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.EFFECT OF WATER-BEARING FIBER I N  KEVLAR  EPOXY COMPOSITES 

Marvin Moss 

ABSTRACT 

Water has been observed t o  be adsorbed, and possibly absorbed, by 

desiccated Kevlar 49 f iber  t o  6$ of the f iber  weight i n  100$ relat ive humidity. 

The effect of the water on the transverse f lexural  strength and e l a s t i c  modulus 

df an aliphatic amiae-;urea epoxy, unidirectionauy reinforced. with saturated 

Kevlar 49, has been determined. Such composites are weaker than those made 

with f iber  equilibrated t o  WO relat ive humidity, and the effect  persis ts  

a f t e r  a 7 5 ' ~ ~  16-h postcure. It is  suggested tha t  glycol formation and a 

consequent excess of' curing agent, reeulting from a water-resin reaction 

a t  the fiber-matrix interface, accounts for  the weakening. 

mi, =part a prepared as ug d a u n t  6 wnrk 



. . - .  

Du.Pont recommends tha t  Kevlar 49 be oven-dried before it i s  incorporated 

i n t o  anhydride-cured epoxies, because it has an a f f in i ty  for  atmospheric 
is;::; . . 

moisture. -. Du Pont $oints'' oiit':'$hat the reaction between water d d  the 

constituents of such epoxies can decrease composite mechanical properties, 

.. especially interlaminar shear strength. Although Du Pont resul ts  indicate 

no sens i t iv i ty  of 'amine- A d  'dicyandimide-cured epoxies t o  moisture, an . 

experiment w a s  undertaken t o  e x 4 n e  .ami,ne-cured epoxies reinforced with 
. . .  

Kevlar 49 in' two cbnditiins; desiccated and equilibrated t o  10@ relat ive 
I '  . ' (  . 

humidity, i n  order t o  mcudmize possible effects  of the water. A t e s t  kiich 
. . .  

is  strongly affected by matrix *roperties i s  a tens i le  t e s t  transverse t o  the 
. . .  2 fibers of an m d i r e c t i o n a  composite, 

Water intrbduced i n t o  an epoxy system before curing i s  complete produces 

glyaols3 whiah inh ib i t  rcain poly-mcriza%ioi. The cumpstitiol~ LeLwee~l Lke 

water and the  curing agent ' f o r  the &sin would leave unreacted curing agent 

within the epoxy. " Such a condition a t  the fiber-matrix interface would 

resu l t  i n  a poor bond. Aspects of moisture penetration and damage have been 

examined i n  other composites, but i n  connection with water introduced a f t e r  
' 4-11 

.I : 

curing. 



EXPERlMENT AND RESULTS 

Water Take-UP 

Moistwe gain and loss  for  370-mg samples of f iber '  were measured as a 

. . 
function of time, under various relat ive humidities, prel lminaryto the 

treatment of kilogram quantit ies of .the f iber  t o  be incorporated in to  epoxy. 

All' f l be r  (milligram as well as kilogram q u b t i t i e s )  was baked a t  127OC fo r  

25 hr i n  a i r  as an i n i t i a l  step; this removed most .of the water. . The small 

' samples were kept i n  sealed, desSbcator-type jar8 a t  room temperature i n  

which percent relat ive hwniditiee ($RH) of 0, .52, 'and 100 were 'maintdned by 

meanti of s i l i c a  ge l  desiccant, a saturated solution of sodium dichromate, : 

and plain water, respectively. ~t 'specikc time intervals,  semples were 

removed &d quickly (M 30 sec) weighed on i% microbalance. After complete 

saturation had been attained, the wet f lbers  were transferred t o  the 0-%RH 

jar,  the dry f ibers  t o  the 52- and 100-$RR jars, and the weighing procedure 

repeated. Dry f lbers  were also observed with an opt ical  microscope as they 

extracted water from saturated a i r  i n  a close& glass-covered cel l .  

