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ABSTRACT

The thermo-oxidative stability of toughened unidirectional bismaleimide/carbon fiber
composites produced through a layering process was evaluated in isothermal air aging
experiments. By carefully examining different sample size and anisotropic effects with
weight loss measurements, degradation rates in the three principal directions were deter-
mined, exhibiting different degradation mechanisms in each direction. Effective diffusion
coefficients based on a reacted “ash” zone were calculated for three principal directions
and utilized to predict the composite degradation rates for various specimens with different
fiber orientations and sizes. The developed model equations quantitatively predicted weight
loss data, demonstrating the validity of a 3-D anisotropic composite degradation method-
ology. Finally, the degradation zone was microscopically observed to move into the
unreacted «core» zone as aging time increased, and was found to be significantly dependent
on the fiber orientation pertaining to the composite anisotropy. Both the theory and
experimental results demonstrated conclusively that the thermo-oxidative stability (TOS)
of fiber reinforced composites is a tensorial based property (i.e., it depends on magnitude
and direction) although it is traditionally measured through scalar weight loss measurements.

INTRODUCTION

High performance polymeric composites have been recognized as attractive
engineering materials du to their high strength and light weight. Utilization
of high performance polymer composites as structural materials in supersonic
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aircraft place an additional temperature demand ranging from 350°F to 400°F
(177°C to 204°C) with several thousand static cycle exposures depending on
structural requirements and airplane speed. In addition, high performance
polymer composites are increasingly being considered for aircraft engine
structural components with use temperatures as high as 700°F (371°C), and
eventually up to 780°F (416°C) after periodic exposure to ambient conditions
with high humidity [1, 2].

For these more hostile conditions of service temperature and humidity,
composite stability characterizations have emerged as an important issue in
high temperature composite applications. Weight loss measurements are most
often used in assessing composite stability since they are quite simple and
accurate, and may be correlated with other physical properties related to
degradation/stabilization [3]. However, weight loss measurements of PMR-15
based composites were found to be significantly dependent on sample geometry
during isothermal aging in an oxidative environment [1, 4-6]. If the composite
weight loss dependence on the sample geometry and its size is not quantita-
tively identified, the simplicity and accuracy of weight loss measurements
cannot be utilized for assessing composite stability. Consequently, consistency
in composite weight loss measurements can only be accomplished by careful
descriptions of sample characteristics and inherent anisotropy in composite
materials.

In this study, an “unreacted core” model, which has been developed for
homogeneous isotropic gas-solid reaction systems, was adapted in developing
a composite degradation methodology [3]. Two reaction-controlling mecha-
nisms, based on the “unreacted core” model, were reviewed to derive model
equations for one-dimensional plane geometry. These models were then
extended to describe more complex composite degradation systems pertaining
to an anisotropic three-dimensional geometry. Performing isothermal aging
experiments with a highly-toughened model Bismaleimide/carbon fiber com-
posite system at 290°C, the extended model was applied to describe the
anisotropic and size-dependent weight loss behavior of heterogeneous and
anisotropic composite systems. Finally, optical microscopy was utilized to
validate the “unreacted core” model assumptions pertaining to specific deg-
radation mechanisms.
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THEORETICAL BACKGROUND

When a reaction process is observed to occur first at the outer skin of
a solid material, and the reaction zone moves into the solid, the unreacted
core model can be utilized to describe the reaction behavior [7, 8]. The reaction
process leaves behind some converted material which may be referred to as
“ash”, and an “unreacted core” of material which shrinks in size during
reaction, as shown in Fig. 1. As a starting point, two kinds of possible reaction
resistance were considered: diffusion controlled and chemical reaction con-
trolled processes for one-dimensional plane geometry.

Degraded Ash Layer  Unreacted Core Layer

| |
Y

Fig. 1. Schematic representation of composite degradation process
based on the unreacted core model.

