Polymer(Korea). Published by the Polymer Society of Korea
Vol. 13, No. 8, 1989

40| JteliEl 12 &8 721510 AM2| Carbon / Epoxy
MEEe| =I5 Mgl

ol M e-UEH MEI0EA

BRAAATLE TEAALTY B AT ARG - T RRARA A
(1988 129 239 HF)

Change of Flexural Properties of the Carbon/Epoxy
Laminates in Pressurized Hot-Wet Environment

J. R. Lee, J. H. Kim, D. K. Shin,” and B. K, Kim""

4th Polymer Lab., Korea Research Institute of Chemical
Technology, P. O. Box 9, Daedeog Danji, 305—606, Korea
*Material Testing Lab., Korea Reasearch Institute of Chemical
Technology, P. O. Box 9, Daedeog Danji, 305—606, Korea
**Korea Institute of Footwear Technology, 9th Pusan
Investment & Finance Corp., Building, 275—5, Pujin—dong,
Pusanjin—ku, Pusan 614—030, Korea
(Received December 23, 1988)

2 o AAFHoZ A ZE TGDDM, DDS, BF, - MEAE X33l o} Z A lEaE A 711
+= carbon/epoxy Z@|ZH 15 AMEsle] AFAL et FEF S B Wz
&S AEET] A8t (0°) (0°/90%)s, (£45°)9 F2E 7HAE HS3UL A231%
L AZFHH RS wETn g FEIREE Qs 5719, 150C, ANEE 95%9] 7t
3l A pressure— cooker testerE ALt} & 7o Ao AF 2 AS A2 A A 7H
0, 1, 2, 4, 8, 16A1Ztol ATt A1) R FZ} FEEFF @ A2 G BAAE )7
o] P Eo] AAHAL AEA T g deolM FEEFFHERT AW A Pre
7h BARsle] ¥ & A4S £ ¥ F YU

==

N oo IS o2

Abstract : Self-made carbon / epoxy prepregs with the exactly known matrix system(
TGDDM/ DDS/BF,- MEA) were used to make the carbon /epoxy laminates, To
know the structural effect on the moisture absorption three kinds of structures(0°)s,
(0°/90°)ss and (445°),s were used. The pressure cooker test, Satm, 150C with relative
humidity (R.H) of 95%, was done to give the dynamic diffusion condition of the
moisture into the laminates, The residence times were 0, 1, 2, 4, 8 and 16 hours. The
flexural test was chosen to correlate the internal structural effect with the moisture
absorption and the residence time effect. The results show that the residence time and
the internal structures of the laminates give more important effect on the variation of
the flexural properties than the quantity of the absorbed moisture,
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INTRODUCTION

The environmental exposure at the hot-wet
conditions may cause the degradation of the
mechanical properties of carbon/epoxy com-
posites, This degradation was assumed due to
the absorbed moisture. Many works have been
done on the moisture absorption rates related
to the temperatures and on the degradation
of the mechanical properties related to the
quantity of the absorbed moisture, These works
were generally done by using the available

1% In these cases the

commercial prepregs,
testing temperatures were generally lower than
100°C. Water molecules were reported to act
as plasticizers or crazing agents for the epoxy.
741 But the effect of the absorbed moisture
in the matrix of the carbon/epoxy composites
was not exactly determined,

Some works for the moisture absorption were

based on the Fickian diffusion model of the

5 12~15

moisture at the moderate temperai:ulres_2~
7192 But other works have demonstrated
that there are some deviations in the moisture
take-up from the Fickian diffusion of the
moisture at the even moderate temperatures, -
6=5. 16 18 42 11 these cases the effect of the
internal structures and the exact constituents
of the matrix were generally ignored.

The results at the temperatures higher than
1007 are very rare.” But the results at the
extreme service conditions are necessary for the
more generalized application of the carbon/
epoxy composites, The pressurized hot-wet
conditions can accelerate the environmental
degradation of the carbon/epoxy composites.

