Us 0 -Vp*

(A1e/h = A26/h = 0)

od71A, Ui(i=1,2,6)& Fol Uz cis) B, 29 7AW 7

4208 AEFFZA BE BT Qalp.a=x,y,s)2t ¥ ZAYLE Hrh &,

r Ui W - 3/8 3/8 174 1/2 1
Qxx
Uz 1/2 -1/2 0 0
QYY
Us = 1/8 1/8 -1/4 -1/2
Qxy
Uy 1/8 1/8 3/4 -1/2
Qss
- Us - - 1/8 1/8 -174 1/2 -

o714, HFueleet Vi

2 2
V)‘ = T f:/éOSZHdz, Vz‘ = T f:/éos49dz

o3, Al(17)L Fig. 322 ¢ v}z Lol 8 ¥ 4+ alrh

/

a8
—_ N

Vi*

= |

0s280i[Zi-Zi-1]

-
"

a8
~

= |
-0 N

0s2@ihi

1l

-
n
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2 |

‘ Zm/2
‘ Zl ._l__
h/2 i-th Ply Grop hi
‘ Zi _ l _._!.._
Loz
h/2 Sym.

Fig. 3 Definitions of terms in a symmetric laminate.

ahetrd, 6i¢ wigzE 7HA plyd] AMHHURKEL sizthi/h o|BR

m/2
Vi* = Tcos2@ivi
i=1
= u1cos28 + s2c0s2832 - (19)
AZNVAM, 81 +682 + 83 - =1
o] H, HFUY WYPeo=,
V2® = s1cos4 @) + v2cos482 - -- (20)

EX, FANZEIY|E A= plyniEzto] 002} 9000 VAE2E
4] (19),(20)2%H
Vi* = 6o - v90
] (21)
Va* = 0 + 890 =1
142 vig¥ztg 7= #AX|EFRA A=

1 =+, 02 = -¢ 22 AH, ¢ =z uz = 172 o]BE
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Vi* = 1/2(cos2¢ + cos2¢) = cos2¢
] (22)

V2* = cosd¢

flo

AZNg ol &3 F2EL AAAN FAEL 1-2F0] Uiy FHHZA
1388 B4R 5(E), 2348 P 45(E), 1588 Z4s2] v
(v1) ¥ 1-2%0) oy BB F(Es)7t Hagtd, ol&e 2 chaxt 2
=3

(A11/h)(A22/h)-(A12/h)2

l = —/
Az2/h
(A11/h)(A12/h)-(A12/h)2
Ez = (23)
A11/h
Aj2/h
vy = E¢ = Ase/h —
Az2/h
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2. CFRP2] = &HTF-8

2.1 FAT 42 3A

233t Ficke th¥3 A& A A|84ct. (Springer, 1976)

azC  aC
322 ot (24)
D: HAMAS C: JF+€ t: AR 7: FAYY
A7l X7|2AY AARAE 3 Po] F9
t<0 dul 0<Z<hof] ch3f C=Co
| "
t> 0 dull  Z=00f] th3} C=Coo

h: 3xte] 574, Coo : ERFLEE, C : XIFTHEE
e 3t i3 Mk

cC-¢C 4 oo
° -1- s —
Coo - Co N2 ;-9 25 +1

. . 1y2n2
1 . [(2.1 ;z) n Z]exp{_ (25 1,),2[] Dt] (26)
wpelA, 2](26)olM AR 2] 85T Ce A(27)0 23] oY FA4TE
SxCo 2AsER

h
¢ = 1/hf C dz . (27)
0

t=0 duf (=Co, t=oodm] (=CooZ 3t R (26)o] thy3ta
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C-C _, 8 ¢
—_— = 1- ex
Coo - Co 2z i (24+1)z P

