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ABSTRACT: Water uptake in sorption experiments made on epoxy/carbon fiber composites
have been investigated in various temperature conditions. Equilibrium moisture uptake and
diffusion rate in hygrothermal cycling were viewed and analyzed as thermodynamic and ki-
netic processes, respectively. According to Fick's law, the diffusion coefficients of water in
sorption/desorption processes were measured and exhibited a linear relationship with the in-
verse temperature. Equilibrium water uptake was quantitatively analyzed by bound water
and free water. The amount of each water were experimentally determined by hygrothermal
cycling. Wet T\, decreased by the absorbed moisture and was linearly correlated with the total
equilibrium moisture contents.

Keywords: water uptake, bound water, free water, hygrothermal cycling epoxy/carbon fiber
composite, diffusion rate.
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relation with isothermal temperature.
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Figure 3. Diffusion coefficients in sorption/desorption
processes complying with Arrhenius equation.

2 2o F5A72 g oA FEFUAFY,
WA Foo olald HEd o] BEFABE TUD
oxoA B5AZ wof PolR s FE B
=3 gtk ¥ A% 2% Arrbenius @A 2w}
FASE £xe) AFd vFITE A AT
2 qlgith. 2y FEY FFET S EFAE
A GojA GaASrt RE e5e G 2 @
g By 7N BHae AL Fr e 2
A7) oo 2gF B JUAE Bevhe AR
Y, A Anzie d0)d #43 duiAe Fe
w0l AL 77} 126, 13.8KJ/molg& 2T ol
B3 Ak S SE 59 g5 #Fel AuAl
43 YAz SN B o FLIT AFLE
BRARE Hog HT

apEAcMe BRT} B2H o HY. o FA
of o wwe Rt £EE Freke 49 A9
717 2e B2y Hss susie Aoz A
gl 2 nEa Ay B vAE 22d 4
280 sl AAHez HBHE HIEY
(swelling) %} o] &4 (relaxation) 5] hEAQY
Aolt}. olzlat AL dutd oz nEa Alee A
Wae Surald = nRae FREs fle 2
HolA Hlels Badwd AF EE FEFHR
Qare vxA Gt e Fick’s lawol 2
= 458 2284 @4k Fickian diffusion (Case
Dolgh s, gelA g8 Beld A8 T
o5l vElUE thgstn B3 4d& non-

o

it

Polymer(Korea) Vol. 21, No. 6, November 1997



NEN/Eodf BYARS =N} 20E FEES A5 BE AT

Fickian diffusion® 2 2-{&h gc}.!*2
Astarita®} Nicolais: 82] AEZ s njy =
T BAH A 1x19k 2a1 A Aoz} oldgm
7 vb Ut} Florye] “I'wo Stage Theory’d|
2 A WA By £ Yo 18} Al
Txo @438& F7HA17)3L o]= chemical poten-
tial& F7MAAN o o) el FEFFE JA AT
B RE A|Zto] AR UE b e AA3] o]
5|3 chemical potentialo] 7} gl whe} Zr}4m
o] 8 7HA9 M2 H8d =2e =y o
T HA D= gAFHe) ¢ 7#ad HE Yo
g BTh0 o2 G o]l ojate] WA= F7}
&5 29 AYAQ Fickian diffusiongE:= 1
B e, feEldoleE, FEESF &5 59
et AtEe $57) thas) e oo neix
© 438402 BEHx W= 3 Py T vzt
UES 771 oElE RAo] REo|th o5 4
gHel &£xE AksEly| $lsle]  characteristic
diffusion time (/%/D)3} mean relaxation time2
H2 AHeold 4 9= diffusion Deborah number
(De) & ol &3 |x 3P (De)7} 1R vje &
79 relaxationA) 7o) diffusionA|7tHc}t A AA
4%+ Fickian mechanismoll 2]3F &4le] olojut
tHeoll =¥ relaxation@ito] ojs)A @ostzel 3
ol =284 o= ot w2 (De)7t 1R
o ol $ e ALolE F IR BHo] FAld Yo
A He feEldolerHt e 2roia Ay
ALNME “Case M”77} BT} slgTh. A|7lo)
2 Bl (De)ggtel 4gle] Fickian mecha-
nismojl & FEFF Abe] Yepdoin s
£ A7 ARRE dEA/ERET B8R F
E2H5F ASE A7) AR #FEE o] two
stage theoryd] mE& ZeozZ Hol= AZg I
g 5 A= Fig. 4914 ol& FA& 4= Ut} o]=
70 CAAM Y FREFT ATCEA 27 o&o| Ay
3t Mw=1.22%9A 1a Bd =3t oF 47}
Fol BT Fol AHL o] 8& FFol7) Al
3] 1.44%9A 23 H¥d) =23}, ol B3t
Azl 2z BHALL 70 CAlH B3] ARAEY
I 7e AE SxdA = B8] BEEA Yok,
257t #& AT FEAL FL oJHAe] L5