Diffusion controlled composite degradation

As illustrated in Fig. 1, when the resistance to diffusion through the
degraded composite controls the rate of degradation weight loss, both oxygen
and the baoundary of the unreacted core move inward toward the center of
the composite. In this system, it is generally assumed that the shrinkage of
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the unreacted core is slower than the diffusion rate of oxygen toward the
unreacted core, which has been considered a reasonable assumption in gas-solid
reactions [7, 8]. Then, the reaction rate of oxygen, dNa/dt, at any instant is
given by its rate of diffusion to the reaction surface [7]:

dNa

_TquA=constant (1)

where Na is the moles of oxygen, and q'a is the mole flux of oxygen in the
unit of mole cm-2 sec-!, and A is the exposed surface area. The oxygen flux
within the degraded composite layer may be expressed by Fick’s law. Then,
noting that both q’a and dCa/dx are positive;

qa=D—— (2)

where D is effective diffusion coefficient of oxygen in the diffusion layer.
Combining eqns (1) and (2), we obtain

dNa AD dCa

~ =g ~ . constant (3)

Integrating the equation across the degraded layer from L to L-l;

AN L-lc 0
A
L CAg
or
dN
—d—t‘*l(;:AD Cus (5)

where Cas is oxygen concentration at the composite surface, and lc is the
degraded thickness as shown in Fig. 1.

Thermo-oxidative stability of composite is usually expressed by the
composite weight, which may be interrelated to the moles of oxygen consumed
by oxidative degradation reactions. Considering the other half of the com-
posite layer in Fig. 1, the composite weight loss may be related to dNa by
defining a conversion factor B, viz:

2dNA = dM, (6)

where
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- g-moles of consumed A (7)

~ grams of composite weight loss

and M. is composite weight.

From the mass balance, the composite in a differential layer, dl¢, can
be expressed by the density difference between the reacted and the unreacted
solid, viz:

dMc=2 A (P(l-po) dle (R)

where po and pq are the reacted and unreacted composite densities, respec-
tively. Substituting eqns (6) and (8) into (5), we have

dl
B (po-pa) le H’oﬁ =D Cas (9)

Integrating the above equation with respect to lc and t, the amount of
composite degradation is expressed as a function of time, viz:
2D Cas
B (Po-pa)

Consequently, the composite weight loss may be simply expressed by I,
which increases with time according to the diffusion controlled degradation

(10)

Ic2 =

process. Several forms of weight loss expression have been utilized in the
literature defined by initial composite weight (M,) and transient composite
weight (M): normalized weight (M/M,), extent of weight loss (x=1-M/M,),
total weight loss (Qe=M,-M=aM,). These expressions can be easily converted
to one another with a constant initial weight (Mo=ALpo). In this study,
total weight loss (or total weight loss per unit surface area) was adopted:

qe = Qc/A = (Mo-M) /A =2 (po-pa) Ic (11)

where M, and M, are composite weight before and after aging, respectively.
Qc(qc) is total composite weight loss (per unit surface area).

Substituting eqn (10) into eqn (11), the composite weight loss ean be
expressed as a function of sample geometry and time, viz:

Je— 'QA—CD' o8

where (12)
D" =[8(po-pa) CasD [B]%°
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Consequently, for a diffusion controlled mechanism, weight loss is derived
proportional to t°-. In addition, the characteristic dimension of the specimen
was found as an exposed surface area for the total composite weight loss.

Chemical reaction controlled degradation process

For the chemical-reaction controlled degradation, the reaction progress
is not affected by the presence of the degraded composite layer, but is affected
by the reaction kinetics and the available surface area. Based on a first-order
reaction assumption, the reaction rate of oxygen at any instant may be given
as [7];

N

(lt = ./\ k, C.\S = COnStant (13)

where ks is first-order rate constant for the surface reaction.
Substituting eqns (6) and (8) into (13), and integrating the resulting
equation with respect to lc and t, the degraded layer thickness, lc, can be

expressed as a function of time:

ks CAs ] (14)

s [s (Po-pa)

Finally, eqns (11) and (14) provide the composite weight loss as a function of

time for the chemical-reaction controlled degradation process, viz:
qe=Qc /A=Kt (15)

where

B =00 Cus/B

As with the diffusion-controlled degradation model, the total weight loss of
composite is derived to depend on the characteristic sample surface area.
Furthermore, the weight loss is derived proportional to t, which is distin-
guished from the diffusion-controlled degradation model, where weight loss is

proportional to t%5.

