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ABSTRACT

The work analyzes the fracture topography of composite specimens subjected to three-point bending — static and
impact. Scanning electron microscopy was used for this purpose. The tests were performed for two different ma-
terials, namely polypropylene and polyamide PA6, each reinforced with unidirectional glass fibers. In one case,
the fibers were distributed evenly, and in the other, there were areas more and less reinforced with fibers. It was
observed that in all cases the tension and compression parts could be clearly distinguished. However, for different
materials and with different methods of destruction, varying failure mechanisms were observed, noted based on
the analysis of the fracture topography. It was observed that regardless of the loading method and material, in the
tensile part there were visibly protruding fibers, and in the compressed part it was the matrix, rather than the fibers,
that was destroyed. In the case of statically loaded samples, damage occurred at the macrostructural level, and in
the case of dynamically loaded samples, at the microstructural level. Additionally, the samples with uneven fiber
distribution were more susceptible to delamination.
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INTRODUCTION

Composite materials are materials consisting
of at least two phases. One of these phases acts
as a matrix, giving the element its shape, bonding
the external fibers, transferring external loads to
the reinforcement, and at the same time protecting
the fibers against mechanical damage. The sec-
ond phase is the reinforcing material, most often
in the form of fibers, which provide an increase
in the strength and stiffness of the material, and
sometimes also other properties, depending on
the type of reinforcement used [1]. According to
the assumptions of composite materials, by com-
bining two phases, the new material is character-
ized by better properties than each of the compo-
nent elements, and even better than would result
from their mere sum. The appropriate selection of

both phases is very important, as adhesive con-
nections between the phases are important to in-
crease strength. The fibers can even influence the
crystallization of the matrix [2].

Compared to other materials, such as met-
als or ceramics, polymers are a better solution in
some cases and a worse solution in other. Their
structure is more complex, they have lower me-
chanical strength, lower stiffness, and their heat
resistance is lower. They can also be damaged
by, for example, ultraviolet light. However, they
are cheaper, can be easily processed and are more
chemically resistant than other materials. Poly-
mers generally do not conduct heat or electricity,
which may be an advantage or disadvantage de-
pending on the situation [3].

Thermosets are mainly used as the matrix of
polymer composite materials, especially when
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high mechanical strength is required. However,
thermoplastic matrix composites have recently
become the area of interest of many research
groups [4]. This is due to the fact that the com-
monly used thermoset matrix composites are
less ecological and their hardening time is longer
than that of thermoplastic matrix composites [5].
Moreover, unlike thermosets, thermoplastics can
be repeatedly formed, so they can be recycled [6].
They are also characterized by higher resistance
to brittle fracture and greater impact strength.
Repeated forming does not change their physical
properties, but it should be borne in mind that if
the material is exposed to elevated temperatures
for too long or subjected to too high temperatures,
the properties of the material may deteriorate, es-
pecially the resistance to impact loads [3, 7]. The
use of composites in a thermoplastic matrix also
provides a new spectrum of possibilities for pro-
ducing elements — it is possible to manufacture
products of any shape using additive technology.
The use of composites in a thermoplastic matrix
can also reduce the costs of manufacturing prod-
ucts. Therefore, they are widely used primarily
in the automotive industry and other industries.
Their use is limited primarily by lower mechani-
cal strength or brittleness at low temperatures [8].

When it comes to reinforcing plastics, one can
distinguish between reinforcing them in the form
of fibers (continuous or short) or particles. In
particle-reinforced materials, the dispersed phase
does not improve the mechanical properties, but
gives them new properties, e.g. adding color, in-
creasing the roughness of the manufactured ele-
ments, reducing the electrostatic conductivity of
the products. Chalk, aluminum oxide, silica or
talc are most often used as fillers [9]. The fibers, in
turn, improve tensile strength along their length,
so the way they are arranged in the structure of
the manufactured element is important [10]. The
use of short fibers (whiskers) in most cases gives
isotropic properties of the obtained product. The
possible orientation of the structure may result
from the manufacturing technique [11]. The most
effective way to improve the strength properties
of a material is to reinforce plastics with continu-
ous fibers, which are always arranged in such a
way as to provide the element with strength in the
directions subjected to the greatest loads [12, 13].

