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Abstract

A large part of composite components undergoes a finishing machining process before assembly. Composite
systems — carbon fiber/epoxy resin behave differently than metals during machining. The released polymer
particles, particularly the carbon fiber segments, can affect human health. The presented study deals with the
release of fibers from the composite materials - the formation of chips and their destruction or breaking into
shorter segments related to the machining process. Composite samples with recycled carbon fibers and
carbon roving were subjected to selected machining processes. The scanning electron microscope was used
to characterize the carbon fibers used in both types, especially to study the destruction of fibrous structures
formed during machining processes. Based on the study, it was found that at the ends of the carbon fibers,
there is a cleavage of microscopic fragments whose dimensions range from 2 to 3 um, which is the WHO limit
size for particles that can be inhaled. Dimensions of separate surface layers are micrometers in terms of
length/width and the sub-micrometer level in terms of their thickness. Layers separated from the surface of the
carbon fiber were found both in the case of the use of new carbon fibers and recycled carbon fibers.
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1. INTRODUCTION

Composite material components have become commonly used technical elements in recent decades.
Advanced composites with carbon fiber reinforcement in roving or fabrics find application from the aerospace
and automotive industries to objects of everyday use. The significant expansion of these systems is due to
their physical and mechanical parameters, which are responsible for the carbon fibers used, which provide the
products with high strength, stiffness, resistance to dynamic stress, low density, corrosion resistance, and
maximum dimensional stability [1]. No matter where these products are finally used, it is impossible to do
without some of the finishing machining operations associated with the growing production of composite parts.
However, unlike metal parts, composite systems behave differently during machining due to their material
composition. Chips and dust are formed based on short carbon fibers, most often stored in epoxy or polyester
resins [2,3]. The machining method, the type of tool, and the process conditions affect the nature of the
resulting chip or the length of the broken carbon fibers, the fiber fracture surface, and whether they remain
connected to the matrix or are released as individual fibers or composite segments. The destruction or splitting
of the fibers along their axis is related to the type of fibers, their production method, and used material. The
potential toxicological hazard is conditioned by the internal structure of carbon fibers, the nature of the fiber
structures formed during machining processes, and the number of particles generated in a given volume over
a given period selected by the technology [4]. The issue of machining composite systems is currently well
described. However, new studies are still emerging that deal with the issue of tool wear, optimization of
machining conditions, fiber pulling, and the nature of the machined surface [5-10]. Less work deals exclusively
with the issue of chip formation and dust particles released from composite materials based on carbon
fiber/polymer matrix, which is formed in connection with the machining process, or other related operations
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and their conditions and arrangement of fiber reinforcement. Already the work of 1978 states that a small
number of particles can be inhaled, of which only less than 1% are fibrous particles [11]. The particles that can
be inhaled have a diameter ranging from 1 to 2.5 ym and a length of up to 15 ym. Further work shows that the
mechanical chopping of new fibers produces a significant number of particles or fiber segments with sharp
edges, which have the character of particles and the dimensions of inhaled particles [12]. Particles or
fragments with a diameter of fewer than 3 micrometers can be inhaled as expressed by WHO [13]. Other
published works also addressed the environmental impact and impact on human health in terms of the size of
released segments during machining and the possibility of splitting carbon fibers along the axis, which can be
very undesirable [14,15,16]. It is necessary to seriously address the toxicological and environmental impacts
of working with carbon fibers and recycled carbon fibers and the waste generated by them, especially in terms
of the potential risks they may cause in the short and long time.

2. MATERIALS AND METHODS

The two-component low molecular
weight epoxy resin ChS-EPOXY 520
(Districhem a. s., Czech Republic) was
selected as a matrix for the production of
composite samples. Hardener T0492,
added in a weight ratio of 100:26
(Districhem a. S., Czech Republic), was
used to cure the resin. Carbon fibers
were used in two forms as short, a)
recycled fibers Carbiso TM MF (Easy
Composites Ltd., Great Britain) with Figure 1 (a) Recycled carbon fibers, detailed image of the fiber
diameters of 7-8 ym and an average surface and selected fracture area. (b) Carbon fibers roving,
length of 100 um (Figure 1la) and detailed image of fibers surface.

carbon roving 3700 tex 50K (HAVEL

COMPOSITES CZ, s.r.0.) with fiber diameters 8 um (Figure 1b).

b)

Both types of composite samples with recycled carbon fibers and carbon roving were identically subjected to
selected machining processes, namely milling and grinding. In the case of models with parallel arranged
carbon roving, milling and grinding in the direction parallel to the fibers and the direction perpendicular to the
fibers were used.

