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Abstract

The mechanics of materials approach (defini-
tion of E, G, v, and «) and the finite element
method are used to explore the effects of partial
bonding and fiber fracture on the behavior of high
temperature metal matrix composites. Composite
ply properties are calculated for various degrees
of disbonding to evaluate the sensitivity of these
properties to the presence of fiber/matrix disbond-
ing and fiber fracture. The mechanics of mate-
rials approach allows for the determination of the
basic ply material properties needed for design/
analysis of composites. The finite element method
provides the necessary structural response (forces
and displacements) for the mechanics of materials
equations. Results show that disbonding of frac-
tured fibers affect only E2y) and af7)
significantly.

Nomenclature
A area
E Young's Modulus
e effective value
F force
f,m,a fiber, matrix, ply
G shear modulus
S physical dimension of the model
t temperature
u,v,w displacement in 1, 2, 3, direction
X,Y,Z global coordinate axis system
a thermal expansion coefficient
€ strain
v Poisson's ratio
o stress
1,2,3 Laminate coordinate axis system

with finite element analysis to determine the
behavior of epoxy matrix composites.! This method
has been extended to high temperature metal matrix
composites.

The finite element method is not intended to
replace experiments; but, to provide needed
information not yet available through experiments.
The finite element method provides a means tc
computationally simulate a physical experiment to
estimate quantities which are difficult, or
impossible, to menasure.

The objective of this work is to study the
infiluence of disbonding of fractured fibers on the
ply properties of metal matrix composites. In
the study the disbonded fiber is considered frac-
tured and therefore the load transfer between the
fiber and matrix is inhibited by the amount of
disbonding.

Modeling

The composite system considered for this work
is P100-Graphite/Copper at 0.466 fiber volume
ratio. Analyses for high temperature and room
temperature ply material properties are conducted
using Version 65 of MSC/NASTRAN.

A useful analytical tool in the evaluation of
structures with repeated geometry is finite element
analysis using the superelement method.3 This
involves the partitioning of a finite element mesh
into separate collections of elements called
superelements. Each superelement is solved sep-
arately and then combined to complete the
analysis.

The composite superelement mesh is of modular
nature, consisting of a unit cell (Fig. 1) and
images of the unit cell; therefore, discontinu-
ities can easily be added by substituting a
conventional mesh, which models the discontinuity,
in place of one of the images. This conventional
mesh can also be imaged to simulate multiple
discontinuities within the composite material.
Some discontinuities of interest that can be
modeled in this manner are partial bonding and
fiber fracture, both common in metal matrix
composite materials.

The cases chosen are but a few of a multitude
of possible partial bonding configurations.
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However, the cases selected are sufficient to
understand the effects of partial bonding on the
composite's material properties.

The mesh that is employed in this work con-
sisted of a cluster of nine fibers in a three by
three matrix (Fig. 2). The initial version of
the mesh is assembled with the center fiber/
matrix block modeled as a primary superelement
and all surrounding blocks are images of the
primary. This mesh is used when no fibers are
disbonded and when all nine fibers are simulta-
neously disbonded. The mesh is reassembled when
only the center fiber of the nine cell model is
disbonded. For this case, the center block is
modeled using conventional finite elements. The
primary superelement is defined to be to one side
of the center fiber and the remaining perimeter
superelements are modeled as images of this one.
Minor modifications are made to each of the meshes
to allow for the modeling of varied amounts of
disbond between fiber and matrix.

The approach used to simulate the disbond is
described briefly here. Duplicate grid points are
defined for all grids around the circumference of
the fiber, at the interface between fiber and
matrix. This duplicate grid point is included in
the analysis only when the portion of fiber where
it resided is to be disbonded from the matrix.

The disbonding took place when the connectivity
cards that define the perimeter of the fiber are
altered so that one of the duplicate grids is
associated with the fiber, and one with the
matrix. No connectivity then exists across the
interface of constituents, in effect producing a
crack of zero width, with fiber on one side and
matrix on the other. 1In the work described here,
the total circumference of a fiber is released
together. The amount of disbond is varied by
disbonding different lengths of fiber as described
above. For example, 2.78 percent disbonding of
the center fiber is detailed in Fig. 3 with the
plane of symmetry where the grids are not dis-
bonded. No attempt is made to find the loading at
which the disbonding or fiber fracture will take
place or to prevent the overlapping of the fiber
and the matrix after disbonding occurred. Instead,
interest is placed on the effect of disbonding of
the fractured fiber on the composite's material
properties.