1 (2j+1)2n2Dt
(=)

o (28)

ol¥lu, Springer(1976)+ 2](28)& WH sl vz} o] A3t

C - Co Dt ,0.75
m =1- exp[— 7.3 ( he ] ] (29)
%, Crank(1975)& 4](28)2. 248 | HF44 & AGstdct.
¢ - Co Dt 1/2
Coo-co‘[nhz] (30)

Gt FoAoly FrFE vio ¥4 FH 0 Ma=Coo-Co. M=(-Co
et st A (30)2 th& Kol Hrh

M Dt 172
=4l )

M
ABHAN F4&S vyt $4ol2g F4AY Yoletd F4&(Me) 2t §
20 7HyT)2e] BAS el Al@aMe MBI v 3} yizol
thste 20 FEF Mt M E dustel 4(32)e] tigdstd A4+ D

g A% ¥ + Arh

(31)

2

_ n M2 -My h
D= — Mm][m_m] (32)

oy 7] A, BrowingZ} Whitney(1977)2 B¥aF ] oW d& asto 2(31)

& HEst A g A dtadch

M/Mn = 4/Tt/M)(yDL/a + yDr/b + yDr/h) (33)
DL @ M8 HitAs
Dr : M

a,b,h : A]
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%, 100°CollM 2] DLz} Droll thsle] Springer(1976)%S T4l & A ¢3tad

T}

DL/Dr = (1-Vg)/(1-2y(Ve/M) (34)

Ve AR AARRE

2.2 =2 489 3

TEYAUAAS D 25 T U452 Arrheniust] S 2HE v} U
o] ¥¥HC}. (Tsai, 1986)
D = Do exp(-Q/RT) (35)
Q : ¥4 3ol qx|(cal/mole)

R : 7] A 4t4=(=1.987cal /mole °K)

Do: {574
A(36)& NSl 2IYelE 29
InD = 1n Do - Q/RT
] s
Ee= log D = log Do - Q/2.303RT

of Huj, vt F 2xoAMe £E¥AtA4 D7t M Q W Do UES
(3B B FA YFAE AUzt AR € 4+ 9led, ol Q

dytajo] ghgo] A 4 glrh.
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1. Agais

B d7o] A% AEAEE BA oA AEL HRY F23Y
& CFRP(T-1/347)%} 337189 12738 CFRP(MM-1/982X) FF 7/ A
Warrsl Hipajoln, 2 AME B4 X|E Table 1o, HFK 422 714
A 3 AL Table 20 LielLfAT

£, AEHE Pz A5 Fig 4ol A vpet Pt

Table 1 Materials used in this study.

Name T-1/347 MM-1/982X
Fiber Mitsubishi Rayon Co.Ltd. Mitsubishi Rayon Co.Ltd.
Pyrofil T-1 Pyrofil MM-1
Materix 828 epoxy Imide Modified
Thermo-resistant epoxy
Curing 90°C X 60min 183+ 3°C X120min
Condition = 130+5° X 60min
Construction 0° 7 90° 0° /7 90°
Average 2.350 2.350
Thickness
Fiber Volume 60.4 % 55.8 %

Fraction(Vsg)
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Table 2 Mechanical properties of fiber and epoxy.

Tensile|Modulus|Elongation| Density| Poisson’s|Diameter
Name strength at break ratio at fiber
(MPa) (GPa) (GPa) (gr/cm3) (ym)
T-1/347 | 3530 235 1.5 1.79 0.3 7
MM-1/982X| 3920 275 1.4 1.78 0.3 7
Epoxy [35~100 3~6 1~6 1.1~1.4}0.38~0.40
50 100 50
- g At -
Aluminium Aluminium 10 e
Tap Tap 1
l
] [ 1
CFRP(Thickness:2.35) ]
] |
Fig. 4 Configration of test specimen(unit:mm).
2. A8y

3

F4AUL 4873 AAF] I¥E 2AE7] A3, 80C(21C)8 FF
Fol 271€z AR, 2 AZTEUY Hedelq dFAR FHeE,
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AUAY(FF, Oertling R-41)22 F3E JAstd B F4ee 24

