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Synopsis 

Aromatic polyamideimide (PAI) films were reinforced with aromatic polyamide fiber (DuPont, 
Kevlar 49) as unidirectional composite (type I), bidirectional laminate composite (type 11), and 
bidirectional cloth composite (type 111). The elastic and tensile load-elongation properties of 
composite films at  ambient temperature were investigated with respect to fiber orientation. The 
properties of the type I composite film are more anisotropic than those of other composite films. 
But, for the type I composite film, the most significant effect of the reinforcement fiber is 
observed at  the fiber direction. With bidirectional reinforcement (types I1 and 111) the anisotropy 
of the composite is reduced, but the strengths at the fiber directions are depressed markedly by 
the existence of the fibers of the other orientations. 

INTRODUCTION 

The composite of a plastic with a continuous fiber is generally reinforced 
with a unidirectional fiber orientation. The unidirectionally reinforced com- 
posite, however, exhibits strong anisotropy in its properties. For the purpose 
of producing a more isotropic composite, i t  is often more desirable to use the 
reinforcement with laminarly crossed fibers or with a cloth. 

A thermally stable, flexible film of an aromatic polyamideimide is obtained 
by casting from a solution in a polar solvent. The dynamic mechanical 
properties of a polyamideimide film reinforced with carbon fiber was investi- 
gated by Kambe et al.' The dynamic elastic properties of carbon fiber com- 
posite are essentially controlled by fiber orientations. A t  the orientation of 
fibers parallel with a stress direction, the composite behaves similarly as a 
carbon fiber bundle. The carbon fiber composite is a very hard plastic with a 
minute flexibility. 

The more flexible film is obtained with a soft fiber reinforcement. An 
aromatic polyamide fiber may be used as a more flexible reinforcement 
without loss of thermal stability of an aromatic polyamideimide composite 
film. The fracture toughness of a composite of an epoxy resin reinforced with 
an aromatic polyamide fiber was investigated by Mai and Catino.2 They 
studied the effects of controlled interfacial bonding between fiber and matrix 
resin. These composites were brittle, even though they used a flexible fiber 
reinforcement. 
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The anisotropy of mechanical properties of unidirectionally reinforced com- 
posite materials has been investigated by NieL~en,~ Tsai and and 
others. The dependence of mechanical properties of composite materials on 
the orientation angle, i.e., the angle between fiber axis and tensile load axis 
extensively investigated. Tsai’ indicated the role of reinforcing fibers is 
different for each range of orientation angle. 

In the present investigation, a fiber-reinforced aromatic polyamideimide 
film of significant flexibility and strength was obtained by keeping a suitable 
range of volume fraction of reinforcing aromatic polyamide fibers. The ani- 
sotropy of mechanical properties is mostly dependent on the orientation of 
reinforcing fibers. Three types of composite with different reinforcement 
textures were used as samples. We measured the stress relaxation and tensile 
load-elongation behaviors of fiber-reinforced composite films at  ambient tem- 
peratures. The dependence of these mechanical properties on the fiber orienta- 
tion angle is investigated with respect to the various reinforcement textures. 
The role of reinforcing fibers is discussed. 

EXPERIMENTAL 

Materials 

An aromatic polyamideimide varnish, produced experimentally by the Film 
Laboratory of Toray Co., was kindly supplied us to use as a material. The 
chemical formula of the present sample of polyamideimide (PAI) is as follows: 

fO‘: 
‘O\N -Q --CH -Q - iv H t 

‘co ’ 
Dimethylacetamide was used as a solvent in varnish and was used as a 
diluent. 

A commercial fiber of an aromatic polyamide, Kevlar 49, was obtained from 
DuPont in a form of 195 denier yarn, and was used as a reinforcement. Kevlar 
has the following chemical structure: 

REINFORCEMENT TEXTURES 

Three types of composite film with different reinforcement textures were 
prepared as shown in Table I. The type I composite film was produced with a 
unidirectional reinforcement of Kevlar yarn. The type I1 composite was with 
bidirectional reinforcement of a laminate of prependicularly crossed Kevlar 
yarns. In type I and I1 composites, Kevlar 49 yarn was used as received. 