1-D Model extension for anisotropic composite system

Comparing diffusion controlled and kinetic controlled reaction mechanisms
in eqns (12) and (15), the extent of weight loss of anisotropic composites
may be expressed by different time exponents as
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de= %DE tn (16)
or
1
ac:aMo:TDet“ (17)

where Dy or De are constants corresponding either to effective diffusion or
kinetic constant as defined by eqn (12) and (15). For n=0.5, the reaction
mechanism is likely subject to a diffusion controlled process. If n=1.0, the
kinetic controlled process may be dominant. When n is comparable to neither
0.5 nor 1.0, the reaction mechanism will be ascribed to a mixed degradation
process, which might be affected by physico-chemical-topological factors of
specific fiber reinforced composite systems.

3-D Extended model development

According to the unreacted shrinking core model system, where the
reactions occur within a thin surface layer of the specimen, the total weight
loss of anisotropic composite material in the principal directions may be

- Z Qe (18)

- Z Ai (e, i (19)
. 2 Ai Dy, ; o (20)

where i indicates &, 7, , and Dy is already defined by eqns (16) and (17).
Utilizing eqn (19) for more than three samples with different Aj’s, the

expressed as

weight loss per unit surface area in three directions (qc,i) can be calculated.
Particularly, if the material principal axes coincide with (x,y, z) axes, the
composite weight loss in the principal directions (qz, qy, qz) can be obtained
in the form of eqn (20) providing the time exponents n; in the principal axes.
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EXPERIMENTAL

An aging experiment was performed at 290°C in air for the model layered
BMI/IM7 composite [9]. The resin content and density of a unidirectional
composite (26 plies) were 36.4 wt%,, and 1.56 g/cc, respectively. The manu-
factured composites were postcured at 215°C (420°F).

Fig. 2 schematically represents the sample dimension and fiber orienta-
tion, which were carefully prepared to investigate the anisotropic sample
characteristics. For convenience, x, y, and z directions are fixed to represent
the directions in the width, length, and through-thickness of the samples,
respectively. As shown in Table 1, fiber orientation was designed to represent
90°, 75°, 50°, 40°, 15°, and 0° between fiber and exposed surface. The com-
posite surface, denoted by surface A, in Fig. 2(a) and Table 1, was manu-
factured in two different forms for each side: a smooth surface that contacted
a metal plate, and a rough surface that contacted a bagging cloth during
lamination processing. These two surfaces were not polished in sample prep-
aration, and analyzed as an identical surface by taking the average of the
two. The other surfaces, Ax and Ay, were polished by a medium-grade sand
paper. The composite surface area was designed to vary from 0.18 to 8.0 em?2
(1 to 44 ratio) in order to emphasize the effect of each surface characteristic
on composite weight loss.

Aging experiments were performed using a tube furnace (Lindberg) with
3" inside diameter, where the air flow rate was fixed at 100 ml/min. The
samples were cooled down to 60°C at 5°C/min, and taken out of the furnace
to measure the weight immediately. The measured samples were always
heated at 5°C/min to 290°C in the tube furnace for the continuing aging
experiments.

For optical microscope investigation, aged samples were cut and polished
to observe the degraded area as a function of aging time and fiber orientation.
Specifically, for composite degradation in the & direction (along the fiber
direction), Ay surface of the specimen was cut by 45° angle and polished in
order to see the degraded composite layer more clearly through the micro-
scope. Therefore, for samples cut by 45° angle, it should be noted that the
observed dagradation zone is 1/}/2 times thinner than the observed thickness.
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Fig. 2. Sample geometry for aging experiments. Principal axes (%, 7, )
are defined by fiber orientation and (x, y, z) represent directions to the
composite width, length, and thickness, respectively.
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Table 1. Model layered BMI/IM7 composite samples
for 290°C aging experiments.

