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Composite materials are prospective materials. An intensive research on biological reinforced composite materials
has taken place in recent years. The paper deals with utilization of just this biological filler in an area of the com-
posite materials based on a synthetic laminating resin. A microparticle and short-fibre filler based on cotton post-
harvest line residues was used within the research. Many research studies devote to an evaluation of mechanical
properties and an interaction of the filler and the matrix. Also a production of a final product is an integral part
of the composite material development, namely in terms of a practical application. The research focused on an
essential production part, namely machining by means of a water jet technology and an optimization of the cutting
process based on an evaluation of a traverse speed and a cut quality. The research results proved that it was
suitable to use the abrasive water jet technology for the cut uniformity (the kerf taper angle) and a deformation
elimination of outlet part of the water jet from the composite material. In case of using the water jet technology

without abrasive it is suitable to use lower values of the traverse speed, ca. 250 mm/min.
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1 Introduction

Composite materials need to be machined and di-
vided. Conventional methods comprise common machin-
ing processes such as milling, drilling etc. However, these
types of processes cause dangerous damages on the ma-
chined composite surface. A degradation and a delamina-
tion of a reinforcement/matrix belong among the most
significant defects at the machining [1, 2, 3, 4]. The con-
ventional machining methods represent another risk in
terms of an operator risks. Micro and nanoparticles are
released at the machining which can have a negative in-
fluence for the operator and for environment quality over-
all [3]. All above mentioned factors are undesirable for
the operator of a production line and for a product user
[5].

Various variants of cutting by means of the water jet
technology (WJ) belong among prospective methods of
the composite materials dividing [6, 7, 8, 9]. The WJ tech-
nology principle consists in a creation of high water pres-
sure, which goes through a nozzle of a small diameter,
and the water jet creates high kinetic energy which ena-
bles to machine heterogeneous materials [8, 10, 11, 12].
The W1J technology effect is increased by adding abrasive
particles. Then it is the abrasive water jet technology
(AWI) [10]. A research by means of SEM analysis proved
that AW]J technology can be effectively used for dividing
and machining of composite materials [2, 4, 11, 12].

Biocomposites, eventually composites using a biolog-
ical reinforcement, are trends of the composite materials
production. Cotton has been the most extended textile fi-
bre in the world at the present [13]. A by-product, i.e.
waste in form of post-harvest residues, e.g. cotton shank
and cotton plant roots, comes into being when harvesting
cotton. A lignocellulose is a main component of these
shanks. This cotton harvest waste is burned in most cases
[14]. Ten millions tones of this waste on average have
arisen each year in Europe and America and there is a

great effort to increase a recycling rate of the cotton post-
harvest line waste [15, 16]. It is possible to add this waste,
except for the energy use, in a form of the filler into the
composite materials. The cellulose based filler compo-
sites are used thanks to their low production costs, and
low volume mass above all [17]. A reason for utilization
of these fillers is an improvement of mechanical proper-
ties above all, e.g. a tensile strength, a flexural strength or
a material fatigue (namely at fibres) [15, 18, 19]. The cel-
lulose based particle filler is a secondary product of post-
harvest processing. When using the filler in the form of
particles it cannot be expected the improvement of me-
chanical properties. Often it is the other way around.

This paper deals with the utilization of these fillers in
the area of the composite materials based on the synthetic
laminating resin and the biological filler. Cotton micro-
particle and short-fibre post-harvest line residue filler was
used within the research. These composite materials are
determined as designed surface cover part above all, e.g.
in furniture industry. The research focused on the essen-
tial production part, namely on the machining by means
of the water jet technology and on the cutting process op-
timization based on the evaluation of the traverse speed
and the cut quality. Results of mechanical tests of the
composite materials and the composite adhesive bonded
layer with the cotton post-harvest line residues filler cer-
tified the efficiency of these materials for the practical ap-
plication [17].

