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Abstract
Machining workpieces made of fiber-reinforced composites (FRC) with edge tools have a large range of applications. However,
one of the drawbacks is the resulting fiber-matrix debonding in a thin layer under the machined surface. This can decrease the
operational properties of the machined composite parts. A number of techniques are available to minimize machining defects in
FRCs, with varying degrees of effectiveness. Fiber-matrix debonding results from the fibers having higher strength than the
matrix. Consequently, during machining, the fibers bend to a greater angle compared to the matrix areas. To minimize this
bending and debonding, we propose fiber counter-deflection in front of the cutting zone through water-jet pressure on the work
surface. We verified this proposal using two methods: a smoothed particle hydrodynamics (SPH) simulation of the cutting
process and full-scale experiments with a robotized water-jet cutting device and a special edge cutting tool. Both the calculations
and the experiments generally confirmed the hypothesis of minimizing fiber debonding. Planing a FRC workpiece using water-
jet pressure on the work surface provided a decrease in the length of fiber debonding by only 13% on average. This decrease is not
high, but the simulations and experiments are only the initial investigations into improving the surface quality using this
approach. At present, quality improvement of FRCworkpiece machining with edge tools can be achieved with water-jet pressure
using additional water-jet nozzles in these tools. Therefore, this paper presents the results of theoretical and experimental studies
of a new technique based on the use of water jet to reduce fiber-matrix debonding.
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1 Introduction

A substantial number of composites, used in a range of appli-
cations [1], are fiber-reinforced composite materials (FRC),
with many unidirectional composites (UD-FRC) among them
[2]. In order to obtain the necessary holes, slots and grooves,
parts made of UD-FRC have to be machined with edge tools
[3]. During machining, the movement of the cutting tool re-
sults in a shear of the matrix and the composite fibers in the
same direction. Due to the lower strength of the matrix, it is
deformed more quickly, and the matrix area under the tool
flank surface restores its initial position earlier. Fibers have a
much higher strength and prior to cutting, their shear and

bending are much greater than that of the matrix, which leads
to fiber-matrix debonding [4].

Debonding is considered a defect and can be generally
minimized through different methods, which can be classified
in four large groups. The first group is the optimization of the
cutting wedge geometry and material [5–11]. Waqar et al.,
using the Taguchi method, experimentally established that
the rake reducing from 9° to 5° reduces the roughness from
Ra = 0.70 μm to Ra = 0.46 μm [5]. They obtained results on
the surface roughness increase from Ra = 0.58 to Ra = 0.61
under the variation of other tool parameters. These results are
preliminary and they do not conclusively demonstrate a sig-
nificant change of surface roughness under tool parameters
variation. Hintze et al. established the qualitative influence
of tool geometry on cutting forces and on composite damage
[6]. However, their conclusions do not present numerical char-
acteristics and the need of further research is noted. Sheikh-
Ahmad indicated a significant effect of the fiber angle incli-
nation to the work surface on fiber-matrix debonding [7]. He
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noted, “Even though the effect of rake on chip formation is
minor, its effect on surface topography and machining quality
in general is clear.”A similar effect of other tool parameters is
noted. Inoue et al. showed a 20% impact of the tool helix angle
(0–45°) on surface roughness [8]. The paper stated: “this result
clearly shows that the difference in the tool geometry has no
effect on the finish surface.” Further, the authors discuss fiber
debonding, but they do not provide any solution to minimize
this debonding. An attempt to modify the tool geometry to
minimize fiber debonding is presented in [9]. Experimental
data are not presented, however the described approach was
later adopted in practice. An attempt to modify the tool geom-
etry to minimize fiber debonding is presented in [9]. The au-
thors used numerical calculations to obtain different patterns
of fiber debonding for variable geometric characteristics of the
tool. Numerical assessment of the reduction of fiber-matrix
debonding is not described. In addition, experimental data
are not presented. It may be concluded therefore that the au-
thors did not find a cardinal solution to the problem. Shchurov
showed the capability of Computer Numerical Control ma-
chines to tilt the tool to favorable angles to minimize fiber
debonding [10]. The use of 5-axis CNC machining allowed
the author to tilt the tool at favorable angle at each point of the
workpiece surface. This approach has significant limitations.
No numerical data notingmachining process improvement are
presented. The author also showed that variation of tool or
working angles of the cutting tool is not a cardinal solution
to the problem. Wern et al. confirmed the conclusions about
the small impact of tool geometry on the machined surface
quality [11]. Figure 13 of this paper shows pull-out depth
change in response to rake angle variation from −20° to
+20° and at the same time in response to fiber inclination
angle variation from 90° to 165°. The maximal debonding,
as noted by the authors themselves, was observed for the angle
of fiber inclination equal to 135°. In this case, variation of
fiber debonding was between 0.6 and 0.8mm. Despite the
detailed description of the experimental assembly, the method
for determining depth of fiber-matrix debonding is not pre-
sented. In this regard, a 25% decrease in depth of fiber-matrix
debonding seems to be encouraging, but it is also not a final
solution to the problem. Thus, cutting wedge geometry does
not have a significant effect on the composite workpiece sur-
face quality and further research is required.