Once the kinetics of water gain by the small samples had been established;' 

as-received f iber  was loosely respooled onto two aluminum tubes, baked, and 

placed i n  sealed ja rs  contdning pans of e i ther  desiccant or  water. Equili- 

bration of the spools t o  the  atmospheres i n  the jars took longer than f o r  

the small samples, and was determined by repeated weighing. 

The 370-mg samples of oven-dried Kevlar 49 lo s t  0.6$ of t h e i r  weight 

when placed i n  a desiccated atmosphere a t  room temperature. The f iber  then 

gained of i t s  dry weight when transferred t o  ~UU-M$ aPr; the 

gain was 5@ complete i n  6 h, and complete i n  100 h ( ~ i g .  1).  When replaced 

i n  dry a i r ,  the f iber  l o s t  water a t  approximately the same ra te  as it gained 

it. D r y  f iber  gained a maximum of 3.4% of i t s  weight i n  water a t  5&RR 

(curve not shown). Under the microscope, beads of water could be seen forming 

on dry  f iber  i n  a saturated atmosphere i n  minutes. . - -  
The spooled Kevlar 49 took longer (approximately 10 days) t o  equilibrate 

t o  ~O@RH,  and a maximum weight gain of 5.696 was achieved. 



TIME (h) . . 

Figure 1. Water gain i n  lOO$&H of ~ e v l a r  49 from desiccated cnnditicn, ,and loss i n  @RH from 
saturated condition. The data spread a t  1 ~ ' ~  h ref lects  the'  time -it took t o  weigh.' 
the fiber.  Weight i s  normalized t o  desiccated co r f i t im .  



Composite Fabrication 
. . 

Du Pont I s  Kevlar 49 r&hg, 195 denier, was used exclusively. The 

epo,xy resin was DER 332 (DOW Chemical Co.) cured with Jeffemine T-403 

(Jefferson Chemical Co.) prepared a t  50°c i n  a weight r a t i o  of 100 t o  36, 

respectively. 

' After moisture equilibrium had been reached, flber from each spool . 

was'circumferentially filament wound with epoxy in to  cylindrical sleeves 

approximately 10 cm long and 0.6' 'em thick, onto a 9.5-cm diameter aluminum 

'mandrel with a dodecagonal cross section (Fig. 2a). To insure tha t  wet 

f iber  would not lose appreciable water t o  the atmosphere, nor dry f i be r  

gain water, each spool was quickly transferred from i t s  ja r  t o  a p l a s t i c  : 

box, maintained a t  the same atmosph&ric condition, from which the winding 

was done. Transit time of the f iber  from i t s  box t o  the resin pot, and 

thence t o  the mandrel during winding, was of the order of several seconds, 

not long enough fo r  a significant 8mount of water t o  be gained by the dry 

f iber  from the atmosphere. However, the probable loss of water from wet 

f iber  i n  the winding process by other than evaporation i s  diecussed below. 

Four fiber-epoxy cylinders were wound side by side, two each from wet 

and dry Kevlar 49. After 24 h, a wet-fiber and a dry-fiber cylinder were 

removed, representing the 20°C cured condition. The other two cylinders, 

s t i l l  attached t o  the mandrel, were postcured fo r  16 h a t  75'~. The 

dodecagonal cross section of the mandrel permitted the cutting of flat, 

composite specimens from each cylinder. The finished pieces, s i x  from each 

cylinder, were rectangular bars, 5 cm long, 1.27 cm wide, and 0.42 cm thick, 

f.he f ibers  being para l le l  t o  the 1.27-cm dimension. 

Testing 

The s ize and shape of the composite bars were chosen f o r  a three-point 

flemraz t e s t ,  with uniaxial s t r a in  gauges attached t o  the tens i le  faces. 