#2|M A219 A6x 19974 114

20
15 se me ]
pepry eee”  Relaxation
o®
g wr |
= .
L d
.
0.5 |- b
.
00 e -
0 10 20 30 40 50

Juz (hr'’?)
Figure 4. Additional water uptake ot unidirectional
laminate by swelling and physical relaxation at 70 C.

ofN

>

7tol| wte} eolx]7] fEoll (F De<l) &% &
NWEAT FHE] 2Ely] YA Aoz H
o} old whale 2w} @ Ads o|gd Aol
Ui =glA dAES (Dexl) FsiA o8 34
Z g g Aoz ¥l

o]2]§t two-stage theoryd] w=9 glassydt &
HA R Az HR sEEFS 4L Fickian
23} first-order-relaxation®] 3] ¢l e}
Wolxl ut glh®

M) = Mp(t) + M. (8) (2)

A 82 Fickian A4S Yellln
2 relaxationdl] 213 AHEAE Uehllx ). M,
(O 23 Aol o&Esld BEE T 3l
£¢] relaxation rate constant (& o]|Lslq t}
1} & Ao| A4-H v} Irhte

n
'
2
ot

M (D)

M. 1— e (3)

oo whate] e 2 (20 C)&Z FM ="
FrE 29 ol FEE FFNT AEY HF 7
Fe R F ¢ viEsiE AYdAe 2 AF
T2 F5EE Y. & 22 2xdAE (low
activityd A=) o]# & F 71A] w7l Fo] T

1033



Mg - 7ol - dAE - AFA - AR - ARF

2083
Dry
757
BT
1733
VAN 60T
o 1727
8
& 0%
167.7
AT
1621
% T
1591
VAN 95-35 T
0 5 100 150 200 250 300

Temperature (C)
Figure 5. Glass transition temperatures measured by
DMA tan ¢ for specimens with different equilibrium
water uptake.

of BFEHA YAed o 2HAMY AFE &
ool 2] relaxationd o] A3 AIAT Ftol
FFAE UR =87 gFooh.t

e olEF FEol 9T A& FAET oY

FEo| glHet® Fedo)| 2 o]ddlA Fr| 7t
2x Ruje] o|AdFE HHsA =Hed o phys
ical relaxationo]2} &t} 2 o 4] $=x]9] A Lo B
&%= physical relaxationd] QOIAE o] gA| ko]
#el ol &xd JMESE Fi LWt o7}
55 o|gA 7] 21 LAl dAde] #EAE ut ol
on ol& AjZt-&x FHYEE ol &3 wl=EA
Bg FAZ v UthE B Ao A9} o] AlHo] ¢
ol =29 AEdAM Lo WMalE ks A9
= FEd 9% P47 oA £4 1§29 phys-
ical relaxation@ /o] Ao @A sitin Algdr}.

2 &Eo| RNoIRzo| ojxl= HE. Fig. 5
= g 2xolA By =2§ A|He] tan &
g 2oFn . EgA g FrE 7L 7A
9] g¥e 3 feldolexg #AAIE HEe
S AL A  glon Hof R Fiol
Z7kgtel we} tan 69) A oz vehte FA

1034

220

200

180

To(T)

160

140

0 0.5 1 1.5 2
Mo (%)

Figure 6. Wet T, depression exhibiting linear rela-
tion with equilibrium water uptake.

ojex7l ZATE U F vk dWyoz F£E9
EFol wE fEdolere Zae stAA Y gEe
e AR Yol Fz Fge devn F3E
Bl gtk gy B AT AodlME A FR
GHT= Fig. 6o} o] FE F8 F3d
dge wee F + Utk DMAAA $222 3
Z4d Adolnz H|F FHE He|Eos YA
ou FE & B3 o Fde ¢A3) wiA &R
B R3E Aew FE3a Utk 95-35 TAA
M Be FEETE BYE o)& Al A &
Ao 27} o 50 C dEEE AL ¥ 5 Urh
FHol Fod AHEE EF g AT ¥
38 Ho37|5 g} Seferis $& polymer net-
work ol A Exb2} £2U& UYebl= tan 89| 4
o7 FEFS W g-transitiond] WS #is]
Arr.? olR ez FtaAle] e} o] Bt A
AleTze WEE opjAlzithe A& tan d2HH