The second group is the selection of the directions and
ways of changing the primary motion and feed motion
[12–14]. Lui et al., using the Taguchi method, established that
the change of surface roughness from Ra = 2.27μm to Ra =
4.83μm is associated with increased cutting parameters [12].
However, surface roughness reflects the depth of fiber-matrix
debonding only indirectly. The paper does not provide direct
evidence of the relation between fiber debonding and cutting
parameters. This issue requires additional study. Similar rela-
tions are noted by Nicholls et al. [13]. Xu showed that the

application of tool vibrations reduces the surface roughness
from Ra = 5.18μm to Ra = 4.25μm, a decrease of only 20%
[14]. This publication presents encouraging results of applica-
tion of tool vibrations. It is caused by the fact that “stresses are
concentrated in a very narrow region around the tip-fiber in-
teraction zone.” At the same time, numerical data on the re-
duction of fiber debonding depending on the tool vibration
parameters are not indicated. Thus, the problem has not yet
been solved in this study. The impact of cutting parameters on
the machined surface quality is obvious. An increase in the
cutting parameters heightens the effect on the workpiece and
reduces its quality. However, this effect is similar to that
known in homogeneous material machining and is not a solu-
tion to improve machining quality.

The third group is varying the temperature of composite
materials in the cutting zone [15–19]. Morkavuk et al. show
that composite delamination is reduced by 2% using cryogen-
ic exposure with different cutting data [15]. Figure 10 of the
paper shows that during traditional machining delamination
factor is decreased from 1.05 to 1.04 with a decrease in the
feed speed from 1000 to 500mm/min, at 3000rpm spindle
speed, and delamination factor is decreased from 1.045 to
1.02 with a decrease in the feed speed 1000 up to 500mm/
min, at 8000rpm spindle speed. During cryogenic machining,
the same indicators are decreased, respectively, from 1.036 to
1.026 and from 1.034 to 1.024. Thus, the use of cryogenics
does not provide a definitive solution to the problem. Wang
et al. note, “To improve the fiber cutting defects, the decrease
of cutting force, the change of chip breaking method, and the
drop of cutting area temperature have played a positive role in
cryogenic cutting” [16]. However, the authors provided infor-
mation on surface roughness and cutting forces only. In par-
ticular, the paper presents the following data on the roughness
decrease depending on the temperature decrease from 293K to
103K (in μm): roughness decrease from 2.1 to 0.6 at
7000rpm, from 2.0 to 1.5 at 5000rpm, from 4.0 to 2.6 at
3000rpm, from 5.6 to 4.3 at 1000rpm. Approximately the
same results are presented for feed speed variation. The au-
thors stated surface roughness improvement up to 40%. These
results show the encouraging effect of the use of cryogenics.
However, no information on fiber debonding is presented in
this study. This proves the need for further research on the
problem. Xia et al. show that the delamination factor is in-
creased by 11% on average [17]. Unlike the previous study,
this one provides information on fiber debonding.
Paradoxically, increased delamination using cryogenics is in-
dicated. The authors note, “however, considering delamina-
tion, it does not show preferred performance within the select-
ed drilling parameters. Further investigation is recommend-
ed…” Park et al. used the opposite effect: a laser beam was
directed in front of the cutting tool [18]. The authors note, “A
qualified improvement was found in the comparison of sur-
face roughness values. There was a small decrease of
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approximately 15% in the mean.” Armitage et al. established
that the use of a laser together with an edge tool could either
reduce or increase surface roughness [19]. For the reason of
this dual effect of heating the authors made a self-critical con-
clusion: “however further research needs to be conducted be-
fore it can be implemented in industry.” Thus, workpiece
cooling or heating in front of the tool provides a slight im-
provement in the quality and this effect also requires further
study.

