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Abstract

Composite fiber materials are superior materials due to their high strength
and light weight. Composites reflect the properties of their constituents,
which is proportional to the volume fraction of each phase. There are differ-
ent fiber reinforcement types and each affects its flexural, tensile and com-
pression strength. When selecting a composite for a specific application, the
forces excreted on the composite must be known in order to determine the
reinforcement type. Unidirectional fiber reinforcement will allow very strong
load resistance but only in one direction where as a random orientated fiber
reinforcement can resist less load but can maintain this quota in all direc-
tions. These materials are said to be anisotropic. Certain composite fibers,
taking into consideration their weights, are physically stronger than conven-
tional metals. In this paper, specific light-weight components with different
reinforcement types, volume fraction and phase content were newly com-
posed, tested, characterized and evaluated. By applying a novel method, a
model which including the various matrix compositions, reinforcement types
of each specific component, and its dual-properties was developed according
to the structure characteristics. It was shown that certain reinforced compo-
sites such as carbon fiber, tend to be much stronger than metals when taking
account its weight ratio. The outcome of this research lays a good foundation
for the further carbon fiber-based material design work.
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1. Introduction

In modern times, materials consisting of different properties are much needed

for different applications [1] [2] [3]. These special properties are not found with
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the conventional materials such as pure metals, ceramics and polymers. Aero-
space engineers are consistently in search and demand a material that has out-
standing strength, low density and increased structural stiffness [4]. These mate-
rials are the sum of combination of characteristics and only possible through
composite materials. A composite is best defined as a material considered con-
taining two or more multiphase materials that exhibits a significant portion of
the properties of all the constituent phase. These combinations of properties are
engineered to improve performance according to the specific application [5] [6].
The properties of the composite are dependent of the mechanical properties of
the constituent phases, the bond strength at the interfaces of the phases, the
orientation and volume fraction of the phases.

Composites have been used for many decades [1] [6] [7]. Metal alloys are
considered composite because they contain multiphase chemical compositions.
One example of such alloy is pearlitic steels. This alloy has a microstructure that
contains alternating layers of ferrite and cementite. The ferrite phase is soft and
ductile while the cementite phase is hard and brittle. The end product of pearlitic
steels is a ductile material is much improved strength. Much superior mechani-
cal properties than any of the two phases on their own. The strength and ductili-
ty depends on the volume fraction of each phase along with other factor described
above. Metals tend to behave much more isotropic due to perfectly symmetrical
phases in all directions produced by bond forming and grain growth distribution
upon cooling or quenching. Polymer fiber composites are anisotropic [8] [9].
The composite experiences are different mechanical properties in different di-
rections [9] [10] [11]. This is the case because the orientation of the fibers is not
symmetrical. Polymers with a fine particle phase and random orientation tend to
behave more isotropic.

Although polymer based composites were widely studied, the characterization
of fiber reinforced composite related topic has not attracted sufficient attention.
Wambua, Hristozov, Sims and his colleagues [2] [3] [12] studied fiber reinforced
materials as pioneers whose found these specific components have high tensile
strength, and modulus and improved impact resistance. The objective of this re-
search is to characterize different fiber reinforced composite by analyzing optical
and SEM images. By characterizing the orientation and volume fraction of these
composite polymers, the failure mechanisms of these composite would be un-
derstood. Isotropic characterization will also be possible to identify of each sam-
ple from observing the optical and SEM images and by analyzing the failure

point on the force vs. displacement graph.

2. Materials

The role of the fibers in the matrix is to strengthen the material to reduce de-
formation [10]. The fibers usually consist of glass or carbon molecules. Excellent
materials used to increase the strength, stiffness and the toughness of the ma-

terial. The disadvantage is making the material more vulnerable to fatigue and
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creep. The matrix phase protects the fibers from damaging. They essentially
transfer stresses to the load bearing fibers as well as transmitting shear loads
between the layers of fibers. The matrix phase retains order in the fibers and re-
duces the tendency to transmit stresses from broken fibers to intact ones.