2 Material and Methods

Cotton post-harvest line residues come from the cot-
ton machine harvest. An inlet raw material is visible in
fig. 1 A. A surface structure of the inlet raw material is
obvious from SEM image (fig. 1 B, C). A predominant
portion of shanks was in the inlet raw material for the pro-
duction of cotton based filler (FC). This inlet raw material
based on the cotton post-harvest waste was dried for 24
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hours at the temperature 105 £ 5 °C after which a multi-
stage grinding in an industrial grinder and a sieve sorting
followed. Filler characterized in tab. 1 and in fig. 2 was
used within the research. The particle size was deter-
mined by means of an image analysis with use of
Gwyddion program and electronic microscopy images

(SEM). It is obvious from a comparison of a length and a
diameter of the tested fibre filler FC500 that it is the short-
fibre filler whose ratio length/diameter was 11.2, i.e. con-
siderably smaller than 100. Particle and short-fibre fillers
behave in the composite systems as anisotropic discontin-
uous reinforcing phase [17, 20].

Tab. 1 Dimensional results characterizing cotton filler (FC) from electron microscopy images (SEM) by means of

Gwyddion program
Indication Filler type Arithmetic mean (pm) Mode (pm) Median (um)
FC 30 Particle 31.27 £21.87 21 25
FC 150 Particle 152.69 = 108.08 101 120
FC 500 Short fibres 512.30 +£367.77 712 454

Fig. 1 Inlet raw material based on cotton post-harvest
line residues before treating process to composite mate-
rial filler: A: general view on inlet raw material, B:
SEM images of inlet raw material surface (MAG 216 x),
C: SEM images of inlet raw material surface (MAG 453

x)
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A preparation of composite boards was performed by
means of a vacuum infusion at which a vacuum is used to
guide a resin through the filler FC 30, FC 150 and FC 500.
The structural epoxy resin LH 288 with the hardener H
282 of Havel Composites Company (MHC) was the ma-
trix. A minimum porosity and a perfect saturation of the
resin with the filler are advantages of the vacuum infusion
technology. A vacuum pump was used for the vacuum
process which drains air from closed mould and creates
the vacuum (fig. 3 A). The resin is sucked from the tank
into the product mould under the vacuum 0.8 to 1 bar. The
vacuum infusion uses the vacuum for a distribution of the
resin in laid layers of the reinforcement. The filler FC is
laid into the mould cavity of dimensions 200 x 300 x 4
mm. The production process by means of the vacuum in-
fusion consists of following technological operations —
mould preparation, preparation of filler FC, gelcoat, add-
ing auxiliary materials into mould, installation of vacuum
foil, installation of vacuum, check of vacuum and produc-
tion itself. The resin (matrix) is sucked by means of small
tube system and by means of a distribution medium. The
composite board was prepared with 40 wt. % of the filler
FC of dimensions 220 x 130 x 4 mm. Variants of the com-
posite board production are presented in tab. 2.

MIRAS TESCAN|  SEM HV: 5.0%V WD 1468 mm |
SEM MAG: 138 x Det: SE 500 pm
View fieid; 1.99 mm 12 Faculty of Engineering , CULS Prague

MIRAJ TESCA

Fig. 2 Cotton post-harvest line residue based filler for composite materials after treatment (FC): A: FC 30 (MAG 1.91
kx), B: FC 150 (MAG 1.12 kx), C: FC 500 (MAG 139 x)
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Tab. 2 Characteristics of tested polymeric composite materials with biological reinforcement based on cotton post-har-

vest line residues

Composite material Characteristics
Polymeric particle composite based on matrix Havel Composite and cotton filler of
PCFC 30 ) .
particle size 30 um.
Polymeric particle composite based on matrix Havel Composite and cotton filler of
PCFC 150 . .
particle size 150 um.
Polymeric particle composite based on matrix Havel Composite and cotton filler of
PCFC 500 . :
particle size 500 pm.

Technologies AWJ (abrasive water jet) and WJ (water
jet) of polymeric composite materials with different bio-
logical reinforcement were used for the research dealing
with the cutting process optimization of polymeric com-
posite materials with the biological reinforcement based
on the cotton post-harvest line residues (fig. 3 B). The
quality of the cutting gap surface evaluated by the optical
analysis was used for the optimization of the cutting pro-
cess by the water jet technology of composite materials
(fig. 3 C).

Tested composite materials based on the biological re-
inforcement were cut by CNC cutting machine AWJ CT
0806 with different traverse speeds of cutting head — 50,
250, 750 and 1000 mm/min in the cut length 60 mm.
Other parameters, i.e. setting of CNC cutting machine
AW]J CT 0806, were constant at the tests: the working
pressure was 380 MPa, a distance of the nozzle above the
cut material was 3 mm, the diameter of the nozzle was 0.8
mm and an angle of the nozzle tilt to the composite mate-
rial was 90°.