ZEsAch olmle] F4E&2 thA ol o) AAts glch (ASTM D570)

T8 (Mx) = x 100 (37)

RS PR DL

Vo o FSF ARY FF

AAAE o FZAEL Fgol ¥ JAAGAY HHE 2AL]
$iste], APV E 2FRE FES A F, KBH HASHA
U2 FrIFWAAHA (3} LpAAEE )} KFS AEFL AgH(o]3]

FAEHE)S AHgIdct. olF AlEBL v EAIE 7] (UTM
Instron, €3 15 Ton)S o] &3l Agsidon, JAFLEEL Smu/ming
stadch. AlgHo]l AlEI|o] Fele FE2 A¥7Y 2y (Grip)2ZFH
ARE BEsH7] $isted FA lms, ZHo] 50mmd YFuEYPES oFAA
HaAz A" Holl M s, AZAHL stFAo] HAS
21e83tdet. ®, HEABAHel 50mme] Strain gage extensiometerd A]EH
gl dAsle] AHHWe HPFE FF, XY dIAde] Y F,
ABZ=et MY & BAE AESG e, AEF vt A gHLS FAHY
AP o] 7 (SEM: d 2 A2} JSM-U3) & o] &% miehd dAg Fitod, 2 33
7N1tE FYHeR AR st vEAES SFYWESEE f = 0.17(Hz),
$YuHl R = 0.1 HAJAYsIF3lol A HA| stden, YA o4 32313

(stress controlled fatigue loading)& e 3}ct,
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V., A2z 4 3z

Ao JIESH WYY FHALEZFE A 21 7l dojEl2

BUYULE 4 (Ey), ddLE RS

(Es) B Zotgo] wl(vx)7t Hasdch o]& 7|2 dlo]el: Table 29 A

ot 2 ztzke] A FAE ol &3ted, A (38)4] HARI(Tsai, 1980)0]

o) Axtstgleni, I A ZAAE Table 3o uiehfdrh
Ex = EfVf + EnVm Ey = EfEm/(EfVm+EmVf)

] (38)

Es = GfGm/(GfVm+GmVs ) vx = VEVi+rymVm

o714, & ARMEAS, ¥2 foe HF WL 4, Ve AFE{F oIl

Table 3 Engineering constants of on-axis orientation

by the rule of mixtures equation,

V(%) Name Ex (GPa) Ey(GPa) |[Es(GPa)| v «x
60.4 T-1/347 143.7 11.1 3.98 | 0.336
55.8 MM-1/982X 155.4 10.0 3.59 | 0.340
59.6 T-1/347 141.9 10.8 3.90 | 0.336
59.0 MM-1/982X 164.1 10.7 3.86 | 0.337
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& o] &3l o] F3to T
AZ 7230l 00/900, 450, 0ol chPHFute] JjEHYB IUH X s+ F,

—
Y
o
o
W
lo
114
Jo

ol

ot

1o

ot
£

L)

oX

+

Ba(Er), 28 B 83 (E), 1-2Fo oy Aty
B4(Es) W 133k Zopfo] (v )8} 154 B+ HEAE
Table 40) L}E}LY

34

=2

Table 4 Engineering constants of off-axis orientation,

E1(GPa)
Consturction Name E2(GPa) |Es(GPa)| v
Calculated|Experiment
T-1/347 77.9 75 77.9 4.0 0.048
0° s 90°
MM-1/982X 83.2 90 83.2 3.6 0.041
T-1/347 14,2 16.7 14.2 36.7 | 0.824
+45°
MM-1/982X 14.3 18 14.3 42.2 | 0.845
T-1/347 143.7 131 i1.0 4.0 0.336
0°
MM-1/982X 155.4 151 10.0 3.6 0. 340