Carbon fiber reinforcement plastic (CFRP) are composites which are very
strong, light and expensive [11]. The labor involved in producing these materials
in specific shapes is what makes these materials so expensive. The plastic matrix
usually is made from an epoxy. Other matrix materials such as polyester, vinyl
ester and nylon are also used. These materials are very popular in the aerospace
and automotive industry. Also consistently used constructing sailboats. The fact
that these composites are so light and strong, they are excellent candidates for
manufacturing Formula (1) racing components. Glass fiber reinforcement plas-
tics (GFRP) contain fine fibers of glass in there epoxy matrix. Other materials
such as polyester and vinylester are used for its matrix phase. The matrices are
very strong resistances against compression forces while the glass fibers resist
tensile forces very well. Together the composite has the best of both worlds in
resisting against tensile and compression forces. Mostly used in telecommunica-
tions, constructing antennas and used on aircrafts.

The arrangement and orientation of the fibers has a great affect on the me-
chanical properties of the composite [3]. Focusing on orientation alone, two
foremost scenarios are possible. The first case, being a parallel alignment of the
longitudinal axis of the fibers in a single direction. The second case, a complete
random alignment of fibers within the matrix. One single alignment axis makes
the material anisotropic. The material is significantly stronger in one direction
rather than another. Random fiber orientation holds an isotropic material where
the mechanical properties are constant in all directions of the material. A higher
load may be obtained for an anisotropic material if the force is applied to the
correct direction of the composite. Other parameters that affect the properties of
the matrix are the properties of the constituents used for the matrix and the fi-
ber, the volume fraction, the bond strength at the fiber-matrix interface and
density distribution.

The stress-strain behavior of brittle materials is not usually obtained from a
tensile test [12]. It is somewhat difficult to produce a test specimen with the re-
quired dimensions. The results may also vary due to the gripping imperfections
of brittle materials onto the tensile apparatus. The brittle specimen may fracture
with little strain experienced, involving bending stresses that will corrupt the
data results. To avoid these imperfections, the flexural test is used. It consists of
a rod specimen with a circular or rectangular cross-section that is placed onto a
three-point or four-point loading apparatus. A three-point apparatus is dis-
played below in Figure 1.

At the point of loading, the top surface of the specimen is exposed to com-
pression while the bottom surface experiences tension. The specimen is exposed
to an increase in force applied until failure. Stress is computed from the speci-

men thickness, bending moment and the moment of inertia of the cross section.
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Figure 1. A three-point loading scheme for measuring the stress-strain behavior and
flexural strength of brittle materials [1].

The maximum tensile force is located directly under the point of load applica-
tion. Since brittle materials resist compression forces approximately 10 times
more than tension forces, the material will fail on the tensile face. For rectangu-
lar cross-section specimens, the flexural stress, flexural strain and elastic mod-
ulus is expressed as follows:

3FL

T W
6Dd

& =0 (2)
FL'm

“abd” ®

From Equation (1), the variable Fis the force applied to the specimen, Z is the
support span, bis defined as the width of the test beam and dis the depth of the
test beam. The variable D from Equation (2) is the maximum deflection from
the centre of the beam. The variable m in Equation (3) is defined as the slope of
the tangent to the initial straight-line portion of the load deflection curve.

By assuming certain key points, it is possible to determine the distribution of
stress and strain in a composite in terms of its geometry distribution, the volume
fraction of the fibers and elastic properties. In Equations (4)-(6), the assump-
tions are as follows:

* The matrix and the fiber behave as elastic materials;

¢ The interface is infinitesimally thin;

¢ The fiber-matrix bond is perfect;

* The material close to the fiber as the same as the material is the bulk form;
* The fibers are arranged in a regular or repeating array.

