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Abstract. The paper concerns issues related to the fabrication and microstructural analysis of
carbon and glass fiber-reinforced epoxy composites. For the purposes of the tests, ring samples of
carbon fiber and glass fiber were fabricated, each sample being made of the same amount of
material. The rings were produced by circumferentially wrapping fibers onto a rigid core. During
winding, the fiber tension was changed for each sample to investigate whether the amount and
distribution of fibers in the composite depending on the force applied. The applied tension forces
ranged from 18 to 138 N. In the next stage of tests, small fragments were cut out of the rings,
cutting perpendicularly to the arrangement of fiber bundles. The cut elements were then embedded
in epoxy resin. The microsections prepared in this were ground using a grinding disc with a
gradation of 80 to 4000 and then polished, washed and dried. After these treatments, microscopic
photos of the tested surfaces were taken. Observations were made using a NEOPHOT 32
microscope with an integrated camera and a KEYENCE VHX microscope. The volume fraction
of voids and discontinuities in the matrix, as well as the volume fraction of fibers, were determined
by measuring the percentage of the surface areas occupied by the appropriate components of the
composite. On each cross-section of individual samples, photographs were taken in three planes
parallel to the composite layers and three planes perpendicular to the fibers — in the matrix system.
The image analysis method was used for verification, in which it is assumed that the assessment
of fiber distribution in a two-dimensional section is representative of its volumetric distribution.
This method is mainly used to analyze the distribution of fibers with a constant cross-section. The
most important conclusions from the conducted analyses allow the authors to state that in both
composites the fibers in the matrix are highly packed and that there was no significant and
noticeable effect of fiber tension during winding on the "packing" density of fibers in the
composites.

Introduction

A significant group of products made of reinforced plastics are pipes and high-pressure tanks,
made by winding. They effectively replace products made of traditional construction materials in
many technical fields. An essential factor for the increase in the use of these materials in wound
products is the knowledge of the impact of manufacturing technology on the performance
properties, as these materials are characterized by high anisotropy of mechanical properties. This
anisotropy 1is created in the manufacturing process and can be freely adjusted depending on the
intended use of the structure and the type of loads. In composite fibrous structures, the main load
is carried by the fibers, while the binder (resin) binds the composite and ensures the
fixation/solidification of the given shape of the product [1, 2].

Unidirectionally reinforced composites are the basic composites and, at the same time, the
easiest ones to describe. As a result of the reinforcement, a macroscopically isotropic composite is
formed in a plane perpendicular to the direction of the reinforcement, i.e. a composite with
transversely isotropic symmetry. Since these groups of composites have a wide practical
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application, the problem of predicting the elastic properties of a unidirectionally reinforced
composite based on the properties of its components becomes vital. There are many models
describing these kinds of materials. Typically, the authors of these models adopted the linear-
elastic properties of the fibers and matrix, and the hypothesis of flat cross-sections is commonly
accepted in the strength of materials [4, 6, 7, 8].

Material Preparation for the Tests

In order to determine the actual mechanical properties of the materials (composites) used for the
tests, samples with ring geometry were produced by the winding method, each sample being made
of the same amount of fibers. During the winding process, the roving tension was changed for each

sample.

In the presented studies, to produce test samples, "continuous" fibers in the form of roving,
wound on a suitable core, were used. The exact properties of glass fibers are given in Table 1 [9],

and carbon fibers in Table 2 [10].

Table 1. Physical and mechanical properties of ER 3005 glass fiber (Krosglass)

Property Value
Longitudinal modulus of elasticity [GPa] 73
Tensile strength [MPa] 3400
Poisson’s ratio [—] 0.21
Elongation at break [%] 3.5
Density [g/cm3] 2.55
Linear density [tex] 1200+7%
Monofilament diameter [um] 10+15

Table 2. Properties of UTS 5631 12K carbon fiber (TohoTenax)

Property Value
Longitudinal modulus of elasticity [GPa] 240
Tensile strength [MPa] 4800
Poisson’s ratio [—] 0.285
Elongation at break [%] —0.1-10°
Density [g/cm3] 1.8
Linear density [tex] 1.79
Monofilament diameter [um] 800
Number of monofilaments 12000
Monofilament diameter [um] 6.9
Rowing width [mm)] 2.99

Epolam 5015 epoxy resin and AXSON Epolam 2016 hardener were used in the composite matrix.