C— weight angle Ax Ay Aza

(gram)  (degree) (cm?) (cm?) (cm?)
A-90 4.7222 90 0.756 1.510 0.022
A-0 4.7927 0 1.532 0.768 8.024
B-90 1.2288 90 0:497 1.569 2.007
B-0 1.1868 0 1.522 0.190 2.001
B-40 1.1729 40 1.504 0.188 2.006
B-75 Sl 75 1.490 0.182 2.001

a Manufactured surface

RESULTS AND DISCUSSION
Anisotropic composite degradation analysis

Figure 3 shows composite weight divided by the original sample weight
(M/M,) as a function of aging time, illustrating a strong geometry dependence
of composite degradation. Comparing samples A-90 and B-0, for example,
the composite weight loss difference is quite significant. Sample A-90 shows
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I'ig. 3. Composite weight loss data for samples aged at 290°C in air.
Denoted sample dimensions are defined in Table 1.
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only 3.5%, weight loss, but 8.5%, weight loss is observed for sample B-0 after
262 hours at 290°C. This geometry-dependent discrepancy appears to become
more severe with aging time. It is also interesting to note that there is an
inflection point in the weight loss curves in the range of 1-29; of weight
loss for all the samples. The composite weight loss rate decelerates up to
1-29, of weight loss, but after this inflection point, it finally shows a seem-
ingly constant weight loss rate. Also, the inflection points seem to depend
on the relative magnitude of each surface area pertaining to specific surface
characteristics. This behavior was overlooked without detailed analysis in
composite weight loss studies because the 1-29, of weight loss could be coupled
with the weight loss of absorbed water and /or unreacted monomers. However,
this changing weight loss mechanism of composite degradation may be an
important composite characteristic, resulting from composite anisotropy and
sample size.

In this study, samples A-90, A-0, B-90, and B-0 were first analyzed to
obtain qez, qer, and qez [g/cm?], which represents the composite weight loss
per unit surface area in the three principal directions. The linear least square
method was applied to eqn (19) to calculate qci in the principal directions for
these four samples [14]. The obtained qci’s are shown in Fig. 4 as a function

0.05
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0.03 4

q (g/cm?)

0.02 |

0.01 4

0.00

0 100 200 300

Time (hour)

Fig. 4. Composite weight loss per unit surface area in three principal
directions. ez, qer, and qey denote the axial-to-fiber, transverse-to-
fiber, and throught-thickness directions, respectively.
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of aging time. qc: represents the composite weight loss in the composite
thickness direction, which has a resin-rich layer on the top and bottom sur-
faces that came during manufacturing in contact with a metal plate and
bagging cloth. Furthermore, qc: represents the composite weught loss in the
axial fiber direction where circular fiber cross sections are exposed to the
environment. Finally, qc, represents the composite weight loss in the trans-
verse fiber direction, where the fibers are aligned parallel to the exposed
surface.

As can be seen in Fig. 4, the composite weight loss in the thickness
direction (qecz) is dominant before 50 hours of aging. This fast weight loss
is likely due to the degradation of resin-rich layer on the exposed surfaces.
During this period of time, qcz is smaller than qcz, but it increases to exceed
qe; after 75 hours of aging. After 100 hours of aging, qecz becomes quite
dominant over qez and qc,. It can also be observed that qc, is quite small for
a period of time, but finally increases to be somewhat comparable to qcz. As
a result of these findings, the inflection points observed in Fig. 3 may be
interpreted as a characteristic feature of the anisotropic composite degrada-
tion process. Before the inflection point of 1-29, of weight loss, qc: is dominant
in the composite degradation process due to the resin-rich layers on the
surfaces, resulting in a fast and decelerating-rate shape in the composite
weight loss in Fig. 3. However, when qcz exceeds qcz and becomes dominant,
the weight loss behavior is likely to follow the shape of qcz showing a seemingly
constant weight-loss rate.