The type I11 composite was reinforced with a bidirectional plein cloth. A 
cloth of Kevlar 49 was woven by the following procedures. For the sake of 
weaving, Kevlar yarns were twisted to increase ultimate load-elongation 
characteristics in tension. In Figure 1, the ultimate load and elongation are 
shown against the number of twist per length. The ultimate load shows a 
maximum a t  a twist of 250 turns/m and the ultimate elongation does not 
change markedly up to the twist of 500/m. Then, we twist Kevlar yarns 
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TABLE I 
Sample Composite Films 

Twist Fiber density PVA Volume fraction 
TY Pe Reinforcement (yarns/cm) Sizing of fibers (I%) 

I Unidirectional yarns No 10 No 5 + 1  
I1 Bidirectional No Longitudinal 10 No 10 * 2 

layered crossed yarns Transverse 10 

plein cloth Clockwise Woof 8 No 
111 Bidirectional 200 warp 10 YeS 9 + 2  

clockwise by 220 turns/m for use as the warp of sample cloth. Twisted Kevlar 
yarns were sized by dipping in a 3% poly (vinylalcohol) (PVA) solution. The 
yarns used for the woof were not sized to prevent the slip between yarns 
during weaving. The yarns were woven to a cloth by using a weaving machine 
a t  the Gunma Prefectural Textile Research Institute in Kiriu. According to 
the machine conditions, the density of the sized warp was 10 yarns/cm and 
that of the unsized woof was 8 yarns/cm. 

Casting Films 

The PA1 composite films were prepared as follows. First, the fiber rein- 
forcement was fixed on glass plate. For type I and I1 composites, the Kevlar 
yarns were wound up around the glass plate a t  a definite separation of ca. 1 
mm. Along the edge of the glass plate, the fibers were fixed with adhesive. For 
type I11 composite, a cloth was fixed on a flat plane of the glass plate by 
cellophane tapes. In preparing the type I11 composite, i t  was necessary to 
remove the PVA sizing before putting in the resin. For this purpose, the cloth 
on the glass plate was immersed in water overnight and, then, dried up in a 
desiccator to  remove water completely. 

The fiber reinforcement was dipped in the PA1 varnish together with the 
glass plate and dried in vacuum overnight. After leaving in air for several 
hours, the resulting film was heated a t  140°C for 3 h a t  ambient pressure. The 
film was removed from the glass plate and heated at 250°C in vacuum for 3 h 

l t  1’ - 
0 250 500 1000 

Twist I rn-1 
Fig. 1. Dependence of ultimate load (0) and elongation (0) of Kevlar 49 yarns on twist. 
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Fig. 2. Schematic models of composite films. 

to  get a sample film. From the infrared absorption spectra, no existence of the 
effect of oxidation and the remaining solvent was confirmed for this prepara- 
tion process. 

Composite Film Sample 

By these procedures, the obtained composite films a considerable flexibility 
and an enhanced strength compared with the original PA1 film. The sche- 
matic models of these three types of the composite film are shown in Figure 2. 

In type I and I1 composites, the nontwisted yarns are somewhat swollen 
and intermixed with PA1 matrix without clearly indicating the boundaries 
between fiber and resin. In type I11 composite, the yarns are compactly 
twisted and undulated in the matrix. The boundaries between fibers and resin 
are more easily seen in this type than in other types. 

The volume fraction of the reinforcement in the composite film was 
evaluated from the density of the film as shown in Table I. 