The properties of the cured resin are given in Table 3 [11].

Using this method, three rings were made of carbon fiber (epoxy/carbon) and glass fiber (epoxy-
glass) with the tensile strength of the fibers of 18 N; 78N; 138 N, (Fig. 1).
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Table 3. Properties of Epolam 5015 (Axson) resin

Property Value
Flexural modulus [GPa] 2.9
Tensile strength [MPa] 73
Elongation at break [%] 7
Poisson ratio [] 0.35
Hardness [Shore D15] 84
Mixing ratio [by weight] 32
Density at 25°C [g/cm3] 1.12+1.16
Pot life (on 500 g ) at 25°C [min.] 360+450
Glass transition temperature [°C] 81
Brookfield viscosity at 25°C [mPa-s] 400500

Fig.1. Samples during the winding process; a —carbon samples, b — glass samples

Fig.2. The samples prepared for mechanical processing

In the next stage, small fragments were cut out of the rings; it was done by cutting
perpendicularly to the arrangement of fiber bundles. The cut elements were then embedded in
epoxy resin. The microsections prepared in this way were ground on discs with a gradation of 80
to 4000 and then polished, washed and dried. Fig. 2 shows the preparation of sample sections for

grinding.

Afterwards, the microscopic structure of the produced composites was examined to determine
the volume fraction of fibers in the matrix. This is a key parameter affecting the material constants
because the strength of the composite is mainly determined by the fibers it contains.
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The observations were made with a NEOPHOT 32 microscope with an integrated camera and
a KEYENCE VHX microscope.

The obtained microscopic images of the structures were analyzed in particular in terms of two
factors:

— the number and distribution of defects in the form of discontinuities in the matrix filling;
— surface distribution and volume content of fibers in the composite.

Determination of the volume of fibers, matrix and voids in the analyzed structures was
performed by image analysis.

The basic assumption of this method is that the assessment of fiber distribution in a two-
dimensional section is representative of the volumetric distribution. This method is mainly used to
analyze the distribution of fibers characterized by constant cross-section, as for the structures
analyzed in this work. The method is described in more detail in [3].

The purpose of the method is to distinguish the color border between the fibers and the matrix,
so in the first stage, the image should be reduced to a grey scale. The threshold value of individual
colors can be determined based on histogram analysis (fig. 3).

a) b)

12000

10000
Fibers
8000

Histogram

6000

Matrix

Pixel Counts

4000

Threshold

2000

0

Intensity (0-255)

Fig.3. Elements of image analysis, a —image of the cross-section of the sample in greyscale,
b —typical histogram of fiber and resin distribution in greyscale

The histogram shows the proportion of white and black colors (fiber and resin respectively, or
vice versa). The computer then counts the number of pixels for the corresponding colors, and the
ratio of these values to the total number of pixels determines the percentage of each component in
the composite.

Microscopic Analysis of the Composites

The prepared surfaces of the samples were analyzed under a microscope at the following

magnifications:

— x50, to determine the distribution of roving strips and the volume fraction of voids in the
composite;

— %200, to illustrate the size of the structure discontinuity;

— %500 or 1000, to determine the distribution of fibers in the matrix and their percentage share in
the composite.

The volume fraction of voids and discontinuities in the matrix as well as the volume fraction of

fibers were determined by measuring the percentage content of the surface areas occupied by the

appropriate components of the composite. On each cross-section of individual samples,

photographs were taken in three planes parallel to the layers and in three perpendicular ones —

in the matrix system (Fig. 5).
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Measurement field | Cross-section of the tested sample

Fig.4. Distribution of the tested fields on the cross-section of the samples

Analysis of the microstructure of the epoxy/carbon fiber-reinforced composite. In the first
stage, the share of voids and structure discontinuities was analyzed at x50 magnification (Fig. 5).
After determining the content of voids, the content of the remaining components of the composite,
1.e. fibers and resin, was analyzed at x200 and x500 magnification (Fig. 6 and 7, Table 4). In
addition, photos of the topography of the sample surface were taken (example photograph: Fig. 8).
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Fig.5. Photographs of the carbon fiber composite microstructure
at x50 magnification for samples 1+3

Fig.6. Photographs of the carbon fiber composite microstructure
at x200 magnification for samples 1+3
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Fig.7. Photographs of the carbon fiber composite microstructure
at x500 magnification for samples 1+3
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Fig. 8. Topography of the epoxy/carbon fiber composite

Table 4. Tabulation of composite macrostructure surface measurement results.