Procedure

The following are the procedures used to cal-
culate ply material properties from the finite
element output. The subscripts "11" are used to
denote the direction along the fiber (longitudinal)
and the subscripts “22" and "33" are used to
denote the directions transverse to the fiber.

vg13, vol2, and Egyy are obtained from the
same loading conditions. In this case the front
face is fixed in the X(uj = 0.0) and the back
face is displaced in the X(ug = u) (Fig. 2).

Eg11 is calculated by finding the total
force over the displaced face and dividing this
force by the area of this face yielding an equiv-
alent applied stress. The strain is then cal-
culated by dividing the applied displacement by
the Tength of the specimen. Young's modulus is
computed from the mechanics of materials equation
in the longitudinal 11 direction by:

INTRODUCTION

Recent research at NASA Lewis has led to the
development of a computational method to predict
the behavior of unidirectional composites. The
method utilizes a mechanics of materials approach

e *
e Jan _fn'e .
211 €011 A] u
where sj is the length in the 11 direction.
vg12 is found by finding the average deflec-
tion in the Y direction as a result of the

enforced displacement in the X. Dividing this
deflection by the width of the model yields a
strain in the transverse direction (22). The

Poisson's ratio wgip 1is calculated from:
€
Q22
v = - (2)
212 €011

vg13 is found by similar methods.

To calculate the Poisson's ratio wvpp3 and
the transverse modulus Egpp, the face with the
negative Y direction as its normal is fixed in
the Y direction (v3 = 0.0) and the face with the
positive Y direction as its normal has an
enforced displacement in the positive Y direction
(vg = v) resulting in tension transverse to the
Figer direction (Fig. 2). The equivalent applied
stress is then calculated by averaging the result-
ant forces over the face and dividing by the
face's area. Egppp and wvgp3y are calculated
similarly to Eqj7 and wvgip respectively.

Ep33 and wvg3p are calculated from another
unique set of boundary conditions in the same way
Eg22 and wpp3 are calculated.

For the determination of Ggpy, an enforced
displacement in the X direction is placed on the
face with the positive Y axis as its normal. The
shear strain is then calculated by dividing this
displacement by the width of the model. The
effective shear stress in the 21 direction is then
calculated by dividing this force by the area over
which it is applied. The shear strain for small
displacements is given by the enforced deflection
divided by the width of the specimen. Ggp1 fis
obtained by dividing the shear stress in the 21
direction by the shear strain.

ce
021
G = —
221 €921

Gg31 s found by similar methods from
another unique set of boundary conditions.

(3

Gg23 can be obtained by applying an enforced
displacement in the positive Z direction to the
side whose normal is the positive Y axis. The
total resulting force on this face is calculated
from the finite element output. This total shear
force in the 23 direction is divided by the area
of the side over which it is applied, resulting
in the average shear stress in the 23 direction.
The small displacement shear strain in the 23 is
then calculated by dividing the applied displace-
ment in the Z direction by the width of the
model. Ggp3 s calculated by dividing the

. e
effective shear stress, %273 by €923
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In order to calculate the thermal expansion
coefficients «gyy, ag2p, and ap33, & plane in
the center of the model, with the positive X
direction acting as its normal, is restricted
from movement in the X direction (ug = 0.0).
This restriction assures symmetry about the
center of the model. A thermal load is then
applied to the model, T = Tg,.

The first step in finding ap)7 s deter-
mining the average of the displacements on the
end with the positive X axis as its normal and
dividing by the length of the model, s3,
resulting in the strain in the 11 due to the
change in temperature. Now, by dividing the
strain by the change in temperature, one can
obtain the thermal expansion coefficient in the
11 direction.

(@)

apoo is found by taking the average dis-
placement in the Y direction and dividing by the
change in temperature and the width.

The calculation of ag33 is similar to that
of «gpp, with the exception being that the aver-
age displacement in the Z 1s divided by the
change in temperature and by the height of the
model.

A set of reference finite element runs for
P100/copper are executed with a 0.466 fiber volume
ratio. These runs contained no disbonding or
fiber fracture. Composite ply material properties
are calculated from the output of these finite
element runs (Table I). Additional confidence was
gained by comparing the ply properties in_Table I
with those predicted by Caruso and ChamisZ and by
Hopkins and Chamis4 with very good correlation.

