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SYNOPSIS 

The effect of temperature, postcure, and fiber orientation on water absorption were examined 
for Kerimid@ 723 bismaleimide resin. The effect of fiber orientation was also examined for 
Avimidm N and BASF X-5260. Water absorption in Kerimid@ 723 was found to have an 
Arrhenius temperature dependence, depend on degree of postcure, and be independent of 
fiber orientation. BASF X-5260 water absorption was also found to be independent of fiber 
orientation. Avimid@ N water absorption exhibited a strong dependence on fiber orientation. 
0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

Polyimide resins are often used both in the electronic 
and aviation industries. In aerospace, these resins 
are candidate matrix systems for high-temperature 
applications in the engine environment of conven- 
tional aircraft and in structural surfaces for super- 
sonic aircraft. A special class of polyimides, bis- 
maleimides, have complete imide rings in the un- 
cured state and crosslink through addition reactions 
at  double bonds found in the imide rings. Other 
polyimides complete imidization through a conden- 
sation reaction, releasing water or alcohol during 
the cure process.' Although these materials are well 
known for their high thermooxidative stability, little 
work has been performed investigating other factors 
relating to composite stability. In the aircraft en- 
vironment, composites are exposed to water, fuel, 
and mechanical fluids in addition to extremes in 
temperature and mechanical stress. These effects 
are cyclical in nature and may cause more damage 
to composites than static effects that are often sim- 
ulated in the laboratory. 

Previous work with epoxies has examined the 
changes in morphology, mechanical properties, and 
absorption characteristics of epoxy composites ex- 
posed to humidity at elevated temperatures.'-1° To 
understand the material changes induced by hy- 
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grothermal cycling, it is necessary to examine the 
absorption behavior. This article concentrates on 
the effects of temperature, degree of postcure, and 
fiber orientation on the water absorption behavior 
of several imide ring matrix systems. 

EXPERIMENTAL 

The materials examined in this study were Kerimid@ 
723 neat resin ( Rh6ne-Poulenc) , Kerimid@ 723/T- 
300 carbon fiber unidirectional composite prepared 
in our laboratory (Rh6ne Poulenc) , X-5260/IM7 
carbon fiber unidirectional composite (BASF) , and 
Avimid@ N /Thornel 650-42 carbon fiber unidirec- 
tional composite (E. I. du Pont de Nemours). Ker- 
imid@ 723 is an untoughened bismaleimide resin, 
BASF X-5260 is an interlayer toughened bismale- 
imide system, and Avimidm N is a high-temperature 
condensation polyimide system. All neat resin Ker- 
imid@ 723 plaques were made by degassing the resin 
at  80°C in a vacuum and then casting between glass 
plates. The cure cycle was 1 h at 150°C, followed by 
1 h at  200°C. The resin plaques were then removed 
from the glass, cut, and treated with the appropriate 
postcure. Both cure and postcure were conducted in 
air. The neat resin plaques were cut to approximately 
40 X 40 mm and were 3 mm thick. Kerimid@ 723 
carbon fiber unidirectional composite was prepared 
in an autoclave using a standard vacuum bag. The 
cure cycle consisted of a 5"C/min ramp to 150"C, a 
1-h hold, a 5"C/min ramp to 2OO"C, followed by 
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Figure 1 Temperature effect on water absorption: un- 
toughened bismaleimide. (0) 21°C; (0) 52°C; (0) 90°C; 
(A) 100°C. 

another 1-h hold. The autoclave pressure was 5 bar, 
and a vacuum was applied until 60°C. The Avimid@ 
N and BASF X-5260 composites were used as sup- 
plied. 

The effect of temperature on water absorption 
for Kerimid@ 723 resin plaques was examined by 
placing the samples in water baths maintained at 
21 +- 1"C, 52 2 5"C, 90 2 1"C, and 100 k 1°C. The 
samples were weighed periodically by blotting the 
samples dry and weighing immediately, minimizing 
the time out of water. Sample dimensions were 
measured with a Mitutoyo digital caliper. To ex- 
amine the effect of postcure on water absorption, 
three different postcures at different temperatures 
and durations were applied to the samples. One 
plaque had no postcure. Samples for evaluating the 
effect of postcure temperature were postcured for 4 
h at either 200,225, or 250"C, and samples for eval- 
uating the effect of postcure time were postcured at  
225°C for either 2, 4, or 6 h. All water absorption 
was performed at  100°C. Weight and dimension 
measurements were conducted with the same 
method as discussed earlier. The effect of the an- 
isotropy inherent in carbon fiber composites was 
studied using samples with fiber orientations either 
parallel or perpendicular to the longest dimension 
of the sample. The samples were approximately 130 
X 10 X 3 mm, with the fibers parallel to either the 
130-mm or 10-mm dimension. All absorption mea- 
surements were made at 52°C. Weight and dimen- 
sion measurements were made as discussed earlier. 