In a unidirectional aligned fiber reinforced polymer composite under tension
Eyand E,, are the moduli of fiber and matrix respectively. Vis the fiber volume
fraction. £, is the modulus when the fiber and matrix are parallel and experience

the same strain, thus:
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E,=EJV,+E,(1-V,) (4)

E, is the modulus when the fiber and matrix are in series, thus experiences the

same stress:

£ E/-Em 5)
o E/‘(I_Vf)J“Eme

The density of composites can be determined using Archimedes’s principle:

M
Pe=T— P, 6)

- Ma - Mw
where M, is the mass of the sample in air, M, is the mass sample in water, p, is

the density of water and p, is the measured density of the small composite sam-

ple.

3. Methods and Results

The experiment consists of characterizing three composites. The materials tested
in the experiment included:

A: Glass epoxy (green)

B: Glass silicone (White)

C: Glass polyester (red)

The experiment involved three tests, which were divided upon three groups of
two students each. Each group was given one of the three samples to perform the
tests. At the end of the experiment session, the final results were shared with
each of the groups.

At one test station, as shown in Table 1 and Table 2, each sample was cut in
two standard specimen (ASTM D790) that were to be used for the flexural test
apparatus as explained in the previous section. One sample was cut in the longi-
tudinal direction. These samples are identified with double letters (AA, BB, CC).
The second sample was cut in the transversal direction and identified with single
letters (A, B, C). It is important to realize that this is not related to the actual di-
rection of the fibers contained in the sample but only for sake of properly iden-
tifying the cut samples. The apparatus was properly measured as well as the
width and thickness of the specimen. The specimen was then carefully placed
into the apparatus. The flexural apparatus was set to a standard loading rate of 2
mm/min. Once the test has been carried out, a force vs. distance has been pro-
duced and printed. The test is repeated with the second specimen.

At a second test station, as shown in Table 3 and Table 4, samples contained
three small rectangular specimens used for calculating the mass in air and in
water. This information is needed to calculate the density of the composite,
which is then used to calculate the volume percent of each the fiber and the ma-
trix. To measure the sample in air, the specimen is simply placed onto a precise
balance. To measure the specimen in water, a beaker filled with water is placed
onto the balance where a net is hanged in it. The specimen is placed into the net

and the measurement recorded.
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Table 1. Sample measurements for materials A, B and C for the transversal direction

(single letters).
Material A Material B Material C
Thickness Width Thickness Width Thickness Width
(mm) (mm) (mm) (mm) (mm) (mm)
2.43 10.07 3.35 10.08 3.67 10.10
2.44 10.57 3.24 10.49 3.70 9.76
2.42 10.37 3.28 10.88 3.72 10.25

Table 2. Sample measurements for materials A, B and C for the longitudinal direction

(double letters).

Material A Material B Material C
Thickness Width Thickness Width Thickness Width
(mm) (mm) (mm) (mm) (mm) (mm)
2.42 10.16 3.22 10.04 3.65 10.08
2.43 10.05 3.23 10.01 3.68 10.42
2.43 10.25 3.26 9.99 3.75 10.49

Table 3. Mass measurements for all three samples from each material that will be used for

composite density calculations.

Material A Material B Material C

Air (g) Water (g) Air (g) Water (g) Air (g) Water (g)

1 0.6748 0.3405 0.7686 0.3254 1.1376 0.5093
2 0.6014 0.2967 1.0229 0.4493 1.3632 0.6140
3 0.6492 0.3230 1.0735 0.4797 1.1663 0.5239

Table 4. Composite density calculations using Archimedes’ principle.

Material A Material B Material C
Density (g/cm?) Density (g/cm?) Density (g/cm?)
1 2.019 1.734 1.811
2 1.974 1.783 1.820
3 1.990 1.808 1.816

The final station, as shown in Tables 5-8, is to analyze the cross-section of the
specimens. Both the longitudinal and transversal were analyzed. The purpose of
the analysis is to observe the patterns of the fibers within the composite. The
specimens used were already mounted and polished. The analysis took place us-
ing an optical microscope connected to a digital camera that feed the image to a

computer program. The computer program was used to measure the diameter of
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Table 5. Flexural stress calculations for both composite directions.