Disbonding and fiber fracture of a single
fiber in the center of the nine cell model is now
considered (Fig 3). Rcom temperature (70 °F)
material properties are used (Table II). 1In al}l
loading conditions, fibers that are to be dis-
bonded are also considered fractured and; there-
fore, did not have an applied displacement
assigned to them. This modeled the fiber fracture
in advance of disbonding. In this first series
of runs, each element around the circumference of
the fiber is allowed to disbond using the methods
described earlier. The disbonding of a fractured
fiber is done for each successive layer of ele-
ments along the length of the fiber. After the
mesh is changed to reflect the next layer of dis-
bonding, the loading conditions are applied and
ply material properties calculated. Results are
plotted for each of the ply material properties
verses percent disbond of the total mesh (Figs. 4
to 7). These plots show the properties affected
most by disbonding and to what degree they are
affected. Some of these properties can be used
as indicators of partial bonding of a fractured
fiber in cases where material properties are not
near predicted values. When suspecting the
presence of partial bonding, closer attention
should be paid to those properties found to be
more sensitive to the presence of the fiber
disbonding.

The next series of runs are executed with
high temperature constituent material properties
(Table II). The temperature selected is 1500 °F.
The results of the material property calculations
are shown in Figs. 8 to 11. Note that these plots
reflect a l1ittle over 11 percent disbonding of the
entire composite. This is a result of releasing
only the center fiber for these cases considered
here. The 11 percent disbonding value shown on
these plots represents the point at which the
center fiber is totally disbonded and the surround-
ing eight fibers are fully bonded to the matrix.
When the fractured center fiber is considered
completely disbonded it is still connected to the
matrix material by a ring of nodes in the plane
of symmetry (Fig 3). This can add some stiffness
transversely and in shear.

The next series of conditions considered are
when all nine fibers in the model are disbonded
and the room temperature boundary conditions are
imposed. In this case the percent disbonding can
go up to 100 percent of the total fiber length.
Once again, the connectivity of a ring of nodes in
the plane of symmetry around each fiber is main-
tained at 100 percent disbonding. Material pro-
perties are calculated by applying each of the
loading conditions described earlier. These
results are plotted showing the effect of fiber
disbonding on each property when all fibers are
equally disbonded (Figs. 12 to 15).

The next series of runs is repeated for high
temperature conditions. All nine fibers are
released as described above using material proper-
ties that reflected a use temperature of 1500 °F.
Material properties are calculated and plotted for
varying degrees of fiber disbonding ranging from
0 to 100 percent disbonding (Figs. 16 to 19).

Results and Discussion

The degradation in the ply material proper-
ties could be influenced by the difference in the
corresponding fiber and matrix material proper-
ties. As the fibers become structurally inactive,
the matrix material properties have a more signi-
ficant role in determining the composite's global
properties. Ideally, the composite's material
properties are bounded by the highest and lowest
values of its constituents; however, it will be
seen that a composite ply material property can
be lower than the lowest constituent property.

Room Temperature Ply Properties with Center Fiber
Disbonding

Figure 4 shows the degradation of the modulus
in the 11, 22 and 33 directions due to disbonding
of the center fiber only. These results reveal
that the longitudinal modulus has decreased by
about 8 percent while disbonding is at 11.1 percent
of the total circumferential fiber area of the
model.

The percent decrease in Egpp and Eg33
for 11.1 percent total fiber area disbonding is
1.5 percent. From these results it can be con-
cluded that Egyq is more sensitive to fiber dis-
bonding than the transverse moduli. The decrease
in Egiy is due mostly to geometric effect. The
geometric effect is the holes left behind by the



disbonded fiber much like a sponge. From further
results it will become evident that Epyy is the
second most sensitive property to fiber
disbonding.

The effect of fiber disbonding on Poisson's
ratio for center fiber disbonding is depicted in
Fig. 5. MWhen the center fiber is completely
disbonded (11.1 percent total fiber length dis-
bonding), vq12 and wvg13 have degraded by
0.5 percent. A decrease of 1.6 percent in w23
and wvg32 s witnessed when total center fiber
disbonding is achieved. This degradation of
Poisson's ratio is very small and can be con-
sidered insignificant.