RESULTS AND DISCUSSION 

Temperature influenced strongly both the rate of 
absorption and the degree of water uptake in neat 

resin plaques of Kerimid@ 723, as can be seen in 
Figure 1. Two important aspects of the absorption 
behavior were the deviation from Fick's Second Law, 
which assumes concentration independent diffusion, 
and the failure of the samples to reach an equilib- 
rium mass uptake. These samples did not absorb 
water following Fick's Second Law, whereby the dif- 
fusion coefficient is constant and the initial weight 
gain is proportional to the 0.5 power of time.",'2 In- 
stead the diffusion coefficient appeared to decrease 
with time. This indicated that the samples probably 
experienced a change in morphology that affected 
diffusion. The long-term absorption behavior indi- 
cated changes in the morphology allowing additional 
water uptake in the form of unbound water. These 
changes may be attributed to increases in free vol- 
ume or microvoid/microcrack f o r m a t i ~ n . ~ , ~ . ~ * ' ~ - ~ ~  At 
higher temperatures, this was especially evident. 
This unbound water may be the cause of the chang- 
ing diffusion  rate^.'^"^,'^ 

Although the absorption behavior deviates from 
Fick's Second Law, it was assumed that in the initial 
stages of absorption, any changes in the diffusion 
coefficient had a negligible effect on absorption. The 
initial diffusion coefficient was then approximated 
from the slope of a linear plot of initial weight gain 
measurements against the square root of time.18 By 
plotting the natural logarithm of the diffusion coef- 
ficient against inverse temperature (Fig. 2),  it was 
seen that the initial diffusion coefficient could be 
approximated with an Arrhenius temperature de- 
pendence (Eq. 1). 
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Figure 2 
fusion coefficient. 

Arrhenius temperature dependence of the dif- 
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where D is the diffusion coefficient ( cm2/ h ) , DR is 
the diffusion coefficient a t  reference temperature, 
(2.08 X cm2/h at  25"C), T is the temperature 
( K )  , TR is the reference temperature ( K )  , E is the 
activation energy for diffusion (31.6 kJ/mol) , and 
R is the gas constant (8.314 J/mol K ) .  

The measured diffusivities and the diffusivities 
corrected for deviations due to finite sample dimen- 
sions are shown in Table I. The correction for de- 
viations from true one-dimensional diffusion was 
proposed by Shen and Springer (Eq. 2 )  .I9 

-_ 

_ _  

_ _  

h D = D, (1 + w + ;y 
where D is the apparent diffusion coefficient ( cm2/ 
h) ,  D, is the true 1-D diffusion coefficient (cm2/ 
h )  , h is the thickness (cm) , W is the width (cm) , 
and L is the length (cm). The values found with 
this method were probably high due to a thin layer 
of thermooxidative degradation at the surface from 
postcure. However, as all samples had the same 
postcure, the trend maybe assumed to be valid. 

The absorption of water was accompanied by 
swelling. This was significant in that if the material 
did not swell evenly, internal stresses would be gen- 
erated. Swelling measurements indicated that after 
a period of very little dimensional change, the change 
in dimension was proportional to the weight gain. 
The early lack of swelling was attributed to the outer 
swollen resin being constrained by the dry interior. 
Kerimid@ 723 neat resin samples expanded about 
0.25% for every 1% of weight gain, as shown in Fig- 
ure 3. As these systems would gain 5% water or more 
of their resin weight, the dimensional changes may 
be significant in large composite parts. Composite 
samples generally expanded only perpendicular to 
the fibers, as the unidirectional fibers constrained 
expansion in the fiber direction. This anisotropic 
swelling was probably accompanied by internal 
stresses, which may affect the mechanical stability 
of the composite system and initiate cracks. 

Table I Temperature Dependence of Diffusion 

Geometry Corrected 
T ("C) Diffusivity (cm2/h) Diffusivity (cm2/h) 

21 9.553 -05 7.10E -05 
52 1.96E -04 1.46E -04 
90 1.07E -03 8.18E -04 

100 1.30E -03 9.863 -04 

Swelling may have had significant mechanical ef- 
fects even in the neat resin. At both 90°C and lOO"C, 
the neat resin Kerimida 723 samples demonstrated 
surface cracking after extended periods of absorp- 
tion. When these samples were dried at  the same 
temperatures as those in the absorption measure- 
ments, there was significant cracking. This cracking 
was attributed to differential swelling through the 
thickness due to a water concentration gradient. 