Milling was performed as a face milling machine on a universal cantilever milling machine FNG 32 (TOS
Olomouc, Czech Republic). A cylindrical end mill @ 25 mm with replaceable inserts TNGX 100404SR-F, Grade
M6330 (Pramet Sumperk, Czech Republic) was used for milling the samples. The cutting conditions for the
selected milling were as follows: speed n = 1000 [min], depth of cut a, = 1 [mm], feed rate vi= 75 [mm. min™1].
Milling was performed in the absence of process fluid.

Grinding was performed on a BPH 320 A surface grinder (Junker, Germany). A corundum grinding wheel
(Tyrolit, Austria) T1 250x32x76 98A 60 K 9 V 40 was used for grinding. Cutting conditions of the selected
grinding were as follows: cutting speed vc = 35 [m.s™], depth of cut ap = 0.05 [mm], feed rate vi = 10 [m.min],
grinding was performed in the absence of process fluid.

The TESCAN MIRAS3 scanning electron microscope was used to characterize the carbon fibers used in both
types, especially to study the destruction of fibrous structures formed during machining processes. The fiber
diameter and length, the fiber surface morphology, the fiber surface character, and the fibers' adhesion to the
matrix used were evaluated. Samples surfaces were sputtered with a Pt-Pd layer (Quorum Q150R ES) with a
2-4 nm thickness.
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3. RESULTS

When milling a recycled carbon fibers sample, fibers are shortened. The average length of fibers is 100 um
but fibers size of 20 to 40 ym were identified. In the images (Figure 2), fibers with perpendicular fracture and
angles of 40° to 60° fracture were identified. Perpendicular fracture fibers can be released from the polymer
matrix in the milling process without destroying fibers. Fracture at an angle of 40° to 60° (Figure 2b) is typical
for the machining process [10]. Figure 2b observed that a thin layer of sub-micrometer size was broken from
the fiber surface. Figure 2c shows a fiber end jagged break. This type of break was not a unique case, so it
may occur in recycled fibers and composite materials. It is evident (Figure 2c) that uneven fiber destruction
resulting fragments released from the fiber surface. These layers reach dimensions at the sub-micrometer
level.

Figure 2 Chip formed after milling a composite sample with recycled carbon fiber. (a) Chip overview image.;
(b) Detailed image of chipped fiber surface layer.; (c) Detailed image of the fiber end.

When milling the sample perpendicular to the distribution of carbon fibers in the sample, a coarser chip is
formed with a length in units of centimeters and a width in hundreds of micrometers (Figure 3a). This chip
breaks down into individual segments with dimensions in the tens to hundreds of micrometers (Figure 3b),
which are made of a heterogeneous material - carbon fibers joined by an epoxy matrix. It is evident (Figure 3b
and Figure 3c) that the fibers are shortened to tens of micrometers in length, the break at the end of the fibers
not being perpendicular but at an angle, similar to the previous case. The surface of the fibers is smooth,
without any residual resin. Tiny polymer particles formed during milling adhere to the surface.

Figure 3 Chip formed after milling a composite sample with carbon fiber in the transversal direction. (a) Chip
overview image.; (b) Chip segments with a noticeable connection of fibers and polymer.; (c) Detailed image
of the fracture at the end of the carbon fiber.

When milling the sample in the longitudinal direction to distribute the carbon fibers in the sample, both more
delicate and coarser chips are formed. The coarser and larger parts contain long carbon fibers that come loose



2022
NANOCON® October 19 - 21, 2022 Brno, Czech Republic, EU

during the milling process (Figure 4a and Figure 4b). Residues of the polymer matrix are visible on the carbon
fibers (Figure 4b and Figure 4c). The refraction of the carbon fibers was both perpendicular and at an angle
to the direction of the axis fiber.

c)
Figure 4 Chip formed after milling a composite sample with carbon fiber in the longitudinal direction. (a) Chip
overview image.; (b) Carbon fibers are released during the milling process in the longitudinal direction to the
fiber-bearing axis.; (c) Detailed image of carbon fiber with epoxy resin residues on its surface and the
refractive character of the fiber.

A fine chip with a dust character is formed when grinding a sample with recycled carbon fibers (Figure 5a).
This dust is created by loose carbon fibers connected to the polymer matrix or fibers alone. The average length
of used recycled fibers is 100 pm. Fibers with a size of about 20 micrometers were identified in the samples of
the collected chips. Figure 5b shows a chipped segment at the lower end of the fiber. Figure 5¢ shows the
chipping of the surface layer at the left edge of the fiber, the chipped fragment of micrometer dimensions can
be seen at the right edge. According to the WHO, carbon fiber fragments are approaching dimensions that are
considered potentially dangerous, according to the WHO [13].