But there are few results for these testing

conditions, To avoid inconvenience in using
the commerical prepregs the self made prepregs
with the known matrix system(TGDDM /
DDS/ BF, - MEA) were used. Three kinds of
laminates, (0°)s, (0°/90°)ss and (£45°),s were
used to know the structural effects. The pres-
sure cooker test was selected to give an extr-
emely severe condition, 5 atm, 150C with R,
H. of 95%. This kind of test was chosen to
permit the dynamic diffusion of the moisture
into the carbon /epoxy laminates, The enviro-
nmental degradation of the mechanical pro-
perties of the laminates were checked by the
flexural test, which was chosen to correlate the
moisture absorption with the residence time
and the structural effect on the variation of
the mechanical response in the pressurized
hot-wet environment,

EXPERIMENTAL

Materials

The carbon fibers T300 from Toray Co. were
used as the reinforcing fibers. The specifications
of T300 was illustrated at Table 1.

The carbon fibers were impregnated by the
epoxy resin matrix system. This matrix system
will be called as KRC—2. The formulation of
KRC—2 was presented at Table 2,

To ensure better impregnation of the carbon
fibers in prepreg fabrication, the epoxy resin
matrix system dissolved in the methyl-ethyl-
ketone(MEK) was used. In this case the solid
content was 50 % by weight. The prepregs were
made by the drum winding machine with the
speed control units. The fresh prepregs were
stored at the ventilation cabinet to control the

Table 1. Specifications of the Carbon Fiber used in this Experiment

Filament Carbon Tensile Thnesile Ultimate Density
Diameter Content Strength Modulus Elongation
() (%) (MPa) (GPa) (%) (g /o)
7 95 3,430 230 14 1.77

630

Polymer(Korea) Vol. 13, No. 8, September 1989



Property Change of Carbon / Epoxy in Extreme Environment

Table 2. Formulation of KRC-2

Constituents Parts
MY 720 (TGDDM) 100
DDS 27
BF, - MEA 1
200
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Fig. 1. Curing schedule of T300/KRC—2 in

autoclave,

residual solvent content and the tackiness. The
prepregs were then designed and cut. In this
case the residual solvent content was about 2
% by weight, The designed prepregs were cured
in autoclave, the curing schedule was shown
in Fig. 1. From the starting point to the end
of the dwell period at 135C, vacuum was
applied to .eliminate the residual solvent. The
applied maximum pressure was 4 atm, The fiber
volume fraction was about (.65 for (0°)s and
about 0.63 for (0°/90°).s. The microscopic

observation was done to detect the void in the

specimens. The obvious void was not observed.
Specimens and Test

Two kinds of panels were prepared. Their
structures were (0°)s and (0°/90°)s. The

panels of (0°/90°),s were cut to prepare the

Zz|n #1379 83 1989 9¥

specimens of (0°/90°), and (445°),s by
controlling the cutting angles. The dimension
of (0°)s and (0°/90°), was 80X20X1 mm?
The dimension of (£45°),s was 80X 25X 1 mm3,
the width of (445°),s was chosen as 25mm
to minimize the free edge effect on the mech-
anical properties. After cutting the specimens
were stored in the conditioning chamber for
3 days at the temperature of 23C with the
R. H. of 65%.

The pressurized hot-wet environment was
given by the Pressure Cooker Tester (PCT)
which had been made by Yashima Works Ltd
in Japan, The testing temperature was 1507T.
The R. H, was 95 %. The applied pressure was
5 atm. The residence time in the PCT was
0, 1, 2, 4 8 and 16 hours, the moisture gain
was calculated by the weight difference of
specimens, before and after the test, The deg-
radation of the mechanical properties of the
conditioned specimens was measured by the
three points flexural test. The measurement was
done by using servo hydraulic machine (Instron
1125). The cross head speed was 1 mm /min
and the ration of the loading span to the
thickness ot the specimen was 40:1. 5 specimens
were used for each condition,

RESULTS AND DISCUSSION

There are few studies reported at the press-
urized hot-wet conditions, The results at the
pressurized extreme service conditions of the
carbon / epoxy composites would enhance the
replacement of the metals at the turbine blade
in the electrical power plant. Because of the
constraints at the experiment, the pressure of
5 atm, the temperature of 150, and the R.
H. of 95% were chosen. The moisture absorp-
tion curve of the laminates prepared by T300
/KRC-2 in the above testing condition was
shown in Fig, 2. Three kinds of structures were
considered to know the effect of internal stru-
ctures for the moisture absorption, To reduce
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Fig. 2. Moisture absorption of the three kinds of

laminates due to the residence time in the pres-

surized hot-wet condition,

the edge effect the thickness of the laminates
was chosen as 1 mm, In this case the ratio of
the edge surface to the total surface was less
than 6%. And then the moisture absorption
could be assumed as the one dimensional pro-
blem, This fact was presented schematically
in Fig, 3.