Measuring Methods 

The stress-relaxation of the composite film was measured with a home-built 
stress-relaxation apparatus.6 After giving an initial extension of 0.4% instan- 
taneously, the stress change of a rectangular sample strip of 25 X 5 mm was 
followed at an ambient atmosphere. The minute strain confirms a linear 
response of the sample specimen. The tensile stress was measured by a 
Toyo-Baldwin strain-gauge sensor a t  a fixed interval of logarithmic time 
during a period from 0.1 to lo4  s by using a Logtimer, supplied by the 
courtesy of Japan Synthetic Rubber Co. The stress data was digitized and 
stored in the Logtimer automatically, and was input into a personal computer 
Nippon Electric Co. PC-8801 and processed to give a relationship of logarith- 
mic Young’s modulus, log E ,  against logarithmic time, log t .  

The load-elongation of the composite films was measured by a Toyo- 
Baldwin Tensilon. The specimens were a length of 20 mm constantly and 
widths of 5, 10, 15, and 20 mm at  various fiber orientation angles. Tension 
testing was a rate of elongation of 5 mm/s a t  an ambient atmosphere. 

RESULTS AND DISCUSSION 

Elastic Properties 

The stress-relaxation curves obtained for Kevlar 49 yarns and a PA1 
homogeneous film are shown in Figure 3. The initial Young’s modulus of 
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PA1 
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0 1  2 3 4  
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Fig. 3. Relaxation curves for Kevlar 49 yams and PA1 film. 

Kevlar (Ef) is 5 x 10" Pa and that of PA1 (Em) is 1.6 X lo9 Pa. The ratio of 
initial Young's moduli Er/E,,, is 31. The relaxation curves of both samples are 
linear for these plots, indicating non-relaxing behaviors of these materials. 

The stress-relaxation curves for uniaxially reinforced type I composite at 
the different fiber orientation angles 6 are shown in Figure 4. The greatest 
initial Young's modulus is observed at  6 = 0"' indicating that the elastic 
property of the type I composite at  8 = 0" is mainly governed by the 
existence of reinforcing fibers. 

The relaxation behavior of type I composite observed at 6 = Oo is also 
controlled by Kevlar fibers and is not significant. The relaxation is enhanced 
with increasing 6, and at  6 = 90"' in particular, a very marked relaxation is 
observed. This behavior can be explained by the strain additivity of a series 
model of composite materials. The relaxations of easily relaxable resin parts 
are accumulated in series to give an enlarged overall relaxation behavior. 

In Figure 5 are shown the stress-relaxation curves of the type I1 bidirec- 
tionally reinforced laminate composite at  various fiber orientation angles. 
This composite is constituted from two orthogonally oriented unidirectional 
plates at 8 = 0" and 90" and shows relaxation curves symmetrically situated 
around a curve at 6 = 45O. At 8 = Oo and go", the direct effects of Kevlar 
fibers appear in high modulus and little relaxation. A t  the other 6's, the 
difference in modulus is marked but no significant difference in relaxation 
behavior is observed in contrast to type I composite shown in Figure 4. 

0 1  2 3 4  
l o g ( t I s e c 1  

Fig. 4. Relaxation curves for type I composite at various fiber orientation angles. 
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Fig. 5. Relaxation curves for type I1 composite at various fiber orientation angles. 

Another feature of the bidirectional reinforcement is that the initial modulus 
is lower in general than that of the unidirectional one. 

The stress-relaxation curves obtained for the type I11 bidirectionally rein- 
forced composite with a cloth of Kevlar 49 are shown in Figure 6. The greatest 
initial Young's modulus is found at  the orientation angle 8 = 0". The modulus 
at 8 = 90" is next to that at  8 = 0". The modulus is greater when the fiber 
axis lies parallel to the load axis, but because of the difference of the fiber 
density of warp and woof in the cloth shown in Table I, the modulus at 
8 = 0" and 90" are not exactly the same. A t  various 8 's, the relaxation curves 
show a similar tendency, though the relaxation behaviors are not truly 
symmetrical at angles for both sides of 8 = 45". The isotropic character of the 
stress-relaxation is enhanced by a cloth reinforcement. 