Material A Material B Material C
Flexural Stress Flexural Stress Flexural Stress
(MPa) (MPa) (MPa)
Trans. Long. Trans. Long. Trans. Long.
1 430.9 536.3 128.4 115.9 132.3 144.8
2 407.2 537.7 131.9 115.5 134.7 137.8
3 421.9 527.2 124.0 113.6 126.9 131.8

Table 6. Elastic modulus calculations for both composite directions.

Material A Material B Material C
Elastic Modulus Elastic Modulus Elastic Modulus
(GPa) (GPa) (GPa)
Trans. Long. Trans. Long. Trans. Long.
1 16.1 18.3 2.6 2.2 3.4 1.8
2 15.1 18.2 2.8 2.2 3.5 1.7
3 15.8 17.9 2.6 2.1 3.3 1.5

Table 7. Mean and standard deviation of composites in both directions.

Material A Material B Material C

o E o E o E
(MPa) (GPa) (MPa) (GPa) (MPa) (GPa)

Trans. Long. Trans. Long. Trans. Long. Trans. Long. Trans. Long. Trans. Long.

Mean 420 533.7 157 181 1281 1150 2.7 22 1313 1381 34 1.7

sb 123 51 04 07 43 03 02 01 44 38 02 02

Table 8. Volume fraction, mass fraction and fiber diameter for all composites.

Material A Material B Material C
d; d; d;
V. m V. m V. m,
f f (Hm) f f (Hm) f f (pm)
0.38 0.79 12 0.47 0.71 8 0.45 0.70 18

the fibers and notice differences between the samples. The data collected
through the observation will be used to help explain the failure mechanisms for
both specimens of each sample in the flexural test, as shown in Figure 2. SEM
images were also provided taken from another analysis session of the samples. It
was not done during the experimental session due to a lack of time. The SEM
images also used to help in the investigation of the failure mechanisms, which
are displayed below in Figures 3-7.
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Stress vs. Strain for Materials A, B and C

Mat. A in Transverse Direction

Stress

Mat. A in Long. Direction

Mat. B in roughly Both Directions

\4

Mat. C in rouéhly both Directions

Figure 2. Stress-strain diagram materials A, B and C.

Figure 3. Material A at 50x magnification. Right image is the longitudinal direction and
the left image the transverse direction.

Figure 4. Material B at 50x magnification. Right image is the longitudinal direction and
the left image the transverse direction.

Figure 5. Material C at 50x magnification. Right image is the longitudinal direction and
the left image the transverse direction.
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Figure 6. Material B at 500x magnifications with clear representation of the fiberglass fi-
bers.

Figure 7. Material C at 500x magnifications with clear representation of the fiberglass fi-
ber.

4. Discussion

Material A showed the most evidence of isotropy and is the reason why the flex-
ural stress varied from 420 MPa in the transverse direction to roughly 530 MPa
in the longitudinal direction. From observing the SEM figures for Material A, It
was found from observing the SEM and optical images that the material wasn’t
completely unidirectional and the fibers are somewhat weaved. The difference is
that the longitudinal direction (AA) had much more of a volume fraction occu-
pied from fibers and therefore made the material stronger that that particular

direction. There are more fibers in the longitudinal direction. Epoxy is consi-
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dered a ductile material and from the flexural testing, the fracture observed was
very brittle, suggesting the composite contained a higher mass fraction of fiber.
The fibers are actually lined longitudinally in the AA sample since it was able to
withstand more load. From the crack observation, it was clear that there was
more plastic deformation from the AA sample. This was seen by a larger change
in color on the surface. Since there is more fiber in this direction, the composite
is much stronger and the matrix was under a larger load, causing the matrix to
enter its plastic zone more intensely. The composite takes on the property of the
constituents and since the mass percent of the fiber was found to be 79%, it be-
comes obvious why this composite is so brittle but strong. The fiber diameter
was found to be roughly 12 microns.