B thsle =43 A 2RY FREEFFY J¢E
#BA3YTh Fig. 794 & 5 & v} Zo] #&
& F58 NHe A% e ER &4 B E0] FA2
£ BRI Aue o|gddAE HAFL JoH
Yol F47t BHeFE AR UeE AL AU
o} B3 g g FF Fol AWo] JEH
TE AU AHe| Bhgo] 7y
F2o| SAEHA FsAY wed

P 3
2
o
o

£ 4 K
O
32

M
2

ok
4y
riit

Polymer(Korea) Vol. 21, No. 6, November 1997



Log G” (Pa)

8.6 838 9 9.2 9.4 9.6 9.8

Log G’ (Pa)
Figure 7. G” plotted as a function of G' for speci-
mens with different equilibrium water uptake.

T e 87| weoed, £ A7dN BEd
TEA A% olgdE FFE FEo A &
dahe dRolAY ZF F8o] hydrolysis ¥hg-g
2 .

o7&

2x2t &2 Mo|23). Dual sorption modeld]|
o|gtd 8 F4oo] Henry's lawe} Langmuir
isothermAl o2 FHI T 9}, = 23 Ud Dis-
solved'® 89 B¥%E G, AFEIY
microvoid 2 ‘adsorbed’® 48-o| 255 & Cya} 3l
H FEEFT FHE o] B9 Foz UrhlE Ao
ThIVEZ okoll A A e} o] AR SR TE A
o EAshs ApAr)e} FRo) FAAF S A
JElq FrEHE ot o] FEL Yuidoz &
At e A Z1A /A BRI s1A 9
EAES 7IA el FEqiE o s Yehd 5= gltk
= Henry9] e of3le] FPHoz FHso| ¢
. kpE Henrry's g8ijiel & o FE¢= (P)
d W2 Fie Esre oga gt

Co = kp(THP (4)

Henrye] R ol o3t Fafe dutgoz 2%
oA th3te Ao U A doy weA a8 A
& oo UnkE el gofo| 2 gA|9} GufAto]
9] cohesive energy zlo|7} 42 &g gy gt
o} #AXIt}. %}eF hydrogen¥} benzenes} zo] o] 2}

#F2lo A21A A6z 19973 114

g £2FF AT BE A7

o]7} w8 AXH EF dgy gro] Y7} Hol
=719 ue} solubility7} Z7)gkt). €bHo| cohe-
sive energy ztol7} L 739 E3 dEy e &
77t 3 etx] £xFvldl ue} solubilitys Za
vt £ AFoA ALGE dEFA)e} e THo] B
g Bee £ AL 51 Hol 2201 FME
o wet FEe] FoHe] AT FeA AG®
AWtz o2 Henry A9 &0 tid g&4e o
&7 o] gHE}?

kD:kpoeXp("AH/RY‘) (5)

ojmf k= &3 Aol 4 He= heat of sorption
ojt}.

£ A7 AHE AfriEe nEal EAshs
aA7 gl ol AR FEE A £
o2 ¥¥HR e, ol dwrHql iy A3}
= A7 Fd B Edo] i3l £x9 g3s
= &7 B =23le F4o] ARFETGE A
ojtt, olEF HEF 4o] Putdoz LA
Langmuir2] 2 24 o}dt EFdA A wj$ #4314
ARE] T Q)T 1922526

re ol

Ci (TYP

Co= 1m0 P

(6)

olff Cy = holez F4E F#9 Fxoln b=
polymer-diluent affinity constantE vjepdic}.

dirog & Aolre} Zo] o ke 9o
9 e Cy=Cy Po(T)E BRHEE Langmuir
oM 2xo v dutdos 2wyt el
et b7 7Rl S Gy TR 4B
hole (microvoid)dl & FEFFE 2x9 F7)
w2t B F7Hee dehd. ojd 2x9 g
HT)e & o] BHHE .2

—AG,)

oT) = exp( BT

(7

o7]14 4G.& remaining site®] zg-of1x] o)t}
+=Hsl wE S BHFF A4S HMs)

1035



A - 7973 - @AE - HEA - AVIR - AT

25

- e
o°...- ) 53
2.0_ e ‘. ..' “ )
-
L ]

15 ¢ ~
- (3
R . ®
= 10 los ¢ 2

: _J—U— :

&
L]

05k 35’c§
*
0.0F

0 500 1000 1500 2000 2500

thr)
Figure 8. Typical hygrothermal behavior under hot/
cold recursive cycle for Hercules 3501-6/AS4: Plot
specifically exhibits 95/35/95/35/95 C hygrothermal
cycle.