Figure 5 Chip formed during grinding a composite sample with recycled carbon fiber. (a) Chip overview
image.; (b) Snapshot of the fiber with the broken end.; (c) Image of a fiber fragment with a chipped surface
layer and a fragment.

a)mﬂmlmlﬂl||lll[lll
Figure 6 Chip formed during grinding of a composite sample with carbon fiber in the transverse direction. (a)

Chip overview image.; (b) Overview image of chips with different lengths of carbon fibers.; (c) Detailed image
of the fracture surface of carbon fiber.

c)
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When grinding the sample in the direction perpendicular to the distribution of carbon fibers, a delicate chip with
millimeter particle dimensions is formed. The ground resin particles agglomerate and adhere to the surface of
the fibers. The chip samples contain fibers with lengths of tens to hundreds of micrometers. The fiber fractures
are at an angle of about 40° to 60°.

c)

Figure 7 Chip formed during grinding of a composite sample with carbon fiber in the longitudinal direction.
(a) Chip overview.; (b) Chip overview with loose long carbon fibers.; (c) Detailed image of carbon fiber end
with a fracture surface and a chipped surface layer.

When grinding the sample in the longitudinal direction to distribute the carbon fibers in the model, a delicate
chip is formed (Figure 7a). There is a considerable amount of loose carbon fibers with a length of up to several
hundred micrometers (Figure 7b). The ground resin adheres to the surface of the carbon fibers (Figure 7c¢).
The fracture surface is seen at the end of the carbon fiber. Figure 7c shows the destruction of the end of the
fiber at an angle at which, however, there is no longitudinal splitting of the fiber. On the surface, the separation
of the surface layer is visible as in the previous cases.

4, DISCUSSION

Based on the study, it was found that at the ends of the carbon fibers, there is a cleavage of microscopic
fragments (Figure 5b and Figure 5c), whose dimensions range from 2 to 3 uym, which is the WHO limit size
for particles that can be inhaled [13]. In several cases, it has been observed that part of the surface layer of
the fiber separates at the ends of the fracture surfaces of the carbon fibers (Figure 2b, Figure 2c, Figure 5c,
Figure 7c). Dimensions of separate surface layers are in micrometers in terms of length/width and the sub-
micrometer level in terms of their thickness. Separated layers from the ends of the carbon fibers are practically
impossible to identify in the surrounding material formed during the machining process. However, by
comparing the ends of the fibers before and after machining, it is clear that the layers separate. The explanation
of the layer separation in the above description lies in the nature of the internal microstructure of the carbon
fibers. The internal microstructure depends on the raw material used and the production process. During the
process, fibers with a diameter of 7 to 8 um are formed, but they are also internally structured. The internal
structure consists of graphite layers, which are more or less arranged and parallel to the fiber axis, thus
providing the fibers with high values of mechanical parameters [18,19].

The bonds in the graphite layers are strong, in contrast to the bonds between the graphite layers, which are
relatively weak. There may be an explanation of the layer separation/splitting above described under
mechanical loading by machining processes. Assuming that the used tool hits directly into the carbon fiber,
both its destruction in the fiber axis and the chipping of the surface layer will occur (Figure 7c). The similar
nature of the fragmentation described in the present study has been discussed in the work of other authors
[12,16,20].

Identified microscopic fragments analogous to, for example, (Figure 5c) with sizes from 2 to 3 micrometers
were observed in half of the analyzed samples. Placed sub-micrometer surface layers from the carbon fiber
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end as in the images (Figure 2, Figure 5, Figure 7) were in one-third of all evaluated samples. Due to the
large number of small dimension particles generated during the machining of composite samples, it is clear
that the number of particles of these dimensions is considerable and should be adequately monitored.

5. CONCLUSION

The experimental study aimed to monitor the fracture surfaces of the carbon fiber ends, reinforcing a composite
system with an epoxy matrix. It was found that there are standard types of carbon fiber fractures with the
selected machining methods realized under the given conditions. In these processes, small fiber pieces with
dimensions of 2 to 3 ym are split simultaneously at the ends of the fibers. Sub-micrometer surface layers
separate on the surface of the fiber ends. Comparing the fiber ends before and after machining makes it clear
that the separation of layers and segments occurs during the process.

The reason for this study was to assess the possibility of generating micrometer and sub-micrometer fragments
due to machining processes, which are currently implemented in many workplaces where finishing operations
are performed on composite components. Small parts of the fragmented carbon surface layers may be similar
to graphite layers in which the interlayer bonds are not significant, and they are identical to nanocarbon
structures. So, it is necessary to address this issue in more depth and assess the potential hazards of these
wastes in further studies and steps to eliminate them.
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