The fourth group is mechanical impact on the work surface
in the cutting zone [20–22]. An evaluation of the impact of the
counter-action on the fibers in the cutting zone using calcula-
tions was presented in [20]. The impact of a deforming wedge
in front of the cutting tool was negative due to the friction
force. The application of a rotating roller with projections on
the periphery showed encouraging results. However, in prac-
tice, it is not possible to manufacture and use such a small
roller. A similar application of the roller for wood processing
reduced the surface roughness from one-and-a-half to two
times [21]. Similar studies of the pre-fracture of the composite
using a deforming roller showed the possibility to reduce the
machined surface roughness [22]. We failed to find other
studies related to mechanical impact on the work surface in
front of the cutting zone. It therefore follows that this problem
has hardly been studied, and its study can produce both en-
couraging results and the opposite data. Such research should
be developed because fiber-matrix debonding in edge tool
machining is a severe limiting factor to use this type of
machining.

One way of treating the work surface in front of the
cutting zone is to use water-jet pressure. This is logical
because machining using a high-pressure water jet on the
edge tool face is widely applied in metal workpieces cutting
[23, 24]. The fourth group of methods is one of the most
suitable for reducing fiber-matrix debonding. However, as
stated above, there are practically no publications in this
area. At least a preliminary assessment of this approach is
required. This issue is considered in the present paper. Our
research and conclusions on this issue are subject to debate.
In particular, we previously studied the possibility of reduc-
ing fiber-matrix debonding in UD-FRC machining with
edge tools using the deformation of the work surface in
the front of the cutting zone [20]. We considered two op-
tions: using a deforming wedge (Fig. 1b, e) and using a
deforming roller (Fig. 1c, f). Our studies were conducted
using numeric calculation methods such as finite element
analysis (FEA) and smoothed particle hydrodynamics
(SPH). The adequacy of these methods for the ordinary cut-
ting of FRC workpieces was approved in our full-scale ex-
periments [25]. The calculations of cutting with deformation
in front of the cutting zone demonstrated that friction under
the deforming wedge applied on the work surface consider-
ably pulls this zone along the cutting speed vector. This

leads to additional fiber-matrix debonding in the cutting
zone.

We obtained the best results in our second simulation, with
the use of a deforming roller. Rollers reduce the inclination of
fibers along the cutting speed, making them more appropriate
than wedges. The calculations demonstrated that fiber inclina-
tion and debonding are efficiently reduced with the use of rol-
lers. The roller size is comparable to the size of the cutting zone.
The technical realization of such a small roller is challenging.
Consequently, at this stage of UD-FRC cutting studies, we can
substitute rollers with a means, which would not cause consid-
erable frictional forces on the work surface. We hypothesize
that this approach can be realized using water jets (Fig. 1d),
as they are widely applied in machining with edge cutting tools.
Many serially produced cutting tools have internal coolant sys-
tem for pressurized liquid supply and modern machine tools
also have the necessary equipment for liquid supply.

The effect of such water jets on fiber debonding can be
studied both theoretically and experimentally. At present,
theoretical studies of similar processes tend to be carried
out using numerical calculation methods, including the finite
element method and mesh-free methods, such as SPH. In a
recent study Gök rightly points out, “the success and reli-
ability of numerical models are heavily dependent upon the
work-material-flow stress, friction parameters for the tool
and work-material interfaces, the fracture criterion and ther-
mal parameters” [26]. This study achieved its objectives
using a homogeneous material – steel. However, for UD-
FRC machining simulation calculations are much more com-
plicated. Modeling is frequently carried out without regard
to fiber-matrix boundary interface [9, 10]. However, it is this
zone, where matrix characteristics are very special, and
therefore it is here where fiber debonding takes place. The
authors have previously carried out FEM calculations of
UD-FRC machining [27] taking into account boundary in-
terface. However, FEM problems connected with mesh frag-
mentation in such layers by means of removing elements
due to the mass loss failed to produce adequate results.
Similar studies were described by Li et al. [28]. Here, the
authors also used the failure criteria of ultimate stresses and
strains. The scale of stress distribution makes it impossible
to define the modeling method of fiber-matrix debonding;
apparently, it is similar to the previous method—removing
finite elements of the interfaces. In other studies [29, 30] the
boundary layer is modeled using thin solid elements and the
authors use different failure criteria for assessing the stages
of debonding process. However, the feature of FEM con-
nected with removing destroyed elements in this case also
leads to inaccurate results. The SPH modeling does not have
this drawback. A recent study presented the results of
modeling UD-FRC cutting using both calculation methods
[31]. Figure 29 of this study presents a clear difference in
the volumes of chips in both cases, which demonstrates that
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the SPH method is more suitable. The mutual effect of a tool
wedge and a water jet was beyond the scope of that paper,
however. There are studies focused upon hydroabrasive
treatment [32–34]. These studies use the SPH and the FEA
to simulate workpiece cutting into two parts. The alternative
to SPH for modeling liquids under pressure is the Arbitrary
Lagrangian Eulerian (ALE) method [35], which according to
[36] is also effective but has some limitations, large dis-
placements and deformations, resulting in the need for mesh
regeneration. The problem complexity is increased by an
order of magnitude consequently. As a result, similarly to
edge tool machining simulation, we can observe a signifi-
cant influence of the calculation method (ALE or SPH) and
the parameters of the workpiece. All this demonstrates the
necessity of further research. Since the issue of machining
UD-FRC using the combination of an edge tool and water
jet pressure has not yet been studied, the theoretical studies
of SPH application taking into account the abovementioned
features are highly relevant.