The decrease in shear modulus due to center
fiber disbonding is shown in Fig. 6. The percent
change in Gq1p 1s 3 percent and Gpp3 is
2 percent when the center fiber is completely
dishonded. This shows that Ggyp, Ggy3 as well
as Gpp3 are relatively insensitive to the dis-
bonding of the center fractured fiber.

The thermal expansion coefficients are con-
sidered in Fig. 7. The lines representing the
transverse thermal expansion coefficients are
coincident, as to be expected. The disbonding
conditions considered here produced a decrease in
the transverse thermal expansion coefficients by
0.3 percent. This decrease is minimal and may be
considered to be insignificant.

The line describing the change in the longi-
tudinal thermal expansion coefficient is also
displayed in Fig. 7. )1 increased by 20 per-
cent when the center fiber is totally disbonded.
Of all the material properties considered, agq
is the most sensitive to center fiber disbonding
and is very significant.

High Temperature (1500 °F) Ply Properties with
Center Fiber Disbonding

Figure 8 shows the degradation of longitu-
dinal and transverse moduli. Since 11.1 percent
of the effect of the fiber has been removed due
to the total disbonding of the center fiber, a
decrease of only a 7.3 percent is witnessed in
Eg1y. This decrease is of the same magnitude as
that observed for the room temperature Egyy.
The conclusion is that, the change in Egy;
brought about by center fiber disbonding is
significant.

Due to geometric effects, Egpp decreases by
2 percent when the center fiber is disbonded
(Fig. 8). This decrease is due to the reduced
effective cross-sectional area, and the subsequent
reduced transverse stiffness of the composite, as
resuylting from the disbonding of the center fiber.
This hole removes some of the stiffness from the
mode! resulting in a lTower transverse modulus.
Note that this decrease is almost the same as the
room temperature decrease in Egpz and Eg33.

In Fig. 9 the Poisson's ratios of the com-
posite are plotted. wvo1p2 and wvg23 decrease by
approximately 1.5 percent when the center fiber
is disbonded fully. When compared to the room
temperature results, it is evident that there is
a small increase in the change of wvg12, and the
change in wvgp3 1is about the same. From these

results it may be concluded that temperature has
little effect on the rate of degradation of
Poisson's ratios. g2, vgi3., vgr3 and vg32
may all be considered to be relatively insen-
sitive to center fiber disbonding.

Gg1y degrades by almost 5 percent with the
disbonding of the center fiber (Fig. 10). The
change in Ggiz at room temperature is 3 percent
and at high temperature it is 5 percent when the
center fiber is disbonded. Ggp3, at high temper-
ature, has degraded by almost 3 percent when the
center fiber has totally disbonded. Ggy» and
Gg23 can all be said to be relatively insensitive
to center fiber disbonding.

Figure 11 contains the plots that represent
the changes in thermal expansion coefficients at
high temperature as the center fiber is disbonded.
ag2p increased by less than 1 percent, an insigni-
ficant amount.

In figure 11, agyj; shows an increase of
17.3 percent when the center fiber is completely
disbonded which represents a decrease in effective
fiber area of 11.1 percent. This change in
agy] s significant and close to the percent
change in a1y at room temperature.

Room Temperature Ply Properties with All Fibers
Disbonding

The effect on the ply moduli of all the
fibers disbonding is plotted in Fig. 12. The
degradation of Egyy 1is now obviously nonlinear.
Eg11, with 100 percent fiber disbonding, has
decreased by 78.2 percent and is lower than Ep.
The cylindrical holes left by the disbonded fibers
decrease the stiffness of the composite, much like
a sponge. The composite can actually have a lower
modulus than that of the matrix alone.

Egoo decreased by only 15 percent with
100 percent fiber disbonding (Fig. 12). The
decrease in Eppp s due to the sponge effect.

In Fig. 13 wvgyp increases until about
25 percent disbonding, then wvgjp decreases grad-
ually to 100 percent disbonding. This phenomenon
will have to be examined in future work.

One hundred percent disbonding brought about
a decrease in wvgp3 of 26.7 percent as shown in
Fig. 13. The value at 100 percent disbonding is
less than that of the matrix alone. This may be
due to the spongy effect of the disbonded com-
posite, where a significant percentage of the
transverse displacements take place in the cylin-
ders left by the disbonded fibers, resulting in
less transverse strain.