Cross-head speed speed' was 0.05 cm/min. The formula fo r  s t ress  i n  the  tens i le  
12 face, 

was applied, where P i s  the load a t  fa i lure ,  the other parameters being 

shown i n  fig. 2%. The shortcomings of such a t e s t  i n  yielding a t rue tens i le  



strength were recognized, but d i f f i cu l t i e s  were encountered with dogbone 
' 

t ens i l e  samples; e.g., fa i lure  i n  the grips. Equation (1) applies s t r i c t l y  

t o  materials for .  which' the s t ress-s train relationship i s  l inear  t o  fai lure ,  

and for  which the st'rains ..a* small, donditions not s t r i c t l y  met here (Fig. 3). 
12 

,-   ow ever,' the e'quation i s  valid'  f o r  comparison purposes. . 

Table I shows t h a t  the wet-fiber composites cured a t  20°C were 

16% weaker than the similarly cured dry-fiber composites; e l a s t i c  modulus 

was correspondingly loher by 5%. The weakeni& effect  was 2% fo r  composites 

o postcured a t  75OC f o r  16 h; e l a s t i c  mdulus was 3% lower. The higher-tempera- 

tu re  cure improved . . the flexu'ral strength of dry-fiber composites by 3046, 
, . 

and the wet f iber  by 23%;. ' e l&t ic  modulus declined 4 and 2'$, respectively. . 
' 

Scanning electron hicroscopy of the fracture surf aces yielded l i t t l e  

information, since the surfaces were poorly defined. No differences between 

samples were obvious ,' ' therefire.  
. , . . .  .. . 

. . - _ +  . . 
- .  . . 



Figure 2. (a) Kevlar 49-epo- circumferential wrap on 9.5-cm diameter dodecagonal mandrel. 
(b) Transverse. fle'xural sample cut *om composite, mouited on W f e  edges for 

testing. 



Table I. Transverse flexural strength, failure strain, and elast ic  modulus of dry and wet 
63.5 vol.?, ~evlar-49-epoxy composites cured at  20 a ~ d  75OC 

Transvers ? Flexural Transverse 'Fle:ccal Transverse Flexural 
Strengt'n (I@&) Fsilure S t r a i n  ( 4 )  Elastic Modulus ( G P ~ )  
Tensil? Face Tensile Face Tensile Face 

Outward. Inward Outward Outward 1nward Inw3rd 

Dry Kevlar 49-epoxy 32.8 28.7 3.578 0.514 6.00 5.94 
DOC cure 30.6 28.3 3.540 0.520 5.90 6.00 

31.2 30.0 3.560 0.521 5.76 6.32 
Average - each set  31.5 29. o Q. 559 0.518 5.89 6.09 
Average - both sets 30.2 0.539 i' 5.99 

Wet Kevlar 49-epoxy 26.7 24.7 0.493 0.355- : 5.64 5.89 
X ) O C  cure 24.8 -- ; 0.460 - 5.58 5.71 

28.5 22.3 0.512 . .0.520 . 5.79 - - 
Average - each se t  26.7 23.5 .- 0.488 0.488 5.67 5.80 
Average - both sets  25.4 0.488 5.72 

~ r y  Kevler 4 9 - e p 0 ~  39.7 33.6 0.713 e. 518 5.90 5.58 
75O~, 16 h c u e  4?..9 39.7 , 0.800 c.742 5.66 5-85 

40.9 37.3 0.764 0.700 ' 5.69 5.79 
Merage - each set  41.5 36.9 0.759 c .587 5.75 5.74 
Merage - both sets 35.2 0 723 5.75 

~ 3 t  Kevlar 49-epoxy 36.4 26.8 0.700 c .go8 5 55 5.67 
7 5 0 ~ ,  16 h cure 36.9 27.6 0.720 C ,512 5.50 5 72 

35.5 23.6 0.678 c .435 5.57 5.53 
E.verage - each set  36.3 26.0 0 699 ~3.485 5.54 5.64 
Average - both sets 31.2 0.592 5.59 

A l l  samples: Fiber v o t m  fracticn = 63.5 + 1.9 vol.$. 