The purpose of this study is to increase the quality of the
surface layer of the UD-RFC workpiece by minimizing fiber
debonding from the matrix by treating the work surface with a
water jet directly in front of the chip formation zone. This
approach can be realized by solving two tasks. The first is a
preliminary assessment of the feasibility of this approach
through computer simulations using FEA-SPH modeling of
chip formation in a composite workpiece with the application
of a moving water jet. This task is described in Section 2. The
second task is to conduct full-scale experiments to prove the
hypothesis and provide qualitative proof of the simulations.
These results are presented in Section 3. The discussion of the
results and conclusions are given in the final sections.

2 FEA-SPH simulation of UD-FRC workpiece
machining using a water jet moving in front
of the cutting zone

2.1 Problem setting and model parameters

Numerical simulation of cutting was performed in LS-DYNA.
A bar of UD-FRC consisting of carbon fiber AS4 (1800kg/m3

density [37]) with the orientation angle of 90° and epoxymatrix
MTM45-1 (1160kg/m3 density [37]) was used as a workpiece.
The LS-DYNA cardMAT_COMPOSITE_DAMAGE [38] for
the modeling of orthotropic material, which is subject to brittle
failure, was applied in the simulation. Orthotropic linear elas-
ticity and Chang-Chang failure criteria were used for this study
[39, 40].

In order to account for the contact fiber-matrix interaction,
we placed a boundary layer, the parameters of which are iden-
tical to those specified for the matrix, excepting shear modulus
1GPa and Young’s modulus 2 GPa. The material of the tool
was considered to be absolutely rigid. The rest parameters are
provided in Table 1.

For the water-jet simulation we chose card Null-Material
model in LS-DYNA and the Grüneisen equation of state in
Eq. 1 (refer to Ref. [38]). The parameters of the water jet are
provided in Table 2 [41].

ρ ¼
ρ0C

2μ⋅ 1þ 1−
γ0
2

� �
⋅μ−

α
2
⋅μ2

h i

1− S1−1ð Þ⋅μ−S2⋅ μ2

μþ 1
−S3⋅

μ2

μþ 1ð Þ2
" # þ γ0 þ αμð Þ⋅E ð1Þ

where ρ0 is the initial density,C is the speed of sound, γ0 is the
Gruneisen gamma, α is the volume correction coefficient, S1,

Fig. 1 Methods of the preliminary deformation of the cutting zone in
front of the cutting wedge ((a) traditional cutting, (b) cutting with the
use of a deforming wedge, (c) cutting with the use of a deforming

roller, (d) cutting with the use of a water jet), and SPH simulations:
work surface deformation in front of the cutting zone using (e) a
deforming wedge and (f) a roller [20]
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S2, and S3 are fitting coefficients, and E denotes the internal
energy, which is increased according to an energy deposition
rate as a function of time curve, and dimensionless parameter:

μ ¼ ρ
ρ0

−1; ð2Þ

where ρ is the current density.
While modeling a cutting wedge, we chose Belytschko-

Tsay Shell elements for the rigid body (ELFORM=2) [38],
shell thickness 0.1mm, and element size 0.25mm. The work-
piece and a water jet were modeled with the help of SPH
elements. Cubic spline kernel function and default formula-
tion of particle approximation theory were used in the simu-
lation. Bucket sort based algorithm was used for computation
of the smoothing length. Monaghan type artificial viscosity
formulation was used for SPH elements. Relative particles
distance was equal to 0.25mm.

