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The bonding of Carbon Fibre Reinforced ThermoPlastic composites (CFRTP) and steel is of great interest
nowadays. Nevertheless, the difference in machinability between dissimilar materials requires a specific
machining process. Abrasive water jet machining is a flexible and environmentally friendly technology that can
machine dissimilar materials at the same time with good results. However, due to the characteristics of the
process and materials, geometrical defects such as taper angle can be caused by the loss of kinetic energy.

In this research, the study of the final geometry in abrasive waterjet machining of a hybrid CFRTP/Steel
structure. A new methodology for the evaluation of taper angle with high accuracy has been developed through
image processing. In addition, the surface quality in terms of R, and R, has been assessed. A potential-type trend
between taper and hydraulic pressure has been established for both materials. Minimum taper values between
1.5° and 5° have been obtained for both materials and stacking configurations with a combination of a hydraulic

pressure of 420 MPa, an abrasive mass flow of 225 g/min and a traverse speed of 50 mm/min.

1. Introduction
1.1. Introduction to abrasive water jet machining of dissimilar materials

Nowadays, the industry demands the use of new materials that
improve the properties of the existing ones. An interesting type of ma-
terial is the Carbon fibre Reinforced ThermoPlastic polymer matrix
composites, CFRTP. These materials, like thermoset composites (CFRP,
Carbon fibre Reinforced Polymers), achieve an excellent mechanical
properties/weight ratio [1,2]. These characteristics are discussed by J.
Jiao et al. and highlight their ability to be bonded to other dissimilar
materials by laser bonding [1]. On the other hand, S. Berger et al
highlights the properties of these composite materials as a key aspect in
the automotive sector and weight reduction [2]. In addition, CFRTPs
provide high resistance to compression and high recycling efficiency
compared to thermosets [3].

Due to these characteristics and the fact that the manufacturing times
of these materials are shorter than thermosets, they are considered as
strategic materials for sectors such as the automotive industry [4]. Also,
due to their lightness, they are ideal for sectors such as the aeronautical
or maritime industry due to the reduction in costs, in terms of energy
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consumption [5,6].

In addition, there is a great interest in joining composite materials
with metallic alloys in order to obtain hybrid structures of dissimilar
materials [7-10]. J. Jiao et al. [7] focus on the optimization of the laser
thermal bonding of a CFRTP/steel hybrid structure. R. Pahuja et al. [8]
focuses on the machining of a CFRP/Ti stack by non-conventional
technologies while A. Mahdi et al. [9] and J. Xu et al. [10] focus on
the drilling of such structures. This type of structures can achieve me-
chanical properties that would not be obtained by each material sepa-
rately. Furthermore, in terms of production, the manufacture and
subsequent machining of both materials at the same time means a
reduction in operating times [11]. The characteristics of thermoplastic
composites to be able to reshape their geometry is a great advantage for
obtaining hybrid structures. This allows a complete thermal bonding
between both materials. This makes it easy to eliminate or minimize the
use of mechanical rivet-type joints, reducing the final weight of the
structure and improving its environmental impact [12]. At the same
time, as there is a continuous union in the interlayer, it is not necessary
to separate the materials after machining to evaluate the internal state of
the interlayer, thus reducing the final costs.

Also, there is a current challenge in the sustainable and efficient
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Fig. 1. Different geometrical defects after abrasive waterjet machining. a) Taper defect and width ratio; b) Taper geometry according to stacking order; c)

Hydrodistortion defect due to the difference in machinability.

machining of hybrid structures made of dissimilar materials at the same
time. Conventional machining technologies such as milling or drilling
require Metalworking Fluids (MWF) to reduce the high temperatures
that are reached due to shear and friction in the interface of the cutting
edges with the materials [13-15]. J. Dionne et al. [15] Benefits of CO2
Cooling as a cooling technology for drilling of stackup composite
structures discusses the comparison between lubricants using MQL
techniques and cryogenic cooling techniques as strategies to optimise
conventional machining and reduce tool wear. However, the use of this
type of lubricant is being eliminated or prohibited due to its high
environmental impact [16], being also banned because of their negative
connotations in terms of health, costs and environmental impact [17].
Thus, the use of cutting fluids can achieve a 17% of the final cost in the
manufacturing of a product [18].