In order to dermine the time exponents in eqn (16), the obtained values
of composite weight loss in the principal directions were plotted as a function
of time on a log-log scale as shown in Fig. 5. From the slope and intercept,
the following equations were obtained:

Gz = 1()-4-508 {1-31 (21)
Gon = 10-4-980 £1.04 (22)
ot = 1()-2-955 40-47 (23)

The time exponent of qez, 0.47, compares favorably to the time exponent,
0.5, which was derived from the diffusion-controlled reaction mechanism,
eqn (12). In addition, 1.04 for qc, is close to 1.0, which was derived from the
kinetic-controlled reaction mechanism, eqn (15). However, gez seems to be
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Fig. 5. Composite weight loss per unit surface area in three principal
directions (qez, qen, and qez) plotted in a logarithmic scale.

attributed to none of these, and may be interpreted as a mixed degradation
mechanism.

According to these findings, specimen B-40 and B-75 could be analyzed
by tensorial transformation of integrated fluxes from the material principal
axes to arbitrary x, y, z axes by assuming that the time integral of the fluxes,
which is vector, gives a second order tensor. Then, the integrated fluxes in
the arbitary directions (gex and qey) can be expressed as

qx = (et €05%0 + ey SIN%0 (24)
qy = (et 8in%0 + e, cOs20 (26)
qz = qe3 (26)

Finally, these model equations were utilized to predict the composite
weight loss of our model composite system. Fig. 6 compares the experimental
data and the model prediction for the specimen with 6=0 or 90 (sample A90,
A0, B-90, and BO0). As can be seen, they are in good agreement. It is clear
that the obtained qc,i’s in the principal axes can predict the weight loss of
composites with different size and exposed surface area. In addition, the
weight-loss inflection points (1-29, of composite weight loss) were accurately
described by the model equations, exhibiting the transition from qez to qez
dominance in overall weight loss behavior.
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Fig. 6. Composite weight loss data compared with model prediction
for the samples with principal axes normal to the exposed surfaces
(A90, A0, B90, and B0). Sample dimensions are defined in Table 1.

Figure 7 shows composite weight loss predicted by the developed model
for the same size specimen with different orientation (B-90, B-75, B-40, and
B-0) exhibiting good agreement between experimental and model results. It
is demonstrated that the composite anisotropy strongly alfects TOS assess-
ment and that the tensorial treatment of anisotropic diffusion coefficients is
required to have a consistent weight loss measurement for its evaluation.
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Fig. 7. Composite weight loss data compared with model prediction
for samples made with different fiber angles (B90, B75, B40, BO).
Sample dimensions are defined in Table 1.
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To physically verify the model predictions, the degraded samples were
investigated using an optical microscopic technique. Fig. 8 shows an Ay
surface on the top of the micrograph exposed to the environment for 164
hours: The angle of exposure, 0, 90°, 75°, 50°, 15°, and 0° for the micrographs
shown (Fig. 8a-8e). [As was mentioned earlier, the degraded zone at 0=0 is
1/V2 times than the observed because the composite was cut at 45° and
polished]. It is clearly seen that thermo-odixative reactions take place at
the composite surface, and the reaction zone moves into the composite core.
It is also demonstrated that the degradation rate strongly depends on the
fiber orientation, increasing with the angle between the fiber and the exposed
surface. Intra-laminar cracks are clearly observed in the degraded composite
region, which increases with the fiber angle. It is also observed that the
matrix around the cracks seem to be aggressively attacked by oxygen. Oxygen
transport to the composite core region is likely to be enhanced by the intra-
laminar cracks, resulting in severe oxidative degradation around the cracks.
In addition, the intra-laminar cracks may provide a larger effective surface
area for oxidative degradation reactions. As addressed in the model assumption,
degradation reactions do not appear to occur along the sharp interface
between the composite ash and core.