Several formulas have been proposed to express the elastic modulus of the 
composite materials by using the moduli of the components. A s  the simplest 
formula for the composite with the unidirectional long fiber reinforcements, 
Nielsen3 gave a following formula for the longitudinal modulus along the 
stress direction: 

where Em and E, are the respective moduli of the matrix and the fiber' and +,,, 
and +j are the corresponding volume fractions. In this case, the tensile load 
extends the fiber and the matrix simultaneously by the same extension and 
the stress is shared by the components in proportion to their volume fractions. 

EL = EmGm + (1) 

1 I 

0 1 2 3 4  
log ( t l s e c )  

Fig. 6. Relaxation curves for type I11 composite at various fiber orientation angles. 
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For the transverse direction of a unidirectionally reinforced composite, the 
following most general formula for the transverse modulus ET is given by 
Lewis and Nielsen7 as a modification of the formula presented by Halpin': 

where A = 0.5. +fm is the volume fraction at  the maximum packing of the 
reinforcement and could be taken as 0.82. 

The elastic modulus of a composite, which involves fiber reinforcements 
randomly oriented in a plane, is given by Tsai5: 

The moduli for the type I, 11, and I11 composite films at  the orientation angles 
except along fiber axis may be applied by the formula (3). 

in Figure 7 .  The relative elastic 
moduli at 1 s determined from the stress-relaxation curves in reference to Em 
obtained for PA1 film were also plotted in Figure 7 for type I, 11, and I11 
composites a t  various orientation angles. For type I composite, the relative 
modulus at 8 = 0" attains a value corresponding to the EL/E,  line. With the 
increase of 8 ,  it  decreases gradually. Above 8 = 45", the moduli show a little 
lower value than the ET/E, line. For type 11, the moduli at  0" and 90" are 
situated nearly on the E2,/Em line. Considering that the volume fraction of 
fibers bearing the load is a half of the relative moduli should be shifted to 
the left correspondingly and approaches the E J E ,  line. Then, the validity of 
eq. ( 1 )  is c o n h e d  in these cases. A t  0 = 45", the lowest modulus is found at  
the point lower than the ET/Em line. For type I11 composite, the relative 

EL, ET, and E,, are plotted against 

5 10 15 
Volume Fraction I % 

Fig. 7. Relationship of relative modulus with volume fraction of reinforcement for composite 
films at various orientation angles: (0 )  type I; (0) type 11; (A) type 111. 
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Fig. 8. Relative modulus at 1 s vs. orientation angle for composite film: (0) type I; (A) type 11; 
(0) type 111. 

moduli at 8 = 0" and 90" are fairly low. Even if the correction for volume 
fraction bearing the load was considered, the moduli would not reach to the 
EL/E,  line. In the cloth reinforcement, the undulated fibers do not directly 
control the elasticity of the composite. The moduli of type I11 composites are 
generally smaller than those of other types. I t  seems to be the characteristics 
of the cloth reinforcement. 

On the EZD/E,  line based on a random orientation of reinforcement fibers 
lie the relative modulus for type I at 8 = 22.5", and those for type I1 at  
8 = 22.5" and 67.5". At these angles, regularly oriented long fibers act the role 
of randomly oriented short fibers. 

In Figure 8, the relative moduli E / E ,  at 1 s for composite films are plotted 
against the fiber orientation angle 8. For type I composite, the relative 
modulus is greatest at  8 = 0", and is almost the same above 45". There is a 
great anisotropy in a plane in this case. For type I1 at  various B's, the 
modulus is lower than that for type I at  8 = 0" and lies symmetrically around 
B = 45". Type I1 composite shows a smaller anisotropy than type I. For type 
111, the modulus is lowered at 8 = 0". With the cloth reinforcements, the 
composite becomes more isotropic than with the bidirectional laminate rein- 
forcements. To make the elastic behaviors homogeneous in a plane of the 
composite materials, tensile modulus EL must be somewhat sacrificed. 