o71A, +£45° 2} 0° o AHX = W3 5(1988,1991)0] A HE ZHfojr},
Table 40flA X, 1% W3] F3HH x5 AdAet AHA @4
t A FF280l 00/9002F 001 -9 10%0]uf, 450Q1 ¢ 25% o]l 2 LiEld
th olFx2e] 2= A¥dolete] HaleEE eIAL AA dAAAE
AHELEFTE 3~4v) 23ty HARAZ o] &3t A& AAYrhd, Table 4
of Vet A Fatel Fay ghgdP 4o At AEA Ale]o s &
X7} opd et ¥ 4 olch wietd ¥ AL dRe #2197
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AR QAe 9F BURA 2 AFAH AT A Mol A Y3

aleh.

A

e 71AY A& +3Y

2. E+584

43740 00/9008] AEHE 80CE FF4ol A% A&+ A2

S Al Ztel] w2 F4&o] HHE Fig 5o Uehhach

M T T T
G—=a :T-1/347(0/30 Measured) A—A :MM—1/882%X(0/90 Measured)
T-1/347(0) - - - :MM—1/982%(0)
— —T-1/347(45)  eeees :MM—1/982X(45)
N—

Moisture content(M®)

Time(Square root of time)

Fig. 5 Changes in moisture contentes with times

of T-1/347 and MM-1/982X.
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Fig. 504 00/90° A Zute] 2zt dloje} H([J. A)2 57 AEHe FF
x|old], o] Azte} wja3ty] $IhA 80°C o] 2 Baol F2/jUT FAHAA
+45° SXBM} 0° —FHAEBMH ] AAE A Jebdch (B, 1988,
1991) Fig.50] Ltehd nie} o] F4&2 AF 743 F/F, ol2a¥s
o] BAIQ o] 27 33CFRP(T-1/347)0] 1273 3} 3ICFRP(MM-1/982X) Xt} =
th MM-1/982X8] A HF3Z FHRF, ol&a¥ad BAl A 2
2 F4E&E BRI AT, T-1/3478 Z 9= HF T uwiet Aol&
Bolx glch. E¥ AA X7 Fo4sse w=A WP, 3 ofF HA
ZastA g TRFLEE ¥ 8 £ gdch H¥EF FFEo] FII8EA
T-1/3472} MM-1/982Xe] < Ewol Fhteio] ¥ EARYL] £37} e
#asiddch oA BEUAMEY FH4 5 A2 F2 AR(fiber)
of oJ&std W), T4 £x|(matrix)ol]l & IR, F489 F
7t2 A3 27t Ef(swelling) 3t=2& AF7t +431224 A7 4
fatol, Afel FAAtol, AFAialo]e] F2hute] ¥ nay Fdo| WA
5l7] W Eoln o2 FEo] ALKHoR FIy AL R miciHc),

A, A AT 2xoMY F4ELE AF3I] M= Ficke] 3
Ag ol & Y £ oout, olF fMME EHEFS L EAJF Aot WHF
(1988, 1990)5-2] R 3o oJ&tH T-1/3473F MM-1/982X(+45° &% (b4,
0° —HEBHLM)E 80C ol2a¥rol UAAY ZAz}, F+&2 UAHF
et107h o] F sl XHFLEo EWIA AL F4&o] AL FY
thil stdch wleby & dFolME AEHY THEFEE A 98,
AEE F4EE7t 83 s 8 oo AR (AEEE AT F 27d A
¥)g EFSEE MRSl Fickd PAS 3 &stdct
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F44](32,33) ¥ Fig.52%¢ 7§ T-1/347 2} M¥-1/982Xe] 80°C &t
1000Col M 8] $E A S D Axt Azbe i3t Pt

T-1/3478] 2%

DL = 3.22X10-8 Dr = 1.00X10-6
D =1.58X10-6 (mm2/s) : 100°C (39)
D = 4,53X10-7 (mm2/s) : 80°C