In the initial stages of absorption, plaques with 
greater degrees of postcure had higher rates of ab- 
sorption. This was evident both for plaques cured 
at the same temperature for different lengths of time 
and plaques cured for a given time at  different tem- 
peratures. On closer examination, it was found that 
these plaques had a thin, dark layer on the surfaces 
exposed to air during the postcure. This thin layer 
of slightly degraded resin may explain the higher 
diffusion rate due to degradation-induced porosity 
a t  the surface. All diffusivity measurements for 
Kerimid 723@ were probably affected in the same 
manner. To eliminate this problem, the samples 
should be postcured in an inert atmosphere for ab- 
sorption measurements. 

For longer times of immersion, the rate of ab- 
sorption slowed dramatically but did not stop. At 
this point, the rate of absorption was no longer 
thought to be limited by diffusion but by changes in 
the material structure which allowed additional wa- 
ter uptake. In this regime, the samples with the low- 
est degree of crosslinking could accommodate more 
swelling and thus higher water uptake. This is shown 
in Figures 4 and 5, where the samples with lower 
postcures absorbed more water a t  a higher rate. A t  
very long time periods the samples started losing 
weight, beginning with the sample with no postcure 
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Figure 4 Postcure temperature effect on water absorp- 
tion: untoughened bismaleimide. (0) no postcure; (0) 4 h 
@ 200°C; (0) 4 h @ 225°C; (A) 4 h @ 250°C. 

and progressing to higher degrees of postcure. This 
might have been due to leaching from the sample 
and/or erosion due to jostling in the boiling water. 
Some erosion of the sample surfaces was observed. 
The water used became discolored over time, al- 
though the source of this discoloration was not de- 
termined. This weight loss must be investigated fur- 
ther. Increasing time and temperature of postcure 
generally had the same effect on absorption behav- 
ior. This indicated that a similar degree of postcure 
was achieved either by heating for long times at low 
temperatures or short cure times at  high tempera- 
tures. 

When the fiber orientation effect on absorption 
was examined, neither bismaleimide exhibited a de- 
pendence of diffusion on fiber orientation, although 
the fiber orientation effect was only examined in- 
plane (Fig. 6 ) .  In the case of out-of-plane diffusion, 
the interlayers present in the BASF X-5260 system 
may cause anisotropic absorption. In contrast to the 
bismaleimide systems, the high-performance poly- 
imide Avimidm N demonstrated a strong dependence 
of diffusion on fiber orientation. The 90" sample, in 
which the fibers were perpendicular to the long edge, 
absorbed water much more rapidly than the 0" sam- 
ple, in which the fibers were parallel to the longest 
dimension. This indicated a faster pathway for dif- 
fusion along the fiber direction, possibly through the 
resin/ fiber interface. Perhaps more significant was 
the failure of the 0" and 90" samples to reach the 
same weight gain eventually. This indicated that the 
differences were due to more than differences in dif- 
fusion rates in different directions. One possibility 
was that in the 90" sample, the effective length of 
fiber support was a smaller percentage of the fiber 
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Figure 5 Postcure time effect on water absorption: un- 
toughened bismaleimide. (0) no postcure; (0) 2 h @ 225°C; 
(0) 4 h @, 225OC; (A) 6 h @ 225°C. 
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length. This would allow swelling of the resin parallel 
to the fibers near the fiber tips as well as swelling 
perpendicular to the fibers. 

CONCLUSIONS 

Polyimide resins' high affinity for water must be ac- 
counted for in evaluations of the long-term envi- 
ronmental stability of polyimide matrix composites 
used in the aerospace industry. The temperature at 
which absorption takes place, the degree of postcure, 
and fiber orientation all had significant effects on 
the water absorption process. These materials did 
not reach a steady-state condition, indicating that 
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Figure 6 Fiber orientation effect on water absorption. 
(0) polyimide 90"; (0) polyimide Oo; (+) untoughened BMI 
90"; (0) untoughened BMI 0"; (m) interlayer toughened 
BMI 90"; (0) interlayer toughened BMI 0". 
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changes in the morphology of the material were oc- 
curring. Absorption in Kerimid@ 723 was found to 
be non-Fickian in nature, probably due to morpho- 
logical changes in the polymer due to the absorption 
of water. An understanding of the material changes 
occurring during absorption and desorption will be 
an important step in determining the durability of 
these materials in the aircraft environment. 
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