In the simulation, the test specimen was moved at a con-
stant speed towards a firmly fixed cutting wedge. Workpiece
lower bound was rigidly fixed along Y and Z axes. This bound

was moved towards the cutting wedge (along the X-axis) at

V
!

x speed. The water jet was flowed at a constant initial speed
in front of the cutting zone near the edge. The vector of the
water jet was directed at an angle of 45° to the work surface.
The workpiece movingwas used due to the limited capacity of
the experimental assembly, particularly the difficulties con-
nected with ensuring the synchronization of the movements
of the cutting tool and the water-jet nozzle. This scheme will
further be implemented on an edge tool equipped with internal
coolant system. The modeling of the machining with the use
of the water jet is shown in Fig. 2. The simulation model
parameters are provided in Table 3.

2.2 Simulation results

Figures 3 and 4 present the results of the cutting simulation,
notably the planing of the UD-FRC workpiece. We provide
the results of simulations with and without the use of the water
jet. The simulation results show the tool consistently
contacting different fibers, which is accompanied with sharp
increase in strains propagating along the fibers being cut and
adjacent fibers (Fig. 3). The cutting wedge sequentially folds
back the reinforcing fibers that debone at the fiber-matrix in-
terface until the bending strength is exceeded. For each fiber,
destruction first spreads along the fiber-matrix interface and
then orthogonally to this fiber. In dry cutting, fiber fracture,
which is brittle takes place slightly lower than the contact
point with the cutting edge, and corresponds to expectations
[47].

Chip formation is accompanied by shear deformations
along the fiber axes caused by compression, when the shear
destruction of the boundary layer takes place. According to
the simulation results, we can differentiate the following main
types of machined surface damage during carbon fiber FRC
cutting. The types are also presented in Fig. 4a:

Table 1 Parameters of a model
Element Parameter Value

Processing modes Cutting depth, mm 1

Cutting speed, m/min 0.3

Cutting tool Tool rake γ, deg. 10

Tool clearance α, deg. 5

Rounded cutting edge radius R, mm 0.3

Workpiece Length, mm 11.5

Height, mm 10

Reinforcement angle, deg. 90

Fiber diameter, mm 1

Distance between fibers, mm 2.5

Water jet Angle of inclination in relation to the work surface, deg. 45

Diameter, mm 1

Speed, m/s 600

Table 2 Initial parameters of the water jet [41]

Parameter Value

Density, kg/m3 1000

Pressure cutoff, Pa −105

Coefficient of viscosity, Pa s 0,001

Bulk sound speed in a material, m/s 1480

Coefficient S1 2.56

Coefficient S2 −1.986
Coefficient S3 0.2286

Grüneisen coefficient 0.4934

Parameter A 1.397
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Table 3 Parameters of materials
Material Parameter Value UoM Source

Carbon fiber (AS4) Density 1800 kg/m3 [37]

Elastic constants Young’s modulus X direction. E1 231 GPa [42]

Young’s modulus Y direction. E2 15 GPa [37]

Young’s modulus Z direction. E3 15 GPa [37]

Poisson’s ratio XY. v21 0.02 - [37]

Poisson’s ratio YZ. v31 0.02 - [37]

Poisson’s ratio XZ. v32 0.4 - [37]

Shear modulus G12 15 GPa [37]

Shear modulus G31 15 GPa [37]

Shear modulus G23 7 GPa [37]

Tensile strength Xt 4620 MPa [42]

Yt 1500 MPa [42]

Compressive
strength

Xc 3960 MPa [37]

Yc 3340 MPa [43]

Shear strength S 1500 MPa [44]

Epoxy
(MTM45-1)

Density 1160 kg/m3 [37]

Elastic constants Young’s modulus E 3.35 GPa [37]

Poisson’s ratio v 0.35 - [37]

Shear modulus G 1.4 GPa [45]

Bulk modulus 4.2 GPa [46]

Interface Density 1565 kg/m3 -

Elastic constants Young’s modulus E 2 GPa -

Poisson’s ratio v 0.35 - -

Shear modulus G 1 GPa -

Bulk modulus 3 GPa -

Fig. 2 FEA-SPH model
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– Debonding caused by the pressure effect of the cutting
wedge on the fiber, which leads to the crack-face contact
propagation;

– Chipping, caused by the brittle destruction of the surface
layer, accompanied by reinforcing fibers separation to-
gether with fragments of the destroyed matrix;

– Fiber rebound caused by strain recovery which decreases
the actual depth of cut by Δt.