MM-1/982X8] 2 ¢

DL = 2.81X10-6 Dr = 1.00X10-6

1]
1"

D

1.59X10-6 (mm2/s) : 100°C (40)
D = 4.66X10-7 (mm2/s) : 80°C

714, 7187 FEAETHAAN F480] M¥L2 Ueh 15hourt/2
741 2] AgdolelE HAaxtgHol o3l Aitsisict

A1(39), (40)& ol&3te] ¥ 80°C2} 100ColM e o] &F4&3 80°Col
Ao AEESENe] BAE Fig 60 VbR

Fig. 60 LFERWR u}e} o] T-1/3473} MM-1/982X2] 80°ColM o] E3ESE
& olExe AYAIL A YL UL ¢ 5 dod, 100Ce] FE
= Ad&7ts §& Holx lrh

tH, =9t H4231e BAE A5y H3 80Cet 100Ce +E]/A
A4+E A(35)0] chdste] 2xof wE AASLE F3E (41), (42)42
2 5o,

T-1/347 : D = 6027 exp(-8229/T) (41)

MM-1/982X : D

2836 exp(-7952/T) (42)

(41)3} (42)Mell 203, & AYBF 23CY FHFol VAHAAL Z 7Y
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Fig. 6 Comparison of analytical and measured D values.
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Fig. 7 Typical stress-strain curves for dry and wet specimens.
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T-1/3473F MM-1/982X A|¥® o] uaf B FFAEAL] AR HA}=
Fig.72} Table 5ol utebdl Rzt Zo] UxjAgEHe] Z-$+= MM-1/982X7}
T-1/347 Bt} QARE7 33, F5A8HL ZH$+= T-1/3470] MM-1/982X
Bt} Atk F3, T-1/34700M & oA gde] YA gE Bl 4.2% F7}

B3, MM-1/982Xoll &= FFA|EHo] 3.3% Zasts ol @4& Halrh

Table 5 Material properties of wet and dry specimen,

T-1/347 MM-1/982X
DRY VET DRY WET
Tensile strength (MPa) 1274 1327 1343 1299
Modulus (GPa) 75 74 90 91
Elongation at break (%) 1.7 1.8 1.5 1.4

g, HyAQEe] FFHol wet AAEH} FLAEBLY FEHA]
gol¥t AzHE KomaiF (1988, 1990)o M= HuH up glony, F+E
o] dRFT nx= VL FF3I] Hsled, FFEE delst] dFA
¥& WY ¥, 2 A}E Fig. 8ol Yehiodch
Fig.89 ARZEet F4& BA Uehd upel o] MM-1/982X2] 3¢ &
F&o] 7ol el A&AHo2 ARFEI FAUh Tt T-1/3478
Y Fr&el o 2.a7tAls ARZEIL I8, 13 oY F4E oA

A

24 sl

rlr
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Fig. 8 Ultimate tensile strength of T-1/347 and MM-1,982X

as a function of moisture content.

T-1/3478] ARZ =7t 7o 3718t AL F42 A3 ¢x71 43
HolH #RSHo|Y AP £ EHPFY BE 23t vEHER
& A AdAIE Ao 44"t 223 & 2.4% o] F4EolN AR
=7t #aste A F4 &l S #2118 A4 FUlR AV EY

237 AAEH, AXBET R4 Hew FzrHch. ¥HE, MM-1/982X
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4. 1254
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MM-1/982X8] T2Z =& FoAgHe] UAAEHE Kl A3} et Az
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Fig. 9 S-N curves of T-1/347 and MM-1/982X
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Fig. 10 Fractographs of tensile failure in wet and

dry specimen(T-1/347).
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Fig. 11 Fractographs of tensile failure in wet and

dry specimen(MM-1/982X).
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Fig. 12 Macro-fractographs of tensile failure

in wet and dry specimen.
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Fig. 13 Macro-fractographs of fatigue failure

in wet and dry specimen
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