It is often assumed that composite materi-
als in which the reinforcement takes the form
of continuous fibers arranged unidirectionally
have transversely isotropic properties when the
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individual layers are also arranged in the same
direction [14]. However, opinions in the litera-
ture are divided on this issue, especially since in
most manufacturing techniques, composites are
produced in layers, so air bubbles or voids may
appear between them. Even though more and
more emphasis is placed on ecology and natural
materials are increasingly used to reinforce plas-
tics, such as coconut, bamboo, cotton seeds, flax
stalks, pineapple leaves [15], as well as recycla-
ble thermoplastics [16], glass, carbon and aramid
fibers are still the leading ones. Glass fibers are
most often used in composite everyday objects,
primarily due to their relatively low price and
processing experience.

The paper compares two materials; in both
cases, E-glass fiber (the most popular glass fiber,
where ‘E’ stands for electric) served as the rein-
forcement, and thermoplastics performed a func-
tion of the matrix. Polypropylene acted as the ma-
trix in one material and polyamide PA6 in the other.
They are materials often used in industry [17-19],
often modified, and therefore widely tested and
compared with each other from various angles, i.e.
tensile strength, shear, resistance to environmen-
tal conditions, as well as microstructural structure
[20, 21]. Both polypropylene and polyamide PA6
reinforced with glass fibers are commonly used es-
pecially in the automotive industry as well as in
electrical and electronical components.

In addition to the mechanical properties of
composite materials: their strength, fatigue life,
impact strength, crack resistance, etc. [22-25], at-
tention is also paid to their internal structure, espe-
cially since it is directly related to the mechanical
properties of the material. Manufacturing tech-
niques affect the internal structure of the material,
because inclusions, voids, discontinuities, clus-
ters of fibers not filled with the matrix, as well as
areas not reinforced with fibers, may already ap-
pear at this stage; in addition, the fibers may have
an insufficiently good connection with the matrix.
Depending on the microstructure of the material,
the resistance to both normal and shear stresses
increases or decreases. After using particulate fill-
ers, the structure of the matrix may also change,
e.g. polyamide PAG filled with olive pomace pow-
der changes the structure from smooth rectangu-
lar pieces to rough with the appearance of craters
and cracks all over the surface [26]. Then, under
the influence of load or temperature changes, this
structure may change and microcracks may form,
which deteriorate the strength of the structure
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[27]. Depending on the characteristics of the
material, a different mechanism of destruction
may occur, which may not be noticeable to the
unaided eye. Therefore, it is important to analyze
the structure of the material both before and af-
ter destruction. For this purpose, ultrasonic tests,
analyses using microscopes, scanning electron
microscopes, computed tomography or numerical
tests are carried out [28-30].

A characteristic feature of polyamide PA6 is
the strong influence of humidity on its properties
[31]. Under the influence of moisture, its stiff-
ness and mechanical strength deteriorate. In the
case of fiber-reinforced polyamide, the cracking
mechanism of the material changes as well. In the
case of dry samples, there is a weaker connection
between the matrix and the fibers, which causes
the material to become brittle and crack, while in
humid samples the failure occurs in the form of
pull-out. The literature also contains research re-
sults in which polypropylene was combined with
an aluminum alloy [32]. It was shown that the
interfacial bonding strength increased as a result
of anodizing. It was also observed that when the
adhesive connection was weak, not only did the
mechanical strength of the material deteriorate,
but it was visible in the structure of the fracture,
which was smooth. On the other hand, when the
cohesive connection was weak, the interface was
intact and the crack occurred in the structure.

Due to the growing interest in composite ma-
terials, especially in the thermoplastic matrix, it
is necessary to constantly develop the knowledge
about them. It is necessary to acquire not only the
knowledge about their strength properties, but
also to analyze their method and mechanism of
destruction. Thus, it will be possible to use such
materials in industry with even greater safety. The

work analyzed the fracture topology of statically
bent and impact bent samples, using the example
of two composites: polyamide PA6 and polypro-
pylene reinforced with continuous glass fibers.