In the case of water-jet machining, the cutting wedge
tends to bend fibers in the direction opposite to the cutting

speed vector V
!

x (movement of the workpiece). The
supporting force, created by the water jet prevents this

tendency. This water jet deforms the area in front of the
cutting wedge, which can be proved by the propagation of
stresses in the zone located in front of the wedge (Fig. 3).
It also ensures the support of fibers during cutting,
resisting their bending deformation in the opposite direc-
tion from the cutting wedge movement. Therefore, the
degree of crack-face contact propagation along the fiber-
matrix interface is decreased by 20…40% compared to
traditional cutting (Fig. 4a). Fiber destruction, in contrast
to dry cutting, takes place at the contact point with the
cutting edge, which minimizes chipping.

Figure 4b demonstrates that the components of the cutting
force are reduced approximately by half during water-jet

Fig. 3 Results of the numerical simulation: cutting without water jet and with water jet (von Mises stress pattern)

Fig. 4 Results of numerical simulation: cutting without water jet and with water jet ((a) cutting process simulation, (b) cutting forces)
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cutting, which can be explained by the better conditions for
cutting the fibers near the cutting edge.

Figure 5 shows the results of the equivalent stress cal-
culation on fiber boundaries. The points, where stresses
were measured, are marked by A…L. Unfortunately, un-
like FEA, no cohesive model can be implemented when
the SPH method is used. Therefore, information on the
fiber-matrix interface cannot be obtained. Thus, the depth
of debonding was assessed indirectly through the obser-
vation of stresses along the fiber-matrix interface. The
graphs demonstrate that sharp increase of stresses happens
at the moments prior to fiber destruction, which corre-
sponds to expectations. Three sharp increases of stresses
can be observed. During dry cutting, the first increase is
caused by the beginning of cutting the previous fiber, the
second increase, by the maximum impact of the previous
fiber at the moment prior to its separation, the third in-
crease, at the moment of the greatest bending and subse-
quent separation of the fiber. During water-jet cutting the
first increase takes place when the water jet contacts with
the work surface, the second increase is caused by maxi-
mum impact of the previous fiber at the moment prior to
its separation and the third increase, at the moment of
fiber separation. For water-jet cutting, the time interval
between the second and the third increases is longer com-
pared to dry cutting, which proves there are less fiber
bending and consequently less depth of debonding.
These figures prove that a high-pressure water jet consid-
erably reduces equivalent stresses in the layer under the
machined surface compared to dry cutting.

3 Experimental study of a UD-FRC workpiece
machining using a water jet moving in front
of the cutting zone

3.1 Equipment and experimental procedure

We conducted an experiment to investigate machining using a
water jet moving in front of the cutting zone. We prepared
special UD-FRC workpieces produced for the experiment
(Fig. 6, inset). The matrix was produced using a binding agent
consisting of Etal-370 resin and Etal 45-M hardener. High-
modulus glass fiber Т-60/2(ВМП)-14 with the fiber orienta-
tion angle ±90° was chosen for study. The test specimens were
produced using the hot-press method and consisted of 10
layers of glass fiber 0.16 mm each (arranged in the same
direction). First, the workpiece was cut using a DIADISC
4200 circular saw produced by Mutronic. Then, to guarantee
the workpiece surface quality we used fine-grit sandpaper
(P2000 ISO/FEPA) attached to a flat metal surface.

The experiment on UD-FRC cutting was conducted using
AWJet Robotics 3020, a robotic system for water-jet cutting.
The purpose-made experimental assembly was table mounted
(Fig. 6, main image).

The assembly consisted of a movable carriage with an
electric motor. A device for fixing the composite workpiece
was mounted on the carriage. The carriage speed was 100mm/
min. The robotic system table had an additional fixture to hold
a 2120-0066 GOST 18881-73 single-point cutting tool. The
tool had a tungsten carbide insert with geometric parameters
presented in Section 2. Figure 7 shows UD-FRC machining

Fig. 5 Change of equivalent stress in points along fibers and at different times of cutting with and without water jet
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without water-jet (left) and with (right). The cutting head of
the robotic system was used for the water flow. The cutting
head had a 7.14×1.02×76 injector and a ruby nozzle with a
0.3mm diameter hole. The water flow rate was 0.01kg/s at a
jet speed of 150m/s. Using this assembly, we machined sev-
eral workpieces with and without water jets.