In Figure 8, a great anisotropy in a plane is observed for type I composite. 
The elastic modulus at  an orientation angle B of the unidirectionally rein- 
forced composite is given by Hoffg as follows: 

1 cos4 8 sin4 8 
- = -  + - + (& - g)sin2ocos28 
El? EL ET 

where G, and v are the shear modulus and Poisson's ratio, respectively. 
Assuming G, = G46 (G, at 8 = 45") and using the relation 

G -  ELET 
45 - ET(1 + 2 ~ )  + EL 

we have 

E~ + ETsin2 e cos2 e 1 C O S ~  8 sin4e 

Ee EL ET ELET 
+- + - = -  

and the modulus at  8 could be calculated from EL and ET. 

(4) 
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e i .  
Fig. 9. Relative modulus vs. orientation angle for type I composite film: (-) theoretical 

curve by eq. (4). 

By this procedure, we obtain the relationship of relative modulus E / E ,  
with 8 for type I composite, as shown in Figure 9. By eq. (4), it  is expected 
that the modulus would be considerably lowered by disturbing slightly the 
arrangement of fibers to the load axis. The experimental data show a more 
rapid decrease of modulus with increasing 8 than expected by eq. (4) and 
approach a constant above 8 = 45". The difference could be caused by an 
overestimated contribution of the shear modulus by an assumption of Gs = 

G45. The existence of the more relaxable region around the fibers does not 
seem to be neglected. 

Tensile Load-Elongation 

The Kevlar yarns used as a reinforcement showed a brittle fracture at the 
tensile measurements. The ultimate tensile stress and strain at fracture were 
194 kg mm-2 and 4.5%, respectively. The homogeneous PA1 film exhibited the 
ultimate stress 6.69 kg mm-2 and the strain 12.7%. 

In Figure 10 are shown the tensile load-elongation curves obtained for type 
I composite specimens of a width of 10 mm at various fiber orientation angles. 
In those measurements it was difficult to estimate the cross sections of the 
specimens accurately because the thickness of the specimens were not uniform 

10 20 30 
Elongation I *I* 

Fig. 10. Tensile load-elongation curves for type I composite film of a width of 10 mm at 
various fiber orientation angles. 
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Fig. 11. Fiber orientation dependence of relative tensile fracture stress for type I composite 

film with various widths (mm) in reference to tensile stress of PA1 filin: (0) 5; (A) 10; (0) 15. 

in the film plane. Then, we plotted the load directly against the orientation 
angle, instead of plotting the stress. For type I composite, the ultimate load 
was greatest at  8 = 0" and shows a brittle fracture behavior similar to Kevlar 
yarns. With increasing 8, the ultimate load decreases and approaches a 
constant value, as did the stress-relaxation measurements in Figure 4. The 
elongation was greatest at  8 = 45", showing a ductile character of the type I 
composite at this fiber orientation in the film plane. 

The ratio of tensile fracture load u and the tensile stress of PA1 urn is 
plotted as the relative fracture stress against 8 in Figure 11 for type I 
composite specimen with various widths. Above 8 = 45", the strength does 
not exceed that of PA1 film showing an insufficient reinforcement at  these 
fiber orientations. The dependence on width is found at  8 = 0" and 22.5". At 
the same 8, the difference of width of the specimen causes the difference of the 
effective length of the reinforcement fibers and, in turn, the role of rein- 
forcemen t. 

In Figure 12 are plotted the tensile load-elongation curves for type I1 
composite of a width of 10 mm at various orientation angles. The curves are 
symmetric around 8 = 45". At  8 = 0" and 90", brittle fracture behaviors of a 
high strength were observed showing a dominant role of Kevlar yams. At  the 

10 20 30 
Elongation I 01. 

Fig. 12. Tensile load-elongation curves for type I1 composite film of a width of 10 mm at 
various fiber orientation angles. 
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0 22.5 45 67.5 90 
e l *  

Fig. 13. Fiber orientation dependence of relative tensile fracture stress for type I1 composite 
film with various widths (mm) in reference to tensile stress of PA1 film: (0) 5; (A) 10; (0) 15; 
(0) 20. 

other orientation angles, the ultimate loads were almost the same. The biggest 
ultimate strain was found at  8 = 45". Similar behaviors were observed but not 
shown in figures for specimens of the other widths. 