EW composite

Volume fraction Volume fraction of

of fibers Vw [%] voids Vp [%]
Average for sample 1 70.3 10.0
Average for sample 2 64.4 8.5
Average for sample 3 65.3 6.0
Average for all the samples 66.7 8.2
Standard deviation 3.5 2.0
Volume fraction of resin 2519
(100 = Vw —Vp) )

Analysis of the microstructure of the epoxy/glass fiber-reinforced composite. Afterwards, tests
were carried out for rings made of epoxy/glass fiber composite. In the first stage, the volume
fraction of voids and discontinuities of the structure was analyzed at x50 magnification (Fig. 9).
After determining the void content, the content of the remaining components of the composite, i.e.
fibers and resin, was studied at X500 and 1000 magnification (Fig. 10 and 11, Table 1). In

addition, photographs of the topography of the sample surface were taken (example photograph -
Fig. 12).

48



Quality Production Improvement and System Safety: QPI 16 - CZOTO 10 Materials Research Forum LLC

Materials Research Proceedings 34 (2023) 43-52 https://doi.org/10.21741/9781644902691-6

|Skala:500um ey . |Skala:500um T 77 [Skala:500um

Fig. 9. Photographs of the glass fiber composite microstructure
at x50 magnification for samples 1+3
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Fig. 10. Photographs of the glass fiber composite microstructure
at x500 magnification for samples 1+3

Fig. 11. Photographs of the glass fiber composite microstructure
at x50 magnification for samples 1+3
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Fig. 12. Topography of the epoxy/glass fiber-reinforced composite
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Table 5. Tabulation of composite macrostructure surface measurement results.

EW composite

Volume fraction Volume fraction

of fibers Vw [%] of fibers Vw [%]
Average for sample 1 73.7 3.9
Average for sample 2 74.5 1.8
Average for sample 3 73.7 54
Average for all the samples 73.9 3.7
Standard deviation 2.1 2.5
Volume fraction of resin 274
(100 = Vy —Vp) )

Conclusions

1.

The structure of the distribution of roving bands in epoxy/carbon fiber composites (visible at
x50 and 200 magnification) indicates that there is an undissolved protective layer on the outer
surfaces of the roving bands, which is the reason for the lack of wettability, which in turn
causes "discontinuity" of the composite. In the case of fiber composites, in which the
preparation was used to cover the fibers, the structure is more homogeneous, apart from
discontinuities in the form of voids;

Based on the statistical analysis (Tables 4 and 5), no significant and noticeable effect of fiber
tension during winding on the density of "packing" fibers in composites, both epoxy/carbon
fiber and epoxy/glass fiber reinforced, was found,

In the epoxy/carbon fiber composites, a greater "packing" was observed with increasing fiber
tension, i.e. a smaller thickness of the discontinuity between the roving bands;

In both composites, the packing of fibers in the matrix is high; the values of 66.7% and 73.9%
are considered almost borderline values (the highest tensile strength for glass fiber composites
oscillates at about 72% of the fiber volume fraction in the composite [5]);

High content of fibers in the matrix may result in a lack of good wetting of the fibers with the
resin, which may lead to reduced adhesion and delamination adhesion cracks, and as a result
to "defibration" of the structure and utter destruction of the composite after the permissible
load had been exceeded.

The conducted analysis focused on composites [12], although the essence of the issue falls

within the scope of stereology [13-15]. The applied methods and analysis approaches can find
broader application in similar cases of X-ray image observation [16], statistical analysis of
material-related issues [17, 18], and process-related issues [19, 20]. Due to the projectional nature
of the analyses, where 3D objects are projected onto a 2D space, nonparametric analyses [21-23]
can be useful. The methodology should also be applicable in the analysis of complex surface layers
such as DLC coatings [24].
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