The surfaces of the machined composite workpieces were
checked using the liquid penetrant inspection method.
Initially, we mechanically removed the outer layers of the test

specimens, which are not indicative. The absence of layer side
support caused additional fiber separation from these layers.

Therefore, the layers were removed in three stages: (1)
rough polishing with a 140х70х3 diamond needle file,
MATRIX MASTER 15835; (2) fine-grit sandpaper (P2000
ISO/FEPA Grit designation) treatment; (3) polishing using a
felt wheel with GOI polishing paste№2 TU 6-18-36-85 (RU).
Further, the surfaces were cleaned with AEROPEN-KDLR-2.
After this preparation, red penetrant AEROPEN-KD RF-1
was spread on the pre-polished surfaces. After penetration
and drying, the excess penetrant was removed. The depth of
the defect layer was measured using a Digital Microscope
1600X and the software CoolingTech MicroScope.

3.2 Results

The test specimens before and after machining are shown in
Fig. 8. Microscope images are given in Fig. 9. Image process-
ing was done using the Fiji program [48]. The processing was
as follows: the original microscope images were subjected to
color correction using the Fiji program to increase the contrast
and then converted into raster images. Then, using the Fiji
software tools, the areas of the defect zones (delamination,
chipping, fracture, breaking off, porosity, mashing, cracking)
were measured.

During the experiment, we observed that in dry cutting,
fibers, which have a much higher strength than the matrix at
the contact with the cutting wedge, are bent very significantly
because of the lack of additional support. The result of this is
cracks propagation along the fiber-matrix interface. Later, the
cutting process demonstrates fiber pull-out, which increases
the depth of the defect layer and reduces the quality of the
machined surface. The introduction of the water jet reduced
fiber bending due to the support during machining, decreased
the size of the defect zone and improved the quality of the

Fig. 6 Experimental assembly. AWJet Robotics 3020 with special
devices, the cutting tool and the workpiece. Workpieces are presented
in the inset at the top right

Fig. 7 Experimental assembly:
without water jet (left) and with
water jet (right)
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Fig. 8 Test specimens before (a)
and after the machining (without
(b) and with (c) water jet)

Fig. 9 Image processing stages to determine the areas of the defect zones Ad and depth of the defect layerΔt (top), and defect UD-FRC zones areas (1–
5): dry cutting (left)—Ad1; cutting with water jet (right)—Ad2
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surface layer. Figure 9 shows that cutting with a water jet
reduced the defect zones areas by Mean(100(Ad1 − Ad2)/
Ad1) = 16% .

The depth of the defect layer Δt decreased by 13% with
water-jet cutting. This significant discrepancy between the
theoretical and experimental data is presumably caused by
insufficient accuracy of the experimental procedure: the pen-
etrant dye does not fill thin debonding zones in the lower part
of the surface layer of the workpiece and does not allow us to
accurately define fiber debonding in this area. Thus, the
underestimated values of experimental data seem less prom-
ising but more reliable.

This points to the effectiveness of the proposedmethod and
proves the hypothesis of our study.

4 Discussion and future work

The experiments were not intended to be exhaustive.
Later, in the study of other composite materials (fiber-
reinforced polymers, metal matrix composites or ceramic
matrix composites) other results may be obtained.
Probably, in some of these studies, the effect will either
not appear, or may be the opposite. We have not exam-
ined the correlation between the degree of fiber
debonding and the angle of fiber inclination to the work
surface. We have not studied various configurations of the
reinforcing structure yet. Our calculations were performed
using specific parameters of the numerical model; simu-
lation success is heavily dependent upon them [26]. It is
important that variation of material models parameters
was not examined. Parameter values presented by other
researchers of materials were used [37, 41, 42, 44, 45,
etc.]. We performed a numerical simulation of cutting
certain UD-FRC with certain cutting tools. We considered
certain cutting modes and water jet parameters. The final
results of the simulation would have been affected by the
use other composites, tools, and cutting mode parameters.
However, these original calculations are the positive re-
sult. They prove the possibility to use a water jet to re-
duce fiber-matrix debonding under certain conditions. The
achieved improvement is not a definitive solution to the
problem. However, the degree of this improvement is
comparable to the results from other studies. The degree
of crack-face contact propagation along the fiber-matrix
interface is decreased by 20...40% compared to traditional
cutting. For example, improvement of workpiece surface
quality by changing the tool geometry ranged from 20%
[8] to 40% [5]. Workpiece surface quality improvement
by the change of the cutting parameters varied from 20%
[15] to 50% [12]. However, the surface quality was char-
acterized by surface roughness, which is only indirectly
related to fiber debonding. Contradictory information on

the effect of thermal [5–19] and mechanical [20–22] im-
pacts and the depth of fiber-matrix debonding comparable
to our results lead us to the general conclusion: our theo-
retical studies of water jet application are encouraging and
require further research.