_ i 4 4 300u 8(a)
Fig. 8. Anisotropy effect on BMI/IM7 composite degradation process aged
at 290°C in air for 164 hours. Exposed Ax surface on the top of the mi-
crographs with fiber angle 6: (a) 90°, (b) 75°, (c) 509, (d) 15° and (e) 0°.
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8(d)
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The degradation moving front is shown in Fig. 9 for Ax surface with
0=0° (i.e., the moving front in the & principal direction) after 28, 70, and
262 hour aging, which can also be compared with Fig. 8 (e) for 164 hour
aging. Clearly, the degradation zone moves into the composite core with
increasing aging time, validating the unreacted core model assumptions. As
time passes, the intra-laminar cracks seem to increase in their width and
length, and move toward the unreacted core through the fiber axial direction.
The degradation moving front in the fiber axial direction seems to be closely
related to crack propagation.

Due to degradation reactions resulting in a significant composite weight
loss within a thin “ash” layer, the degraded edge of the composite specimen
was observed to shrink in the thickness direction. The dimensional mismatch
at the interface between the “ash” and “unreacted core” may create an out-
of-plane tension especially concentrated at the interface. Intralaminar cracks
seem to progress due to this mode I type tension at the ash-core interface
as the moving degradation front progresses toward the composite core.
Conclusively, the composite degradation rate in the £ principal direction
dominated over the other two degradation rates (see Fig. 4), seemingly because
of crack development that resulted in an enhanced oxygen transport and
increased reaction surface area. Accordingly, the time exponent of qcg, which
was attributed to neither diffusion- nor kinetic-controlled reaction mecha-
nisms, might be considered as a crack-induced degradation mechanism af-
fecting oxygen transport and effective reaction surface area.

The intra-laminar cracks are not so noticeable for degradation processes
in the other principal directions of n and . Fig. 10 shows the manufactured
surface on the top of the micrograph compared with the 50°-surface on the
side. As can be seen, the manufactured surfaces are not likely to be damaged
by the crack-induced oxidation process after 164 hour aging. Manufactured
surfaces seem to have the most desirable surface characteristics to be exposed
to hostile environmental conditions in terms of weight loss and physical
damage in composite degradation processes.
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Fig. 9. BMI/IM7 composite degradation zone moving into the

core in the Z-principal dircetion for 290°C aging. Aging time

is (a) 28, (b) 70 and (c) 262 hours. TFig. 8 (e) for 164 hours of
aging also provide additional aging data for this sample.
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s

Fig. 10. BMI/IM7 composite degradation zone aged at 290°C

for 164 hours (a) manufactured tool-surface and (b) manufac-

tured bagging-surface on the top, for samples with 40° fiber
angle to exposed surfaces.
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CONCLUSION

Model BMI/graphite fiber composites were investigated as a model
composite system for the evaluation of thermo-oxidative stability by iso-
thermal aging experiments at 290°C in an air environment. Aging experiments
were carefully designed to identify composite size and anisotropy effects on
composite weight loss measurements. Based on theoretical and experimental
considerations, a degradation methodology was developed for 3-D anisotropic

composite systems.
Correlating the derived model equations and experimental results, aniso-

tropic composite degradation rates in the three principal directions were deter-
mined, showing different degradation mechanisms in each direction. Comparing
the theoretical and experimental time-exponents of composite degradation
rates, composite degradation in the thickness direction (qcz) might be ascribed
to a diffusion-controlled degradation process. Furthermore, composite degra-
dation in the direction transverse to the fibers (qe,) was likely controlled by the
chemical reaction kinetics. Finally, the crack-induced oxidative degradation
was found significant in the direction axial to the fibers (qcz), which was as-
cribed neither to diffusion nor reaction controlled degradation mechanism.
Based on these findings, second order tensor components of diffusion
coefficient were calculated and utilized to predict the composite degradation
rates of the specimens with different fiber angles and sizes. The model equa-
tion quantitatively predicted the experimental data with good agreement,
demonstrating the validity ol the 3-D anisotropic composite degradation

methodology.
FFurthermore, with a microscopic technique, the degraded zone was clearly

observed Lo move into the unreacted core with increasing aging time validating
the model assumptions. The degradation zone was found to be significantly
dependent on the fiber orientation pertaining to the composite anisotropy.
It was also observed that the resin-rich layer in the model composite system
remained more stable than the matrix in the fiber-matrix interphase with
respect to the thermo-oxidative degradation. Finally, comparing the three
principal axes, the composite degradation in the thickness direction under-
went a crack-free degradation process, resulting in desirable surface charac-
taristics to be exposed to hostile environmental conditions. Collectively, this
work establishes, for the first time, a quantitative anisotropic degradation
methodology for high performance composites.