Because of this, initiatives such as CleanSky have been created. This
project seeks the sustainable green machining, by minimizing the
environmental impact and maximizing the efficiency of the machining
process. This fact can reduce CO2 emissions through lightweight struc-
tures, improving its performance [19].

On the other hand, due to the abrasive nature of the composite
material and the low machinability of some kind of metals, the wear
generated in the cutting tools requires the manufacture of very specific
cutting-tool geometries, suitable for the machining of different materials
at the same time, increasing the final cost of the process [11,13,20]. S.
Fernandez-Vidal et al. [11] discusses the main wear mechanisms
(abrasion and adhesion) in dry drilling of a CFRP/UNS A97075 stack.
Both types of wear reduce the effect produced by the other, resulting in
lighter wear compared to the drilling of both materials separately. E.
Adesta et al. [13] highlights the importance of a correct machining
strategy in conventional operations such as milling in order to minimise
cutting edge wear. X. Wang et al. [20] indicate in their research on
drilling of hybrid structures that the overall tool wear is the combination
of the edge rounding wear from drilling the top CFRP layer and the flank
wear from drilling the bottom Ti layer without considering the edge
chipping

The different machinability of each material requires a combination
of different cutting parameters. Because of this, machining strategies
arise that require changes of cutting parameters on the face of the ma-
chine. This change increases operating times and may affect the quality
of the interface. In relation to machining temperatures, CFRTPs have
thermal defects due to their low melting temperature. This can be easily
overcome with conventional machining technologies. This allows the
matrix to be removed and leads to poor surface quality and fibre pull-out
defects. [21,22]. These conclusions are observed both in drilling oper-
ations performed in the research of A. Erturk et al. [21] and in milling
operations of thermoplastic composites performed by P. Masek et al.
[22].

An interesting green technology that can overcome the previous
challenges is Abrasive Water Jet Machining (AWJM). From an envi-
ronmental point of view, this process has high efficiency by using water
at high pressure, that can be reused later reducing its negative impact on
the environment. Compared to conventional technologies, there are no
physical tools. Therefore, the wear and tear of auxiliary elements is

much lower, reducing process costs. [23]. In addition, N. Vu et al. [24]
have studied the influence of nozzle diameter on abrasive blasting
techniques in order to optimise the process and reduce costs.

In addition, this technology offers advantages such as the recovery of
abrasive particles after machining, which can be reused after treatment,
and no harmful gases are generated [25]. Another advantage is the
reduction of cutting forces and temperatures, minimizing thermal de-
fects in both materials -especially in CFRTPs- achieving a cleaner and
more homogeneous cut [26,27].

Nevertheless, the machining of more than one material at the same
time is an aspect that is currently being widely studied. Due to the dif-
ference in mechanical properties, each material has a different behav-
iour when interacting with the water jet, which generates a wide
defectology that have to be studied and optimized.

This article proposes a study of abrasive waterjet machining in a
hybrid CFRTP/Steel structure in its two stacking configurations. The
cutting geometry has been evaluated using an image processing meth-
odology, while surface quality has been evaluated in terms of R, and R,.
Both aspects have been related to the cutting parameters by means of an
experimental design, in order to study their influence through ANOVA
statistical analysis. Finally, predictive mathematical models for kerf
taper values have been obtained, while the main defects in the
machining of both materials have been identified.

1.2. Literature review on abrasive waterjet machining of dissimilar
materials

An inherent defect in waterjet machining is the formation of a
conical geometry or taper angle, due to the loss of kinetic energy of the
jet particles as they penetrate the material, reducing their cutting ca-
pacity, and resulting in a tapered cut (Fig. 1.a) [28,29]. In both in-
vestigations, M. Li et al. shows this loss of kinetic energy that generates a
conical variation in geometry in the machining of a CFRP/Ti6Al4V
hybrid structure and in the machining of a thick thermoset composite
material. In addition, this defect is usually complemented with the
erosive effect of the particles as they impact the top surface of the ma-
terial, generating rounding edges that increases the conicity [30].