Two variants of the water jet cutting technology were
used: AWIJ abrasive water jet technology with abrasive
grains of Australian garnet MESH 80 (mechanical dosing
equipment Bimba Flat 90.6 + 1.15 g/min), W] water jet
technology without abrasive particles.

Measuring of cutting gaps was performed inlet and
outlet of the water jet. Values of the cutting gap were
measured in the stereoscopic microscope Zeiss Stemi 508
with cam Axiocam and evaluated by software (fig. 3 C).
The measurement was performed 10 mm from the inlet of
the water jet into the composite material and was finished
10 mm before the end of the cut. A reason was to elimi-
nate results distorted by the water jet shot into the com-
posite material. The kerf taper angle of the composite ma-
terial cut was evaluated according to the equation 1 [11,
21]. The thickness of the tested material t was constant
for all three tested composite boards.

Kerf widthpjet—Kerf widthgygiet
2.t

)

T = arctan(

Fig. 3 Testing process: A: production of composite material by vacuum infusion, B: cutting of composite material by
CNC cutting machine AWJ CT 0806 with different traverse speed of cutting head, C: evaluation of cut by means of opti-
cal analysis.

3 Results and Discussion

Results of the research on machining of polymeric
material reinforced with cotton post-harvest line residues
(FC), i.e. determining of the kerf width inlet and outlet of
the water jet, are visible in fig. 4 (PCFC30), fig. 6
(PCFC150) and fig. 8 (PCFC500). Frequency histograms
of filler FC particular sizes are visible from fig. 4
(PCFC30), fig. 6 (PCFC150) and fig. 9 (PCFC500). The
cutting zone of composite materials showed huge differ-
ences between WJ and AW]J which is visible from fig. 4,
6 and 8. The difference between AWJ technology using a
water stream with abrasive particles and WJ technology,
i.e. the water stream, is obvious from the results. The sig-
nificant difference between the kerf width inlet and outlet
at the WIJ technology at the traverse speed 750 and 1000
mm/min is evident from the results. It is obvious in terms
of the statistical comparison of the traverse speeds 50,

250, 750 and 1000 mm/min that the kerf width is inho-
mogeneous (p = 0.0000) at the significance level a 0.05.
So, there is the difference in the kerf width depending on
the traverse speed at using both AWJ and WIJ technolo-
gies. A presumption was certified at the cutting of biolog-
ical reinforced composite material that increasing of the
cutting effect is possible by adding abrasive particles [4,
8, 10, 11].

Experiments results proved at PCFCI50 and
PCFC500 that the kerf width is higher at AWJ technol-
ogy, i.e. when using abrasive MESH 80, than at WJ, i.e.
at the water jet without abrasive. This conclusion was not
clearly proved at PCFC30. This conclusion is valid for
cuts which were performed without a significant damage
inlet and outlet of the water jet from the composite mate-
rial. A considerable destruction on a bottom part of the
cut or uncut of the tested material occurred at the use of
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W1 technology and higher traverse speeds (namely 1000
mm/min) (fig. 5, 7 and 9). Also in inlet side in some cases,
fig. 5 is an example. Hejjaji et al. proved in their research
an essence of the traverse speed influence at the car-
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Kerf wadth (m)

bon/epoxy composite material machining [22]. The re-
search results also clearly proved an essence of the trav-
erse speed at both AWJ and WJ, i.e. the essence of the
optimization and the influence on the cut quality.
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Fig. 4 Kerf width of cut by WJ and AWJ technology of polymeric composite PCFC30 - cotton particle filler of size 30
um (left), Histogram of cotton based filler indicated as FC 30 (right)
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Fig. 6 Kerf width of cut by WJ and AWJ technology of polymeric composite PCFC150 - cotton particle filler of size 150
um (left), Histogram of cotton based filler indicated as FC 150 (right)
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Fig. 8 Kerfwidth of cut by WJ and AWJ technology of polymeric composite PCFC500 - cotton short-fibre filler of
length 500 um (left), Histogram of cotton based filler indicated as FC 500 (right)