Figure 14 represents the results of disbond-
ing on the shear moduli at room temperature. Both
Gg12 and Gpp3 show an approximate degradation of
25 percent when the fibers are completely disbonded.
As before, at 100 percent disbonding, these ply
properties are lower in value than that of the
matrix material alone, presumably due to the
sponge effect discussed earlier.

Figure 15 shows the change in the composite's
thermal expansion coefficients when disbonding is
taken from 0 to 100 percent at room temperature.
ag1] increases drastically as the disbonding
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increases. At 100 percent disbonding, a«g) has

increased by 557 percent. The value of apy7 at
100 percent disbonding is virtually identical to

that of the matrix alone.

The degradation of aggs is also depicted
in Fig. 15. «agp; degrades by only 14 percent
when all fibers are completely dishonded. The
significance in these results is that the final
value for agpp and o933 1s virtually equal to
ap. This would tend to imply that the sponge
effect discussed earlier has little effect on
thermal expansion,

It is significant to note that «gi7, «g22,
and «933 all approach ap when the composite
is approaching a quasi-monolithic state.

High Temperature (1500 °F) Ply Property With Al
Fibers Disbonding

Consider now high temperature (1500 °F) con-
ditions while disbonding nine fibers. Egqy s
nonlinear and degrades rapidly during initial dis-
bending but tends to stabilize as disbonding
approaches 100 percent (Fig 16). This curve is
similar in shape to that of room temperature Egj
except it is shifted down the ordinate. The total
decrease in Eq); is 85.6 percent and its value
at 100 percent disbonding is lower than that of
the matrix alone. Again, this is probably due to
the sponge effect. The transverse modulus Ego»
degrades by 20.6 percent at 100 percent fiber
disbond (Fig 16).

Figure 17 shows the effect of fiber disbond-
ing on the Poison's ratios at high temperature for
all fibers disbonding. As with the room temper-
ature results, vg1p increases initially and then
begins to decrease at about 25 percent disbonding.
The total decrease in wvgy2, from O percent dis-
bonding to 100 percent disbonding, is 9.1 percent.
vg23 decreases linearly with fiber disbonding as
seen in Fig. 17. These material properties
decreased by 29.6 percent when 100 percent dis-
bonding is reached.

Figure 18 shows a linear decrease in Ggj2
with fiber disbonding. Ggy2 decreased by
35.7 percent when the composite is at 100 percent
disbonding. This is the same trend seen at room
temperature. The degradation of Gg3, as seen
in Fig. 18, is slightly nonlinear both at high
temperature and at room temperature (Fig. 14).
Ggo3 shows a slight increase in slope after about
25 percent disbonding. The total decrease in
Gg23 s 34.2 percent at 100 percent disbond.

Figure 19 depicts the change in the composite's

thermal expansion coefficients through the range

of 0 to 100 percent disbonding at 1500 °F. As the
percent disbond increased, a significant increase
in agyy 1is evident. At 100 percent dishonding,
«g1] has increased by 799 percent and is virtually
the same as «ag2p and ag33 at 100 percent dis-
bonding. The degradation in «gp2 appears to be
minimal. The three thermal expansion coefficients
approach the value of the matrix expansion coef-
ficient at 100 percent fiber disbonding.

Conclusions

From the results of this analysis it can be
seen that, in general, single fiber fracture and
disbonding have little effect on most of the
material properties. Of the material properties
considered, the longitudinal thermal expansion
coefficient agy1 and the Tongitudinal modulus
Eg11 appear to be more sensitive to fiber dis-
bonding. This sensitivity of api7 makes it a
gocd indicator of the level of disbonding in a
composite. If apyy 15 above predicted values,
then the suspicion of the presence of disbonding
of fractural fibers may be justified. The degree
of disbonding may be approximated by comparing
with the results shown here.

High temperature results indicate a shift in
the value of the material properties while main-
taining the same rate of degradation as in the
room temperature results.

When all the fibers are fractured and dis-
bonded, more significant changes in the material's
ply properties are observed. The longitudinal
modulus, Egyy, and wvg12 both show nonlinear
degradation at these higher levels of fiber dis-
bonding. Again the sensitivity of «gj) to the
disbonding of fracture of all fibers reinforces
the idea that it is a good indicator of the degree
of disbonding and fiber fracture in a composite.