Material B showed very little variations to its flexural stress in both direction.
It would be said that this material is somewhat anisotropic from both the flexur-
al test results. From the optical-SEM images, it was found that the transverse di-
rection contained a larger volume fraction of fibers along the longitudinal direc-
tion. The flexural stress in this direction was also slightly higher, confirming the
observation. From primarily observing the fractured specimen, it didn’t crack
such as Material A. Material A failed completely vertically as such it was cut in-
tentionally. Material B degraded in layers in both samples. When observing the
SEM specimen specifically, it became clear that the fiberglass is very heavily
weaved and would cause this effect when it would fail. The strength of the ma-
terial is significant weaker than that of Material A. The flexural stress was found
to be 128 MPa. The volume percent of fiberglass was found to be 47%, which is
9% more than material A. The reason why this material was found to be weaker
is because of the woven pattern of the fibers. The way the fibers are oriented has
equated the strength in both direction whereas material A has higher strength in
one particular direction and lacks strength in the other.

Material C is considered completely anisotropic due to the random orienta-
tion of the fiberglass. It was also found that the fiberglass is also not as long as
the other two samples. From Figure 5 it is notice that certain fibers are shaped
as ellipses. This is not the actual shape of the fiber but the angle of the image.
Since the fibers are orientated randomly, when the sample is cut, certain fiber
are not cut exactly vertically and gives this illusion. The diameter of the fibers
where found to be the biggest at roughly 18 microns. It was most likely manu-
factured this way to give more structural stability to the matrix since the fibers
are short and randomly placed. The flexural stress was found to be roughly 135
MPa when the mean is taken from both the transverse and longitudinal direc-
tion. The percent volume of fiberglass was found to be 45%. This is roughly the
same as Material B and there flexural stress almost matches as well. This was a
surprising discovery considering the two composite are made from two very dif-
ferent reinforcement technique. This can be explained from the polyester matrix
of material C. Polyester is a slightly stronger material and was able to withstand
more load. If material C had been woven fibers, the fibers would have resisted

more load compared to material B. Woven fibers are able to maintain better the
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matrix layers more ordered. The fractures of material C where completely ran-
dom and this was expected after observing the optical images. Since the fibers
where randomly orientated, the polyester matrix dislocated from the fibers
without snapping the fibers. The fractured sample was still in one single piece
since the fibers were still holding the fractured matrix together.

The flexural stress calculated matches those of the referred theoretical values
found in the data sheet with an error not exceeding 7%. When applying a com-
posite to an application, it is crucial to determine the right fiber reinforcement.
A component that will experience forces in multiple directions, the fiber compo-
site should have random or woven fiber orientation. A specific component that
will experience a certain large load in one particular direction, fibers should be
longitudinally placed relative to the matrix. Woven fiber orientation is best
suited for thick materials that help maintain the structure of the composite, es-
pecially for a more ductile matrix. Composites are extremely helpful materials
for certain applications mostly due to their light weight. The fact that the com-
posite mechanical properties reflect the properties of three constituents is a great
advantage. The material can hold dual properties such as ductility and strength
depending on the volume fraction of each phase. When comparing certain rein-
forced composites such as carbon fiber, they tend to be much stronger than met-
als when taking account its weight ratio. Carbon fiber is a superior stiff, strong

and extremely light material apposed to steel.

5. Conclusions

1) Unidirectional fiber orientation is significantly stronger in only one partic-
ular direction as apposed to its crosswise direction.

2) Random orientated fibers resist a lower overall load as compared to unidi-
rectional fibers but the load it can withstand are constant in every direction.

3) Woven orientated fibers can still offer anisotropy properties and further
add stiffness to the soft matrix. Woven fibers are more superior under tension
forces as compared to compression loads.

4) Composites are very good in holding multiple mechanical properties that is
proportional to the volume fraction of three constituents.

5) Certain composites such as carbon fibers are stronger than steels when
comparing them against three weights.

6) Composites are very hard to shape in complex shapes, making them very

expensive and time consuming to produce.
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