Results of the taper angle measuring, which is essen-
tial for the cut quality evaluation, are obvious from tab. 3.
The taper angle is more even at the traverse speed 50
mm/min at the use of AWJ technology than at WJ tech-
nology. The gap thickness inlet and outlet is similar. The
cut is almost vertical. The kerf width outlet is smaller than
inlet. It is obvious that the jet is losing its kinetic energy,
i.e. it cannot additionally remove the material in the bot-
tom part of the cut which leads to a narrow kerf outlet
[23]. This conclusion is evident in fig. 5, 7 and 9. A re-
sultant increase of the taper angle, which is obvious
namely at WJ technology, is connected with it. Wang

states that the taper angle is slightly increasing with in-
creasing traverse speed [23]. This conclusion was certi-
fied at PCFC150 and PCFC500. It is caused above all be-
cause the motion of the CNC machine cutting head is
faster at higher traverse speeds at constant dosage of abra-
sive and the water jet with abrasive is losing the kinetic
energy. This conclusion was confirmed by Jun Wang
[23]. It was ambiguous at the composite material
PCFC30, namely at the traverse speed 250 mm/min. The
cut visualisation is evident from fig. 5, 7 and 9. The re-
search certified conclusions of various researches that
first-quality cuts of polymeric composite materials can be
effectively prepared by AWJ technology [4, 11, 23].
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It is necessary to choose optimal traverse speed,
namely at WJ technology. It comes to two states at un-
suitable / higher traverse speeds (750 and 1000 mm/min),
namely to an incomplete cut of the material or to a de-
struction of the cut bottom part. The taper angle is then
negative which is visible from tab. 3. The negative taper
angle of PCFC composite material cut presents a signifi-
cant and irregular deformation on the water jet outlet from

the material which is evident from fig. 5, 7 and 9 B. The
research results certified conclusions of authors who dealt
with the optimization of the machining process where it
is necessary to take into regard specific requirements of
different materials beginning from sandstone, claimed al-
loy, steel to sintered metal etc. [4, 7, 9, 21, 24, 25, 26, 27,
28].

Tab. 3 Taper angle of cut of composite materials based on biological reinforcement from microparticles and short non-

oriented cotton fibres

Traverse speed (mm/min) 50 250 750 1000
AW] 0°20° 4°18’ 2°27° 2°38°

PCFC30
WwJ 7°51° 6°25° -26°31° -6°14’
AW] 0°56° 1°40° 2°47° 2°59°

PCFC150
WwJ 6°23° 6°29° -7°7" -5°10°
AW] 0°28° 1°52° 2°7" 3°13°

PCFC500
WJ 6°38° 4°87 -18°12° -6°47°

4 Conclusions

The experiment results focused on the machining of
polymeric composite materials with the biological rein-
forcement - cotton microparticle and short-fibre post-har-
vest line residues filler - by the water jet and the abrasive
water jet technologies at different traverse speeds. The re-
search results proved:

e The essence of the traverse speed at both AWJ
and WJ, i.e. the essence of its optimization and
the influence on the cut quality. This conclusion
is underlaid by the results presented in graphs
and figures from which the cut is visible.

e Low effectivity of the composite material ma-
chining by the water jet technology without
abrasive. The negative aspect of this technology
is an unevenness of the cutting gap, i.e. a signif-
icant difference between the kerf width inlet and

outlet at WJ technology at the traverse speeds
750 and 1000 mm/min. The significant destruc-
tion on the bottom side of the cut or the uncut of
the tested material occurred at higher traverse
speeds (from 750 mm/min). At PCFC 30, the de-
struction occurred also on upper side of the cut,
i.e. inlet the water jet without abrasive into the
composite material, at the traverse speed 1000
mm/min. This negative aspect occurred only at
the composite material with the smallest particle
filler of dimensions ca. 30 pm. A smaller cutting
gap towards the abrasive water jet technology
with abrasive garnet MESH 80 is the positive
factor.

e Adding abrasive into the water jet, i.e. the use of
abrasive water jet technology, had the positive
effect on the cut quality. The taper angle was
more even at all tested traverse speeds at using
abrasive water jet technology. It ranged in the
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interval 0°20” to 4°18°. The significant influ-
ence on the cutting gap did not manifest at tested
composite materials. Faster motion of the cut-
ting head of CNC machine occurred at higher
traverse speeds at the constant dosing of abra-
sive. The water jet with abrasive lost its kinetic
energy.
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