BASIC PROPERTIES
OF THE TESTED MATERIALS

As it was explained in the introduction, the
article describes a comparison of the fracture to-
pography of two composite materials in which
the matrix was a thermoplastic material, while
the reinforcement was in the form of continuous
fibers arranged unidirectionally. Composites with
a thermoset polymer matrix have been used for
years; therefore, there are many techniques for
producing composites with such a matrix, name-
ly manual lamination, various forms of infusion
techniques (e.g. Vacuum Infusion - VI or Resin
Transfer Molding - RTM), winding, pultrusion,
the use of pre-impregnated layers. To produce
composites with a thermoplastic matrix, com-
pression molding or injection molding techniques
used are most often. However, the use of these
techniques leads to the production of composites
with long, but not continuous fibers [33, 34]. Due
to the fact that the techniques for producing ther-
moplastic matrix composites with continuous fi-
bers, although practiced, are not popularly known
— unlike in the case of thermoset matrix com-
posites — the paper briefly describes the applied
manufacturing method. It is presented graphically
in Figures 1-3 [35]. The described manufactur-
ing technique is usually used for fiber-reinforced
polymers, but after appropriate surface prepara-
tion, it is also possible to produce Fiber Metal
Laminates (FMLs) [36, 37]. The composite plates
from which the specimens were subsequently

matrix — polypropylene / polyamide PA6

reinforcement

glass continuous

=

fibers

temperature
- pressure

=)

-

tape — single layer

Figure 1. Material manufacturing scheme. Stage 1: producing a single layer
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manufactured were manufactured at Chemnitz
University of Technology.

In the first stage, single layers were prepared.
To obtain them, glass roving was unwound and
passed from many bobbins at the same time.
These fibers were placed next to each other, re-
sulting in unidirectional reinforcement. In turn, a
foil made of thermoplastic material was passed
from the top and bottom. Then, under the influ-
ence of applied temperature and pressure, a tape
was obtained, which was used as the starting ma-
terial to produce a laminate. The diagram of the
first stage is presented in Figure 1.

In the case of a polypropylene composite,
tapes with the following basic properties were
obtained:

e tape thickness d =0.27 mm,
e percentage of fibers by volume V= 47%,

while in the case of a composite made of polyam-
ide PA6, these tapes had the following properties:
e tape thickness d = 0.30 mm,

e percentage of fibers by volume V,=39 %.

Then, the prepared tape was cut into parts of
appropriate dimensions. In the next step, the lay-
ers were placed one on top of the other, and then,
under the influence of temperature and pressure,
ready-made plates with the desired layer arrange-
ment were obtained. In the case of the produced
specimens, in order to obtain not only unidirec-
tional layers, but entire specimens with unidirec-
tional reinforcement, the fibers in individual layers
were arranged in the same direction. The diagram
of the second stage is presented in Figure 2.

The course of temperature and pressure over
time for composite materials depends on the
thermoplastic material used. In the general case,
this course is presented in Figure 3. The process

temperature

consists of three phases: heating, consolidation

and then cooling. As shown in the figure, depend-

ing on the cooling rate, four variants of courses
can be distinguished [38]. In all cases, the maxi-
mum temperature at which plasticization will

occur, the maximum pressure that will ensure a

good connection of the fibers with the matrix,

as well as the time of subsequent manufacturing
stages should be appropriately selected.

In the case of a polypropylene matrix, prepar-
ing the appropriate temperature and pressure char-
acteristics as a function of time is not very hard, as
polypropylene is characterized by a wide range of
plasticization temperatures. In the literature, one
can find both characteristics in which the maxi-
mum temperature was 190 °C [39] and those in
which the maximum temperature was 230 °C [40].
In the case of polyamide PAG, the temperature
range is much narrower. For tested specimens, the
process can be described in three steps:

e Step 1: Heating and plasticizing the thermo-
plastic matrix at a temperature linearly in-
creasing from 25 °C to 220 °C (PP) or 285 °C
(PA6), within 10 minutes;

e Step 2: Consolidation of individual fiber-rein-
forced layers under a pressure of 30 bar, at a
constant temperature of 220 °C (PP) or 285 °C
(PA6), for 20 minutes;

e Step 3: Cooling and solidification of the ob-
tained multilayer composite by linearly lower-
ing the temperature to room temperature under
a constant pressure of 30 bar. Finally, the ap-
plied pressure is reduced.