~ u l k  density = 1.335 + 0.015 g/cc., 



DISCUSSION 

It i s  d i f f i cu l t  t o  estimate how.much of the water on.the surface of the 

f ibers  equilibrated t o  lOO$RH actually became incorporated i n  the composite. 

The roving passed over several pulleys and through the resin pot before 

contacting the mandrel; a large, but undetermined, amount o f ,  water m d t  have 

been lo s t  i n  the process. However, any water tha t  remained on the fiber 

would have interfered with the fiber-matrix bond. Glycols produced by the . 

' reaction between water and epoxy resin3 would probably act  as plast ic izers  

o r  f lexibi l izers .  A sufl ic ient  amount of these agents w i l l '  reduce both ' .  

strength and modulus,13 and when localieed a t  the fiber-resin interface, : 

would mechanically decouple the f iber  from the matrix. If water competes 

with the curing agent fo r  the resin, then free curing agent w i l l  be present 

i n  the cured epoxy. Evidence fo r  this was found i n  a DER 3 3 2 1 ~ 4 0 3  epoxy 

t o  which several percent water was added when the system was being prepared. 

A cure a t  75'C fo r  16 h produced a yellowing of the epoxy which was taken as 

evidence of oxidation of the T-403 which, alone, yellows with age. The 

epoxy, without water added, does not discolor. Discoloration of the post- 

cured samples containing wet f iber  could not be detected because of the 

naturally yellow color of the Kevlar 49. The s l igh t ly  lower value of . . ,. 
e las t ic  modulus i n  the wet-fiber composites could be evidence of the 

formation of glycols and the presence of f ree curing agent. 

I n  a composite with poorly bonded f ibers ,  the matrix is l ike ly  t o  

behave l i ke  a body weakened by cylindrical cavities. Other properties, 1 2 '  

not examined i n  t h i s  experiment, could also be affected. For example, shear 
1 

strength should also decline. 

The cure a t  7 5 ' ~  fo r  16 h, ,improved the transverse strength of both wet- 

and dry-fiber aamples by promoting more complete polymerization i n  reain not 

affected by water. (1n t h i s  connection, the small decline of e l a s t i c  modulus 

i n  the postcured composites i s  not understood.) The wet-fiber composites 

remain weaker than the dry. &her fiber-epoq composi%es degraded i n  strength 

by water absorbed a f t e r  curing have been shown t o  recover t h e i r  properties 

when dried by heating a t  120 t o  175°~.'7'u However, the chemistry of the 

water-unpolymerized resin system of t h i s  experiment may be different from the 

supposed hydrogen-bond disruption i n  the others. The test ing of wet- and 

dry-fiber samples exposed t o  temperatures higher than 7 5 ' ~  would be desirable. 



1. .Kevlar 49 fiber.can extract.  up t o  6% of i t s  weight i n  moisture from 

the atmosphere when exposedt t o  10@RH fo r  100 h. 

2. Room-temperaturk cured composites made of water-bearing Kevlar 49 f i b e ~  

.and D& 332 =ioxy with the aliphatic amine c&ing agent, Jeffamine T-403, 

have 1&$ lower transverse f lexural  strength than those i n  which the f i b e r .  

has been desiccated. Composites postcured a t  75OC exhibit a similar 

effect--a 2% strength" reduction. 

3 ,  Tt, i s  suggested tha t  the reduction i n  strength i s  due t o  the degradation 

of the i n t e r f ac i a l  bonds resulting from the reaction of water with epoxy 

t o  produce unpolymrieable glycols with 8. consequent excess of c u r i . ~  

agent. The reaction i s  irreversible,, a t  l ea s t  t o  75OC for  16 h. 

4. Kevlar 49 should be dried well before filament winding i f  m e x i m m  

transverse strength i s  t o  be realized. 
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