The moisture absorption curves showed dif-
ferences with the different structures as shown
in Fig. 2. Three kinds of laminates absorbed
moisture very fastly for the initial lhr of res-
idence time. And then the moisture absorption
was slowed down for the subsequent 3 hr. After
this period the moisture absorption curve of
the laminates of (0°); became different from
those of the laminates (0°/ 90°),s and ( £45° ),
These results and the structural consider
ations*#® could lead us to the following assu-
mptions. The initial fast moisture absorption
can be attributed to the fast mositure absorp-
tion at the matrix of the outer plies, The diff-
usion of moisture into the internal plies can
be altered by the presence of the fiber and the
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Fig. 3. Dimension of the specimen and the main
direction of the moisture diffusion.

swelling of the matrix. This fact induces the
slowdown of the moisture absorption. The small
increase of the moisture absorption is due to
the moisture diffusion to the interface between
the fiber and the matrix. This moisture abso-
rption at the interface between the fiber and
the matrix may cause the hygrothermal damage
at this interface. The hygrothermal damage at
the interface between the fiber and the matrix
accelerates the moisture diffusion into the int-
ernal plies and the interface between the fiber
and matrix, This fact can also occurs in the
laminates of (0°/90°),s and (445°).. The
sudden increase of the moisture absorption
between the residence time of 4 hr and 8 hr
can be attributed to the moisture absorption
in the resin rich area between the 0° ply and
the central, (90°), ply,‘w'47 The moisture abso-
rption was nearly saturated after the sudden
increase of the moisture absorption. This fact
suggests that there is no cracking at the 90°
plies and the negligible crazing of the epoxy
matrix at these testing conditions. The edge
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of the specimens of the laminates, (0°/90°)s
and (445°),, were microscopically observed,
There was no evidence of the transversal cracks
and the crazing of the matrix. The moisture
absorption of the (0°/90°), was slightly gre-
ater than that of (4+45°),. It comes from the
difference in the fiber angles to the main dir-
ection of the moisture diffusion.’

The absorbed moisture was generally known
as the controlling factor for the degradation
of the mechanical properties. The relations
between the moisture absorption and the var-
iations of the flexural modulus were shown in
Fig. 4. The moisture absorption could not be
directly related to the variation of the flexural
modulus of the laminates, (0°)s (0°/90°):s
and (445°),s. Particularly the laminates of
(+45°),s showed some change of the flexural
modulus at the same moisture absorption and
no change for the additional moisture absorp-
tion, The relations between the moisture
absorption and the variations of the flexural
strength were shown in Fig. 5. As shown in
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Fig. 4. Change of the flexural modulus due to the
absorbed moisture in the pressurized hot-wet

condition,
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Fig. 4 the moisture absorption could not be
directly related to the variation of the flexural
strength of the laminates, (0°)s, (0° /90°).s and
(£45°):s. In Fig. 5 there are little change of
the flexural strength for the great change of
the moisture absorption for the laminates of
(0°/90°),s and there is much change of the
flexural strength for some additional moisture
absorption for the laminates of (445°),.

The above results demonstrated that the
mechanical degradation of the carbon /epoxy
laminates should be considered in terms of the
residence time and the absorbed moisture,
correlated in considering the internal structures,
The relations between the residence time and
the wvariation of the flexural modulus were
shown in Fig. 6. The laminates of (0°)s showed
slight decrease of the flexural modulus to the
residence time of 4 hr. The additional residence
time increased the flexural modulus of the
laminates of (0°)s. The laminates of (0°/90°)
2s showed little decrease of the flexural modulus
to the residence time of 4 hr, The additional
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Fig. 5. Change of the flexural strength due to the
absorbed moisture in the pressurized hot-wet
condition,
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residence time reduced the flexural modulus
of the laminates of (0°/90°),s. Comparing the
results in Fig, 6 to the results in Fig. 4, one
could see that the variation of the flexural
modulus with the residence time showed more
continuous tendency than that with the mois-
ture absorption, The variation of the residence
time was greater than that of the absorbed
moisture, The residence time showed the pos-
sibility as a absorbed moisture,