st} & AT WYMol SRl o
87} A4 $E 5 79 Aol# SEOZ ofFol
A Qo3 ST e B FrE S
2o e FAZRH Aelad e 2ol EY
3]_%1;}.11,15

Mo = Mb + Mf (8)

ol Mo, My, M= 42 %% &3, Al +
23, A 83 vepd

Fig. 8& 95 ColM Byl =27 AjHe th3lo
35-95 C _EF7|E wES dgo|r}. Fig. 1M
% ue} o] 27| HIPME =7 =L 95
CAA o] el o B +EE F5dle AHEE 8
slatcth, zejut 95 CollM H¥ol F A|HE 35T
2 7l 35 colMe] Y Fesoz Fet
7] 918t & F%e] #AER o 23] 0.25
%2} o] 7tz FFHe A& Y + Ut
0|84 23 Hyd| 23 AEY L& oA 95
T2 AN AS FEL 23 BN F712 F
FE RO BAYIA 12 BY FrHEeR HE
oyl S #FY Ut

o]9} & @ArS Henryel ¥ Am Langmuir2d
A BEE ule} o] xof i3l Az Abwkd b
$& HolE AAIFEY AfgEd odldq Yehl=

1036

Z7z 5ol Henryo Y3 wa2s AJAFTES
AlHo| AYF 2x2] FAlo] FAgle] HF 2=
st g9t oz AAYHE AR By Aol g
etk Beolth B doA AN ol EHA] A2
AS o] dAFEL 4 ()X BHE Hlet Zo]
exrt 2718 wel Bade §AE 7 FEL
2 Btk old Wl ARFFEL A|Ho| ZRT
259 olgd BAs= FRoEA EA Y &
At AHEs e olA7jFe] x4 ot A
Ho g ZI1g mel Aj7te] gz Hsshe FE
oz Holy Aotk &F &9 ¥y} dold w4
AR el ARe Az aet FRAQ H
o o5t} HYPol oj2n old] o AL =9
245 BA7 Aok Asdd. ol tEo] £x9
Wyl utd FR FadlMe B 7] F7HH
7140l a7, £ Ao BEE Al w2
A dg ARRTd FHo] ARdY FFEHE 2=
7} Zadld e AFRud F5E o] mAUIIA
BEchs Aojth. & A AFFI st FEd 3t
o ARYHE olx ¢ ol 2xd o3t AFFA
#7 2 AAY ¢ Ae AFFEHIL ohn FE
o)ste] Y Fu@ Hojop gty Ao|ohB ¥

o2 % 744 & o] &3 Fig. 844 BEd +E9
FFEAE M 3tk F 95 CAX HFd 9
& A¥e 95 ¢ #Fee dAMFEH ATFES
F531A =) o] AJHe] 35 Cofl =FHE 35 T
o ats oA FEFo| Henryol ¥ A vt 2
Aol AAFE FFFo] 48 Aoz AL &
F stk o9t FAloh 2R e AT Aoyl W
B g FEeko] gadledol st AN sl
upe} Zo] AHEFE oju] 95 CTAA FFE F
Bl ot FFH Fo|y] HEd AfTEE Ao
32 %3 95 CollM e AFTEE A% AR
238 k. olE¥ Az st 95 CollA
35 C2 %7} sl FRo FFHFE F718
= Aoz BIAHE Aot} o]F thA 95 Toll =&
AFIA =R AR R Zhad] o) o] HFS
2 3l oln| AFF uis} Zo] AfFIHE oju]
Boll o3l A= 7] wWEe FEel €5
(squeeze out) BTIL AlREHE Ho|t}.?

ol9} t 8o} o] 2EFV|7} HEEFE FEo

Polymer(Korea) Vol. 21, No. 6, November 1997



AFA /LR BEAEY 2=} #uE FEESF AT

Table 1. Bound and Free Water of Hexel T7G145/
F584-4 Calculated Form Various Hygrothermal
Cycling History

step temperature (C) Mw (%) M, (%) M (%)

0 35 1.0728 1.0728

0 60 1.1180 09598 0.1582
1 60-35 12310 1.0728 0.1582
0 70 12170  0.9290 0.2880
1 70-35 1.3608 1.0728 0.2880
0 85 1.3960 0.8338 0.5622
1 85-35 16350 1.0728 0.5622
0 95 14210 0.8228 0.5982
1 95-35 1.6710 1.0728 0.5982
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Figure 9. Temperature dependence of equilibrium
bound water exhibiting exothermic enthalphy change
of mixing by Henry’s law.
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Figure 10. Temperature dependence of equilibrium
free water exhibiting 4G, from polymer-dilute con-
stant of Langmuir isotherm equation.
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