It is worth emphasizing that the quality and
strength of composite materials strongly depend
on the number of air bubbles and voids occur-
ring between the layers. Bubbles form during

pressure

11111111

trir1111

individual
layers

pressing
form

Figure 2. Material manufacturing scheme. Stage 2: producing laminate from separate layers
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Figure 3. Temperature and pressure during the production of a GFRP laminate with a
thermoplastic matrix in variants (a) fast (b) standard (c) slow (d) very fast

consolidation due to the entrapment of air, sol-
vents and moisture. They may accelerate the
delamination process [41]. Therefore, an impor-
tant aspect is the assessment of the quality of the
structure after its production, because it will have
a significant impact on the strength and method of
destruction of the manufactured element.

In the last step, the boards produced accord-
ing to the described technique were cut into sam-
ples with dimensions specified by standards [42,
43]. To avoid introducing additional discontinui-
ties, the water cutting technique was used and the
samples were then thoroughly dried. Drying the
samples was primarily aimed at avoiding the po-
tential influence of humidity on the properties of
polyamide, which was discussed in more detail in
the introduction.

Strength tests, both static and impact tests,
were carried out in accordance with the ISO
standards. In the case of static bending, the di-
mensions of the tested samples were: 10 mm
(height) x 15 mm (width) x 160 mm (length),
with span during bending of 120 mm. On the
other case, in the case of impact bending the
dimensions of the tested samples were: 4 mm
(height) x 10 mm (width) x 80 mm (length),
with span during bending of 62 mm. In both
cases, the loading direction occurred in the
direction perpendicular to the length of the

Table 1. List of basic properties of the materials

sample [44]. The fibers were arranged unidirec-
tionally along the length of the sample.

Table 1 shows the basic properties of these ma-
terials. The values for polyamide PA6, polypropyl-
ene and glass fibers were taken from the literature;
due to the large dispersion in the data, the average
value of various literature data was considered. The
results for the obtained composite materials were
calculated in this paper using mixture theory. As it
can be seen, despite the use of a different percent-
age of fibers due to differences in the stiffness and
strength of the component materials, the obtained
composites were characterized by comparable me-
chanical properties. Therefore, it was justified to
take these two materials into account.

MICROSTRUCTURE OF THE TESTED
MATERIALS

Due to the fact that the microstructure of the
material has a significant impact on its strength,
the way of its destruction and the topology of
fractures, an important step was to conduct a mi-
crostructural analysis.

The fracture topography analyses of the
cross-section of the tested specimens after the
conducted test, were characterized by scanning
electron microscopy, using a TESCAN VEGA

Specification PAG PP GF PA6 + GF PP + GF
Density [g/cm?] 1.14 0.92 2.54 1.69 1.68
Young’s modulus [MPa] 2970 1390 73000 30282 35047
Tensile strength [MPa] 75.6 32.2 3500 1411 1662

55



Advances in Science and Technology Research Journal 2024, 18(5), 51-64

4 microscope equipped with energy dispersive
X-ray spectroscopy (EDS) analyzer. Secondary
electrons (SE) were used in the analyses. Con-
ductivity, or the ability of a material to conduct
electricity, is an important consideration in SEM
sample preparation. In the conducted SEM im-
aging, analysis samples were coated with a thin
layer of conductive material, such as gold.
Scanning electron microscopy (SEM) is
widely used in the science of materials and vari-
ous parameters have been developed to charac-
terize surfaces. The topography of a surface is a
direct result of the nature of the material that de-
fines it. Topography is the study and description

of the physical features of an area, so the topog-
raphy of a particular area is its physical shape. In
this work, the surface topography of the fracture
characteristic zones was analyzed using SEM.
Figures 4 and 5 show the microstructure of
the samples with polyamide PA6 and polypropyl-
ene matrices, respectively. When analyzing the
photographs, voids and bubbles were observed in
both materials, which may affect the strength of
the manufactured material. However, important-
ly, no areas between the fibers that were not filled
with resin were observed. Due to the similar qual-
ity of both manufactured materials, it was consid-
ered that they can be compared with each other

Figure 5. Microstructure of the sample with a polypropylene matrix
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for the assessment of fracture topology. While
the material in which polyamide PA6 performed
a function of the matrix is a material with an even
fiber distribution, in the case of the material in
which polypropylene performed a function of the
matrix, it may be observed that the technique of
producing the specimens had a significant impact
on their microstructure. There are alternating ar-
eas where the percentage of fibers is very high and
those where fibers are almost non-existent. This
is an understandable phenomenon, resulting from
the fact that during the production of a single layer
(stage 1 —tape production), there were fibers in the
center, while polypropylene, being a matrix, was
located at the edges. When force was applied on
the press, the polypropylene filled the spaces be-
tween the fibers, but the “excess” polypropylene
remained on the edges, so the percentage of fibers
in these areas is noticeably lower.