This work has shown that for small amounts
of partial bonding on fractured fibers, composite
material properties are not significantly
affected. However, when most of the fibers are
fractured and disbonded, substantial degradation
of the ply properties can be expected.
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TABLE I. - COMPOSITE MATERIAL TABLE II. - ROOM AND HIGH TEMPERATURE CONSTITUTIVE MATERIAL
PROPERTIES NO DISBONDING - PROPERTIES P100-GRAPHITE/COPPER
ALL FIBERS LOADED

Room temperature High temperature
P100-GRAPHITE/
COPPER Fiber Matrix Fiber Matrix
Compos | te £,y | pst | 10s.0x10% | 17.0x10% | 93.8x10 8.87x108
properties
6 3 i o108 | 17.0x108 0.90ax105 | 8.87x108
Egp | st 53.03x10 22 | P 0.30x -0 - 908 87
6 § § 6 §
EQZZ psi 7.19x10 533 psi 0.90x10 17.0x10 0.904x10 8.87x10
£ i 7.19x108 108 sax10° | 0.982x10° | 3.41x10°
933 psi .19x10 G]2 psi 1.10x10 6.54x .982x LA x
Gyrp | pst 3.36110° Gy | psi 0.70x10% | 6.54x10°5 | 0.625¢10% | 3.41x10°
Gypy | PSI 2.66x10° Gy | psi 190x10% | 6.540005 | 0.9826108 | 3.41x10°
]
61y | st 3360106 Vi 0.200 0.300 0.179 0.300
. 0.291 Va3 0.250 0.300 0.223 0.300
vrs 0.246 Vi3 0.200 0.300 0.173 0.300
. in -5 W -5 -6
ey | =i | 1m0 ay | i | -0.90x10 9.80x1075 | -1.008x1078] 13.s5x10
in 6 -6 -6 -6
in -6 @ T F 5.60x10 9.80x10 6.27x1Q 19.55x10
@922 | Ta oF | 11-41x10 22 | Tn °F
e A RO agy | T | 5.60x1078 | 9.80x107F | 6.37410° | 19.55x1076

Figure 1. Finite element model - Unit cell
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Figure 3. Center fiber disbonding showing 2.78% disbonding
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Figure 4. Effects of center fiber disbonding at room temperature

on moduli




EFFECT OF FIBER DEBONDING ON
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Figure 5. Effects of center fiber disbonding at room temperature

on Poisson's ratio



EFFECT OF FIBER DEBONDING ON
SHEAR MODULUS - Gi21, G131, G123
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Figure 6. Effects of center fiber disbonding at room temperature
on shear moduli
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EFFECT OF FIBER DEBONDING ON
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Figure 7. Effects of center fiber disbonding at room temperature
on thermal expansion coefficients
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Figure 9. Effects of center fiber disbonding at high temperature
on Poisson's ratio
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Figure 10. Effects of center fiber disbonding at high temperature
on shear moduli
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Figure 11. Effects of center fiber disbonding at high temperature
on thermal expansion coefficients
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Figure 13. Effects of nine fiber disbonding at room temperature

on Poisson's ratio
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Figure 14. Effects of nine fiber disbonding at room temperature

on shear moduli
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Figure 15. Effects of nine fiber disbonding at room temperature
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EFFECT OF FIBER DEBONDING ON
MODULUS - Elll, El122, E133
HIGH TEMPERATURE (1500 °F)
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Figure 16. Effects of nine fiber disbonding at high temperature
on moduli

20



EFFECT OF FIBER DEBONDING ON
POISSONS RATIO - v112, V113, v123, 1132

POISSONS RATIO

HIGH TEMPERATURE (1500 °F 2
0.4-
' v112 and 113 OO0
o / Coincide O O O Y
~_ 0lolo
0.3 2
hh"h""““hmmmﬁ_
0.2 ""'--.\N
\ v123 and 1132 o
Coincide
0.1 kﬂlZ"____
I/ll_3______
vi23 .
0.0 | T l | T

6 10 20 30 40 50 60 70 80 90 w0 V132
PERCENT DISBOND

Figure 17. Effects of nine fiber disbonding at high temperature
on Poisson's ratio
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Figure 18. Effects of nine fiber disbonding at high temperature
on shear moduli
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Figure 19. Effects of nine fiber disbonding at high temperature
on thermal expansion coefficients
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