122 TIPAKTIKA THY AKAAHMIAY AOHNQN

ACKNOWLEDGMENTS

The authors express their appreciation to the Boeing Co., B. F. Goodrich,
and E. I. du Pont de Nemours & Co., Inc. for their continued support to the
Polymeric Composites Laboratory at the University of Washington for de-
veloping a fundamental understanding of degradation in polymers and com-

posites.
REFERENCGCES

1. K. J. Bowles, SQMPE Quarterly, July, 6 (1990).

2. D. A. Scola and J. H. Vontell, Polym. Eng. Sci., 31 (1), 6 (1991).

3. J. - D.N a m, Polymer Matrix Degradation: Characterization and Manufacturing Process
for High Temperature Composites, Ph. D. Thesis, Department of Chemical Engineer-
ing, University of Washington (1991).

4. F.J.Magendie, Thermal Stability of Ceramic and Carbon Fiber-Reinforced Bismalei-

mide Matrix Composites, Master’s Thesis, Department of Chemical Engineering,
University of Washington, Seattle (1990).

5 K.J.Bowles and A. Meyers, 31st International SAMPE Symposium and Exhibi-
tion, 1285 (1986).

6. K. J. Bowles and G. Nowak, J. Comp. Mat., 22, 966 (1988).

7. 0. Levenspiel, Chemical Reaction Engineering, John Wiley & Sons, New York
(1972).

8. G. F. Fromet and K. B. Bishoff, Chemical Reactor Analysis and Design, John
Wiley & Sons, New York (1979).

9. M.A. Hoisington and J. C.Seferis, American Society for Composites, October,
53 (1991).

10. G.S.G.Beveridge and R.S.Schechter, Optimization: Theory and Practice,
McGraw-ITill, Inc., London (1970).

NMEPIAIIYH

’Avigétpomtog evoTdfela ivwddY cuvBéTtwy VARGV

2dvleta Hha SYmATc dvroyiig x mohupepdy odardv ypemetpwonolobvral edpéweg
&g popTilbpeva Yhxd elc Tdg &epomopundg nataoxevds Sttt TapovasLalovy HYMARY
iy dvroyiy clg popriceig xal el duoxapdiav. ‘H yenowpomoinsis t&v cuvbérwy