The same may be said of the experiment: the range of
parameters was limited. It was difficult to set the necessary
jet diameter, supply area, and supply angle. We are concerned
that the decrease in the depth of the defect layer was not as
significant as the decrease in the SPH simulation. We think
that this is related to the drawback of the method of experi-
mental determination of the debonding length. The penetrant
could not leak in thin gaps and demonstrate the real depth of
debonding. Unfortunately, there is no information on experi-
mental methods for determining this parameter in the pub-
lished studies. Therefore, our experimental method is a matter
of discussion. However, our hypothesis was experimentally
proved in general. The surface layer of the machined compos-
ite workpiece was improved.

Additional experiments are necessary to establish the links
between the geometry of cutting tool wedges and the param-
eters of the composites, cutting mode parameters, and speci-
ficities of the water jet supply. It is also necessary to design
water jet nozzles for various cutting tools (single-point cutting
tools, milling cutters, drills) with the best nozzle location and
to set the necessary water pressure. At present, tools with
internal coolant systems are widely used for the improving
of chip formation in metal cutting. Numerical control ma-
chines are equipped with high-pressure pumps to supply cool-
ant water at the tool corner. Consequently, it will not be diffi-
cult to use new tools with other, similar nozzles for cutting
FRC workpieces. All of these will make it possible to mini-
mize the destruction of composite surface layers during edge
tool machining.

5 Conclusions

This paper presents only the initial stage of investigations into
minimizing the destruction of composites in machining with
edge tools using a high-pressure water jet. However, even at
this initial stage we can draw the following conclusions:

1. The SPH-simulation and experimental studies of FRC
workpiece cutting proved the significant reduction of
fiber-matrix debonding during edge tool cutting using a
water jet moving in front of the cutting zone (compared to
other known methods, e.g. optimization of wedge geom-
etry, processing mode and thermal impact).

2. SPH calculations proved that the destruction of the com-
posite fiber with a cutting wedge when dry cutting takes
place lower than the contact point with the cutting edge,
which corresponds to expectations, whereas the
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destruction of fiber with a cutting wedge during water-jet
cutting takes place at the contact point with the cutting
edge, which explains the reduction of fiber debonding
below this point.

3. SPH calculations proved that sharp increase of stresses
along the fiber-matrix boundaries take place at the mo-
ments preceding the destruction of fiber, which corre-
sponds to expectations. Three sharp increases of stresses
can be observed. When dry cutting, the first increase is
caused by the start of cutting the preceding fiber, the sec-
ond increase is caused by the maximum impact of the
preceding fiber at the moment prior to its separation, the
third increase happens at the moment of the greatest bend-
ing and further separation of the fiber under consideration.
When water-jet cutting, the first increase is caused by the
contact of the water jet with the work surface, the second
increase is caused by the maximum impact of the preced-
ing fiber at the moment prior to its separation and the third
one at the moment of separation of the fiber under con-
sideration. The time interval between the second and the
third increases duringwater-jet cutting is longer compared
to dry cutting, which proves there are less fiber bending
and, consequently, less depth of debonding for water
cutting.

4. The SPH simulation showed that using a water jet reduces
fiber debonding by 20–40% compared to dry cutting.
Experimental studies proved that using a water jet reduced
the depth of the defect layer by 13% and the defect zone
area by 16%. This significant difference between the the-
oretical and experimental data can presumably be ex-
plained by the insufficient accuracy of the experimental
measurement: a penetrant-dye does not fill thin zones of
debonding in the lower part of the surface layer of the
workpiece and does not make it possible to accurately
define fiber debonding depth in this area. The
underestimated values of experimental data seem less
promising but more reliable.

Nomenclature FEA, Finite element analysis; FEM, Finite element
method; FRC, Fiber-reinforced composites; SPH, Smoothed particle hy-
drodynamics; UD-FRC, Unidirectional fiber-reinforced composites;
ALE, Arbitrary Lagrangian Eulerian
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