The precedent assumptions and the results
in Figs 2, 4—7 lead us to the following mech-
anisms in the variation of the flexural proper-
ties, The absorbed moisture plasticized the
matrix at the initial stage of the moisture
absorption. This plasticization of the matrix
induced the slight decrease of the flexural
modulus of the laminates of (0°)s to the resi-
dence time of 4 hr and the fast decrease of
the flexural modulus of the laminates of (+
45°),s to the residence time of 1 hr. In the
laminates of (0°/90°). this absorbed moisture
relaxed the residual thermal stress between the
0° ply and 90° ply.44 This relaxation resulted
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Fig. 6. Change of the flexural modulus due to the

residence time in the pressurized hot-wet condition.
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in the little decrease of the flexural modulus
to the residence time of 4 hr. The additional
moisutre absorption at the interface between
the fiber and the matirx relaxed the residual
thermal stress at this interface. This fact enh-
ances the increase in the flexural modulus of
the laminates of (0°), and the slow decrease
in the flexural modulus of the laminates of
(£45°).s, some decrease of the flexural modulus
of the laminates(0°/90°),, for the residence
time from 4 hr to 8 hr could attributed to the
enough relaxation of th residual thermal stress,

The relations between the residence time and
the flexural strength decrease were shown in
Fig. 7. The laminates of (0°)s showed slight
decrease of the flexural strength for the resid-
ence time of 2 hr and 16 hr and the slight
increase of the flexural strength for the resid-
ence time of 8 hr. The laminates of (0°/90°)
»s showed the sharp decrease of the flexural
strength for the residence time of 1 hr. And
then the additional residence time induced the
slight decrease of the flexural strength of the
laminates of (0°/90°),. The laminates of
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Fig. 7. Change of the flexural strength due to the
residence time in the pressurized hot-wet condition.
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(4+45°), showed little decrease of the flexural
stréngth for the residence time of 1 hr. The
additional residence time decreases fastly the
flexural strength of the laminates of(+45°)..
As shown in Fig. 6 the residence time was
also revealed as an important factor for the
flexural strength change in this pressurized
hot-wet condition, The above observations
demonstrated that the changes of the flexural
properties in this pressurized hot-wet condition
should be considered in terms of the residence
time, and the moisture absorption in considering
the internal structures and the variation of the
residual thermal stress between the 0 ° plies
and 90° plies.

The absorbed moisture in the laminates of
(0°)y induced slight decrease of the flexural
strength at the residence time of 2 hr by the
plasticization of the matrix, The additional
absorbed moisture in the laminates of (0°)s
induced slight increase of the flexural strength
at the residence time of 8 hr due to the rela-
xation of the residual thermal stress at the
interface between the fiber and the matrix.*
The final decrease of the flexural strength of
the laminates of (0°); could be attributed to
the hygrothermal damage at the interface
between the fiber and the matrix.

"The absorbed moisture in the laminates of
(0° /90°)y induced the relaxation of the the-
rmal residual stress between the (° plies and
the 90° plies. This fact reduced the constraining
stress at the 90° plies.‘m'49
sharp decrease of the flexural strength for the
residence time-of 1 hr. The additional decrease
of the flexural strength could be attributed to
the plasticization of the matrix and the resin

and resulted in the

rich area.

The moisture absorption of the laminates of
(4+45°),s at the matrix in the outer plies show-
ed little decrease of the flexural strength. The
decrease of the flexural strength of the lami-
nates of ( +45°).s would come from the plasticiz
ation at the matrix in the internal plies and

E2lH A3 M8% 1989 9¢

the resin rich area. The more pronounced
decrease of the flexural strength of the lamin-
ates of (4£45°),s came from the development
of the hygroscopic interlaminar normal stress’
° The interactions among the above reasons
induced the severe decrease of the flexural

strength of the laminates, (+45°).s.
CONCLUSIONS

In the pressurized hot-wet condition of 150
C, 5 atm and R. H. of 95%, the degradation
of the flexural properties should be considered
in terms of the residence time and the absorbed
moisture correlated with the internal structures,
The moisture absorption firstly occurs at the
matrix of the outer plies and then it occurs
at the interface between the fiber and the
matrix., The moisture diffusion into the inner
plies needs some residence time, The residence
time is the more important factor than the
quantity of the absorbed moisture, The presence
of the residual thermal stress, its change due
to the absorbed moisture, the internal structures
and the presence of the hygroscopic stress are
the very important factors and the presence
of the hygroscopic stress are the very important
factors for the variation of the flexural prope-
rties in the pressurized hot-wet condition.
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