adT@Y HArdV SUnAfig dvtoxiic el pepodong kaTaoXREVAS DTEPYNTIXEY GEPOTARVMY




SYNEAPIA THY 27 ®EBPOYAPIOY 1992 123

Snuiovpyet Ty émi whéov dmaitnow neg dvtéyouy elc Osppoxnpaciag petabd 180°C
xai 205°C nata thy meplodov Emou Gglotavtor oToTindg %al EVahhanTInde XATHTTO-
viioelg elg Tog peydhag ToybTyTag TTHoEWE THY Gxapdv adtdy. 'Eminpoctétee olv-
Osta HAnd. Ex modupzpdy BUnATe avroy g yernotpomatolvrat oy xal TeptosdTepoy elg
TOC RUTAGREVAS TRV RVNTHOWY TAV GEPOTARYWY GTTov edploxovtar b Thy émtSpacty
Oepponpaciéyv xopavopévay petald 370° xal 420°C. Kot adtdy tov tpémov T4 Sptoy
Ocppiniic cdorabelog TGV Shxdv adtdv dvépyetar elg OYmhotépas Bepponpastias xal
Emopéves N dvtoyn ThHg OpyavixTic mohupepixiic pTeas Tol LMol dmotehel T
’ e 7 ’ : ] 3 \ \ ! e, ’
rptorpov Yxby. Towcutotpbmms O adrdg Tag meptoabTepoy ducuevels cuvBfixac
Aertovpylag elg Odmrde Beppoxpactag 6 yapaxtneionds tiic edotabeiag Tol ouvBétou
ol mopovoraletar (s 6 xdplog mapdywy Epedvie o THY yenoipomoinety TGV
OAGY adTEV.
Eig thv dpyactay adtiy peretdror 7 Oeppooferdwrind edorabeia oxAnpupévey
7 € ~ \ 7 3 \ . \ \ \ ¥ ® ~
cuVléTy Dhndy pe vac and Sie-pahaiwtdinoy mohvpepts xal dvbpaxa povatovikol
~ 4 \ 3 V.4 ~ ] A -~ !
npocavaTohGpol dnuovpyovpévay S Embécewy celpic datpdoewy, T7 Bonbely
Soxpdv loolepponpaciaxic yneavoewe. Ak tig dxpiBols Eietdocne Soxiuiwy Sua-
pbpwv peyeldv pt mowihas dvicotpbrmoug iSdTHTAE xal Sk petproEws Thg dmw-
! e A \ \ \ 7 LS ! b ~
relog 100 Pdpovg Twv xatd Tog doxiuds mpoadiwpiclnoay al TaydtyTes Enpulicuol
~ ’ 3 ~ A \ hond 4 A \ A ¢ 4
eV Soxpbwy adT®Y xat T Tpels xuplas drevbivaeig xabig xal ol duapopor pwye-
s ~ S <. 7 ’
viopol Exguitopol xaf)’ Exdotry Siedfuvery.
"EE #\ov, OmeroyloOnoav of 2vepyol cuvtedestal Siayboews, werpnbévres émt
> ! o~ ’ ) \ \ ~ ! U /.
qvemnpedoton mupnwixiic Loviae, Sk Tov xabloplopwdy TtévV xuplwy Sieubiveecdv Twv

wl gypropomoriinoay Sux Thy medBhedv TEY TayLTATLY ExpuAtouol Tol cuvle-

X

€ ~ b V2 D / \ N ’ \ \ ) ) ~
Tou Hhxol clg Sidgope Sontuia pt Sapbpovs mpocuvatohopobs xal peyelyn ivdv.
Al xat’ adtov Tov Tpbémov avarntuyfeicar Eiodioeis T@Y mpoTiTWY TpoBAémouy To-
-l
coTixdg 10 wéyebog amwicias v Soxtuiwy, anodeieviovra v loydy Tie uebodouv
~ o~ Y ~ ~ A 3 ’ 1 € ~
xofopLopal 1ol Exguitopol TéY TpLadlacTdTov dvicetpénmy cuvlétwy HAév. Te-
Kxdde, i {ovar éxguhiopod mapetnenbnoay St pixpooxoriov vo xwvolvran €vrdg
The avemmpedatou mupnuixTic Cavrg pé iy abfnowy Tad ypbvov ynpdveews. “Y'melo-
viotn &t 6 ypbvog ynpdvoews EEaptdTar GNUAVTIXGG GTO TOY TEOGAVXTOMGUOV

> \ e

6y ey, 6 6molog oupBdider sig Ty dvicotporiav Tob cuvBétou Hhxol. Téoov H
Ocwple, Baov xal T metpapatind drotedéopata, dnédebav §Ti 7 OepuookeldwTing
edotaleia TV ouvbétwy Gy Evicyupévev ut tvag dmotedel idibtyTa Tol HAxod
tavuaTinic wopeic (Snhady EEapritar &md 0 pwéyebog xal Thy Sebbuvery Tiig dvigo-
Tpomlag), &v xal uéypt anpepov fito mapadextov éx mapadboews Gt to péyehog adTo

Shvatar vor petpn07 pévov pé petprioelg dnwielas Papove BabuwTod Timov.