Although the unevenness of the fiber filling
could be considered a disadvantage, in fact, in the
literature [45, 46], and even more in real struc-
tures, an uneven material microstructure can be
found. Non-uniformity may also appear during
operation, for example as a result of temperature
changes [47]. Therefore, the analysis and com-
parison of the fracture topography of even and
uneven distribution of fibers will provide a new
perspective on the need to consider the non-uni-
form distribution of fibers in structures.

TOPOGRAPHY OF FRACTURES
CAUSED BY BENDING

Whenever a new method of producing mate-
rials is tested or in order to understand the proper-
ties of a material, not only mechanical strength,

but also structural issues are analyzed. This makes
it possible to link the structure of a material with
its strength, especially since the material proper-
ties largely depend on its structure. Therefore,
the topography of fractures resulting from three-
point, static and impact bending was analyzed.

The first inspection of the fractures of the
samples after the strength test showed that in all
cases two separate zones were visible. Samples
were subjected to bending, in which always part
of the material is stretched and part is compressed.
As a result, one of the zones corresponds to the
compression part, and the other to the tension part.
After destruction, the compressed part created a
relatively smooth, light-colored structure. In turn,
the stretched part was characterized by a dark col-
or after destruction, with protruding fibers.

Figures 6 and 7 show the fracture of samples
in a polyamide PA6 matrix (PA6 + GF) bent stati-
cally bent and impact bent, respectively. In both
cases, there is a fracture across the sample, with
the upper part being in compression and the lower
part being in tension. It is worth noting here that
due to the potentially different stiffness of the ma-
terial in tension and compression, there is a pos-
sibility of shifting the neutral plane. However,
based on the fracture analysis of a statically bent
sample, such a phenomenon can be excluded. The
sizes of the compression and tension parts are
comparable, i.e. the neutral plane was located in
the middle of the height of the bent samples.

The fracture of the sample in which polypro-
pylene acted as the matrix in the case of static
bending was very similar to the fracture of the
sample in which the matrix was polyamide PA6.
In both cases, there were tension and compres-
sion parts. It was possible to distinguish these two
areas with the naked eye because in the stretched

compression part

tension part

Figure 6. View of the fracture surface of the specimen (PA6 + GF) statically bent
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compression part

tension part

Figure 7. View of the fracture surface of the specimen (PA6 + GF) impact-bent

part, there were protruding fibers in the fracture,
as it can be seen in the photo shown in Figure 8.
On the other hand, a large difference occurred
in the impact-loaded sample. Although in PP+GF
samples there were naturally stretched and com-
pressed areas (just as in PA6 + GF samples),
delamination additionally occurred. However,
it is not expected that only the material used is
important here. What was more important in this
case was the uneven distribution of fibers in the
loaded material, which is illustrated in Figure 5.
The view of the impact-loaded PP + GF sample
is shown in Figure 9a. For further analysis, the
sample was broken in order to analyze the tensile

and compressed parts, as in the case of PA6 + GF
samples, not the analysis of the structure from the
delamination side — such view is shown in Figure
9b. The first fracture analysis was carried out on
the basis of photos of fractures of loaded polyam-
ide PAG reinforced with glass fibers at 220-300x
magnification. They are presented in Figure 10.

The analysis of Figure 10a leads to conclu-
sions mainly regarding the structure of the matrix
after applying a static load. Slight porosity was
observed, especially in the places with poor adhe-
sive connection between the matrix and the glass
fiber surfaces. Separated fragments of the matrix
can be observed.

protruding fibers

compression part

tension part

b) 2 mm delamination

compression part

tension part

Figure 9. View of the fracture surface of the specimen (PP + GF) impact-bent
(a) general view (b) view after additional breaking
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In Figure 10b, short protruding glass fibers in
the part stretched under static load can be seen
much better than with the naked eye. There are
also visible protrusions where the fibers were be-
fore the break. It was observed that the material
did not crack in one plane and clear height differ-
ences were visible in the structure.