The relative fracture stress is plotted in Figure 13 against the orientation 
angle for type I1 composite with various widths. For the specimens of width of 
5 mm, the relative fracture stress depends on the orientation angle showing an 
anisotropy in the film plane. With the increasing width, the ultimate stresses 
at fiber directions (8 = 0" and 90") are lowered and the type I1 composite 
becomes apparently isotropic. The effective length of reinforcement fibers is 
definitely dependent on the width, and the ultimate stress might be investi- 
gated with respect to this point. 

In Figures 14 and 15, similar plots are shown for type I11 composite of 15 
mm width. A t  8 = 0" and 90", brittle fracture behavior due to Kevlar yams 
was observed with a high fracture stress. It is a characteristic for type I11 
composite that the fracture stress is not much dependent on the fiber 
orientation angle. At  orientation angles other than 45", the ultimate elonga- 
tion is higher than observed for type I and I1 composites at the same angle. In 
Figure 15, we see a small dependence of relative 

6 
5 0 -  0 

10 20 30 
Elongation I *I, 

ultimate stress on the 

Fig. 14. Tensile load-elongation curves for type 111 composite film of a width of 15 mm at 
various fiber orientation angles. 



4746 OHMIYA AND KAMBE 

9 1 0  

Fig. 15. Fiber orientation dependence of relative tensile fracture stress for type 111 cornpasite 
film with various widths (mm) in reference to tensile stress of PA1 film: (0) 5; (A) 10; (0) 15; 
(0) 20. 

orientation angle. The type 111 composite has an overall isotropic character 
compared with other types. 

In Figure 16, relative ultimate stresses a t  various orientation angles are 
compared for different types of composite. For type I composite, the relative 
fracture stress at 8 = 0" is larger than for the other types. With the increase 
of 8,  the relative strength decreases significantly, and it is shown that an 
anisotropy in the film plane exists in the type I composite. On the other hand, 
bidirectional reinforcement in type I1 lowers the relative strength at fiber 
directions, but more isotropic features are found for this type. The isotropy is 
achieved with the sacrifice of the strength at  the fiber direction. With the 
bidirectional reinforcement using a plein cloth, type I11 composite shows a 
smaller isotropy. The strength at  8 = 22.5-67.5" are much enhanced for this 
type. This is a typical result of a plein cloth reinforcement. The fibers in the 
cloth are much entangled and constrained with each other. A high strength 
and isotropy are acquired by these interactions. 

Several formulae have been proposed to express the strength of a fiber-rein- 
forced composite by using the strengths of the components. A t  the longitudi- 
nal direction, the strength of the unidirectionally fiber reinforced composite a, 
is expressed by the strength of reinforcement a! and that of matrix a, as the 

- 

0 Type I 
A Type I1 

T Y P e U  

z 3 -  
?! 

c m 
0 
- 
a I 

0 22.5 4 5  67.5 90 
e 1 0  

Fig. 16. Fiber orientation dependence of relative tensile fracture stress for various composite 
films of a width of 15 mm: (0)  type I; (A) type 11; (0) type 111. 
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Fig. 17. Relationship of relative tensile fracture stress with volume fraction of reinforcement 
for various composite films at various orientation angles: (0) type I; (A) type 11. (0) type 111. 

following general formula analogous to the formula for the elastic modulus3: 

where +, and +m are volume fractions of reinforcement fibers and of matrix 
resin, respectively. 

For the transverse direction, Nielsen3 has shown that the strength uT is 
generally smaller than that of the matrix a, and is usually approximated by 

Riley lo has shown theoretically that, by involving the discontinuous fibers, 
the longitudinal strength of the continuous fiber-reinforced composite at  the 
continuous fiber direction uR attains at  most 6/7 of the original strength uL. 