Figure 10c shows part of the sample which
had been in the compression zone during impact-
bending. Compared to the compressed part of the
statically bent sample, a relatively uniform ma-
trix surface is observed. As it can be seen from
the analysis of the figures, the high loading speed
caused the failure to occur in one plane, and not

SE_Mag: 300x

at different heights as in the statically loaded
sample. When analyzing the microstructure of the
sample, it can also be noticed that fragments of
the matrix structure are slightly elongated. This is
characteristic of polymer materials.

Similarly, to the tensile part, in the case of a
statically bent sample, in the case of an impact-
bent sample, evenly distributed glass fibers are
visible protruding from the material. The holes
from which the fibers were also torn out can be
seen. Despite the similarity in the structure of stat-
ically bent and impact bent samples, clear differ-
ences can also be observed. The matrix structure
is clearly smoother in the case of the impact-bent

homogeneous
matrix surface

elongated matrix
fragments

height differences
in the structure

holes in places where
the fibers were torn out

protruding fibers

separated fragments
of the matrix

cracks in the matrix
structure

protruding fibers

holes in places where
the fibers were torn out

Figure 10. View of the fracture surface of bent specimens (PA6 + GF) at 250-300x magnification (a) static
— compression part, (b) static — tension part, (¢) impact — compression part, (d) impact — tension part
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sample. It can also be observed that the cracking
mechanism was different, which resulted in the
fact that in the impact-bent sample, visible cracks
appeared in the matrix structure.

Different ways of cracking of samples made
of composite material (i.e. delamination and fiber
tearing) result from different types of stresses aris-
ing in the material during bending. Shear stresses
lead to sample fracture in form of delamination.
In turn, normal stresses arising during bending of
the samples lead to fiber rupture.

In impact-bent continuous fiber-reinforced
composite samples, similarly to statically bent
samples, cracking may occur as a result of two
phenomena. Depending on the adhesive shear

strength of the material (t_, ), the crack occurs in
form of delamination or tearing of the fibers. When
the adhesive shear strength is high, fiber rupture
occurs, while when the adhesive shear strength is
low, delamination occurs. In the examined case,
both rupture mechanisms can be observed.

The fracture analysis of the compressed part
of the tested materials subjected to static bend-
ing shows a clearly elongated structure (Figures
11 and 15) of the material matrix. Large holes
around the fibers can be seen; the fibers had room
to buckle, which worsens the load transfer of the
fibers. Generally compressed composites have
much lower strength than tensile ones. In the
stretched part of the observed materials (Figures

Figure 11. View of the fracture surface of specimen
(PA6 + GF) statically bent — compression partv

Figure 13. View of the fracture surface of specimen
(PA6 + GF) impact bent — compression part
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Figure 12. View of the fracture surface of specimen
(PA6 + GF) statically bent — tension part

Figure 14. View of the fracture surface of
specimen (PA6 + GF) impact bent — tension part
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I 2.00 kx 2401 mm

Figure 15. View of the fracture surface of specimen
(PP + GF) statically bent — compression part

12 and 16), fibers protruding from the matrix
and places from which the fibers were torn out
are clearly visible. In the case of the PA6 mate-
rial (Figure 12), the fibers are evenly connected
by the matrix, while in the case of the PP material
the fibers are locally arranged very densely, even
glued together by the matrix, thus strengthening
the entire area, which is related to the obtained
test results (the material is “more” durable). At
the same time, a change in the fracture height is
visible, which probably reflects the place where
the fibers were less frequently distributed, which
made it easier for the matrix to break.

In the case of impact-bent samples, the frac-
ture analysis of the compressed part shows a
much more irregular and brittle structure (Figures

2.00 kx 16.02 mm

Figure 17. View of the fracture surface of specimen
(PP + GF) impact bent — compression part

2.00 kx 22.70 mm

Figure 16. View of the fracture surface of
specimen (PP + GF) statically bent — tension part

13 and 17). Due to the rapid impact, the mate-
rial cracked very quickly and the structure did not
have time to elongate.