In Figure 17, the theoretical relative fracture stresses uL, uT, and uR values 
are plotted against the volume fraction together with the experimental data. 
At 8 = 0" for type I composite, u decreases with the increase of 8 and 
approaches uT above 8 = 45", corresponding to a half of a,, as Nielsen 
predicts. 

In the fiber directions for types I1 and 111, u reaches uR by the correction of 
volume fraction. The opposing effects of the transverse fibers cause the 
lowering of u. At the other 8 's, the fracture stresses are situated between uT 
and uR lines, but higher than that for type I composite at 8 = 45". By 
bidirectional reinforcement, the strength at the fiber directions decreases 
according to Riley's theoretical prediction, but at  the other orientations the 
strengths are enhanced somewhat. 

For the unidirectional reinforcement, Nielsen3 considered the relationship of 
the strength and fracture mode in three regions. Between 8 = 0" and 5", the 
tensile load is approximately parallel to the fiber direction and the longitudi- 
nal strength of the composite determines the fracture mode. Between 8 = 5" 
and 45", the shear strength of the composite determines the mode. Above 
8 = 45", the mode is determined by the transverse strength of the composite. 
Considering these factors, Tsai5 proposed the following formula: 

(IT = 0,/2. 
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Fig. 18. Relationship of relative tensile fracture stress with orientation angle for type I 
compmite film: (-) theoretical curves by eq. (6); (---) theoretical curve by eq. (7). 

where us is the shear strength of the composite, which is approximated by the 
shear strength of the matrix resin. 

The experimental studies of Ishai et al." have shown the following formula 
which is valid for various composite materials above 6 = 10": 

QT 
Ue = - 

sin 6 (7) 

With this model, the fracture strength at  directions other than fiber directions 
is controlled by the transverse strength of the composite. From eqs. (6) and 
(7), the relationships of fracture stress and orientation angle are plotted in 
Figure 18. It is expected theoretically that the increase of 6 lowers the 
fracture stress considerably. The experimental data plotted in the same figure 
show the better coincidence with eq. (7). 

The morphology of the fracture surface was investigated with a scanning 
electron microscope. The observations are shown schematically in Figure 19. 
For type I composite at 6 = O", the fibers were broken directly, and some 

fiber 
matrix 

Type 111 

E E  

J J  4 4  
e=22 .so  e . 4 5 0  

I d  
9-00 

Fig. 19. Schematic descriptions of tensile fracture morphology of type I and I11 composite 
films. 
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fibers were drawn out of the bundles. A t  8 = 90", separation of the fiber 
bundles along fiber directions was observed. For type I11 at 8 = O", the 
longitudinal fibers endure the load directly up to the breakdown as for type I 
a t  8 = 0" and the transverse fibers which do not endure the load are divided 
with each other in the bundles as for type I at  8 = 90". For type I11 at  
8 = 22.5", the same tendency was observed, i.e., long fibers break directly and 
short fibers are divided along the fiber axis. For type I11 composite at  8 = 45", 
fibers break directly for both directions and cause the overall fracture. If the 
reinforcing fibers endure the load directly, the fibers act the role of rein- 
forcement effectively to give a high strength and control. If the fibers do not 
act effectively, the load is endured by the matrix and the strength is lowered. 
The inside division of the fiber bundles observed in some cases correspond to 
the large stress relaxation observed for type I composite at  8 = 90O. 

CONCLUSION 

Several informations are obtained for the role of reinforcement fibers in the 
composite materials and the anisotropy of the composite according to the 
different composite textures by the measurement of stress-relaxation and 
tensile load-elongation properties at  an ambient temperature. For the uni- 
directionally reinforced fiber reinforcement, the most effective role of the 
reinforcement fiber is observed at the fiber direction. The elastic modulus and 
fracture stress at specimen orientations other than fiber directions are signifi- 
cantly lower. By bidirectional reinforcement is solved the anisotropy problem, 
but the strength at the fiber directions is depressed markedly by the existence 
of the fibers of other orientations. The reinforcement by a woven cloth 
enhances the strength at directions other than fiber directions by the mutual 
interactions of undulating fibers. 
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