The tensile part of the impact-bent samples is
shown in Figures 14 and 18. In the case of the
PA6 material, the fibers break in a more brittle
manner compared to the statically bent material
(Figure 12), moreover, they are torn more from
the matrix, and in there is also a crack visible in
the matrix itself (Figure 14).

In the case of the PP material, a completely
different arrangement of broken fibers can be seen,
namely the fibers are also arranged in a perpen-
dicular direction (Figure 18). It can be suspected
that due to delamination of the material, some fi-
bers break in a different place than the others and

16.00 mm

Figure 18. View of the fracture surface of
specimen (PP + GF) impact bent — tension part
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then bend. Moreover, in this case, cracks at the
fiber-matrix interface are also noticeable.

To sum up, in general, in the case of the
stretched area, protrusions can be observed result-
ing from the tearing of glass fibers from the matrix
when it bursts, which proves very good adhesion
of the matrix to the reinforcing phase. It is worth
noting that the reinforcing fibers associated with
the matrix remain in approximately equal propor-
tions in both parts of the damaged sample.

CONCLUSIONS

On the basis of the observations of fractures
carried out using scanning electron microscopy,
a clear influence of the way of loading (static or
impact) a specimen made of thermoplastic rein-
forced with continuous glass fibers arranged uni-
directionally on the structure of the material was
found. The failure microstructure of bent compos-
ite material was analyzed and correlation of the
type of load with the material fracture topography
was observed. Potentially, after analyzing the frac-
ture of any construction that had failed, it would
be possible to identify the reason of the damage,
based on analysis conducted in this paper.

It was observed that after the samples were
destroyed, it was possible to clearly observe
which part of the material was tensed and which
was compressed during bending, as well as iden-
tify the so-called neutral plane where delamina-
tion could occur. In the case of the tensed part,
protruding fibers were observed, and using scan-
ning electron microscopy, also the places from
which the fibers were torn out during bending.
In turn, in the compressed part, destruction of the
matrix was observed, for example, pores or sepa-
rated fragments of the matrix.

The observations revealed the presence of
clearly oriented fibers protruding from the materi-
al matrix in the tensed part of the material, regard-
less of the loading method. At the fracture of the
impact-loaded samples, in the tensile part, cracks
in the matrix are additionally visible, revealing
delamination of the material occurring as a result
of low adhesive shear strength between the fiber
and the matrix. In turn, at the fracture of the stati-
cally loaded samples, cracks were visible at the
macrostructural level. The crack did not occur in
one plane, but characteristic faults were visible.

In the compressed part of the material, regard-
less of the loading method, the main observation
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concerned not the fibers, but the matrix. In the
case of the samples subjected to the impact test,
a relatively uniform surface was observed, while
in the case of the samples subjected to the static
test, a fragmentarily separated matrix and slight
porosity are visible, and the plastic has clearly
elongated fragments.

Fracture tests of samples show the degree of
material degradation and the reasons for the re-
duction in functional properties. The photographs
of the fractures of samples subjected to compres-
sion clearly show the change in the nature of their
topography in relation to the samples subjected
to tension, regardless of the material used. Dur-
ing the process, destruction of glass fibers is ob-
served, which adversely affects the mechanical
properties of the composite materials.

On the basis of the observations, assumptions
can be made about a decrease in the strength prop-
erties of the material (confirmed by experimental
data). Torn fibers may indicate an increased ease
of “release” of the reinforcements from the ma-
trix, and the deterioration of adhesion is the re-
sult of changes in the structure. This assumption is
confirmed by a photo of the fibers, which clearly
shows the “growths” of plastic on their surface.
The formation of such a structure can be explained
by the fact that as a result of the dynamic load dur-
ing the test, damage to the matrix-matrix structure
was much easier than to the matrix-reinforcement
structure. In the case of compression, the mate-
rial is characterized by the presence of numerous
composite grooves on the surface, and protruding
particles of the material pulled out in the process
of mechanical deformation indicate its good ad-
hesion. At the same time, it is visible that they
constitute specific discontinuities in the structure,
lowering the cross-sectional area that transfers
loads. This phenomenon is very dangerous in the
case of products that are structurally responsible
for the possibility of dangerous damage.
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