The stacking order of the materials that compose the hybrid structure
also generates a new input variable that can affect the final quality [8,
31]. When the waterjet impacts on the material with the highest
machinability, the reduction of kinetic energy is lower, generating a
more homogeneous machining and geometry [32]. On the contrary,
when the first material presents a worse machinability the waterjet re-
duces its cutting capacity by machining this material. This, together
with the turbulence generated in the interlayer, produces a difference in
cutting geometry and a greater conicity. In this sense, Ruiz-Garcia et al.
[33] carried out a parametric study to evaluate the influence of cutting
parameters and stacking order on abrasive waterjet cutting in an hybrid
CFRP/UNS A92024 (Al-Cu) structure. The established variables were
hydraulic pressure (120-250) MPa, feed speed (15-45) mm/min and
abrasive mass flow (170-340) g/min. Their results indicate that the
most suitable stacking order should be first the composite material fol-
lowed by the metal alloy (lower to higher machinability). With this
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Table 1
Main characteristics of the thermoplastic composite material.
Final Thermoplastic Ply Number of Fibre /
Thickness Orientation Plies Matrix (%)
2.1 mm TPU [0°/90°]s 7 74.2 / 25.8
(Polyurethane)

sequence, most combinations of cutting parameters offer little variation
in the conicity obtained in both materials, due to the fact that the
waterjet suffers less loss of kinetic energy when passing through them.

Hourglass geometries (Fig. 1.b) are obtained when the metal alloy is
the first material to be machined due to the turbulence generated in the
interlayer that produces a divergence in the waterjet [34]. In parallel,
when the hybrid structure is composed of multilayers of dissimilar
materials (Fig. 1.c) a defect known as "hydrodistortion" arises. This is
produced by the convergence and subsequent divergence of the water jet
when machining both types of materials. The different mechanical
properties and the loss of kinetic energy result in transverse machining
at the interface [35,36]. R. Pahuja et al. [36] shows this defect in
abrasive water jet machining of a graphite-titanium FML. The different
properties of each thin layer allow the waterjet to machine transversely.
This results in a geometrically varying profile. On the other hand, M.
Rajesh et al. [35] indicate that this defect is directly related to hydraulic
pressure. Low levels of this parameter produce a more irregular cut
between dissimilar materials.

The metal alloy absorbs a higher amount of cutting energy, causing
the jet to transversely machine the composite material and weakening
the joints between the two materials, leading to separation in the
interlayer or the formation of delaminations.

As is expected, the stacking sequence is also critical for surface
quality. If the first material is the metal alloy, it absorbs most of the
kinetic energy of the waterjet reducing its cutting capacity [37]. This
produces a greater roughness in the composite material due to the
plastic deformation impacts of the particles that eliminate the polymer
matrix as it is the weakest element [38,39]. However, as the jet does not
have enough energy, it bends the reinforcement without eliminating it
completely, generating fibre pull-out defects [28]. Thus, the most rele-
vant factor in the surface quality seems to be the traverse speed as
indicated by Alberdi et al. [40]. A greater stabilization of the waterjet
will be obtained at controlled traverse speed, ensuring a constant flow of
particles.

On the other hand, the erosive effect can distort the taper evaluation
obtained in the machining of hybrid structures applying the traditional
methodology, which is generating new studies focused on developing
more accurate evaluation methodologies [41]. As indicated by Li et al
[28] the kerf profile can present a curvature due to the effect of the
erosive particles generating a great deviation between the kerf profile
and the union by means of a linear regression that joins the points that
define the upper and lower width after the machining. Thus, the for-
mation of this taper in both materials is strongly influenced by the hy-
draulic pressure of the water jet [42]. This generates a higher energy to
the waterjet capable of machining both materials at the same time.
However, this cutting capacity can be preserved by increasing the
abrasive mass flow, reducing the conicity obtained. In the same way,
better results are obtained by reducing the dispersion of the kinetic
energy of the waterjet [43]. When the material thickness is very high, it
is recommended to increase the hydraulic pressure and reduce the tra-
verse speed. This reduces the dispersion of the kinetic energy of the
waterjet during machining by minimizing the conicity [44,45]. On the
contrary, the increase in the traverse speed and the reduction of pressure
generate an unstable and turbulent flow, generating a rougher surface
and the formation of grooves or lakes at the outlet of the waterjet [33].

Based on the scientific literature, there seems to be a general
consensus on the influence of traverse speed and hydraulic pressure on
the reduction of taper angle and the improvement on surface quality
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[42,44,46-48]. K. Manoj et al. [42] studies the taper generated in the
machining of fibre-reinforced composites. They report that there is a
direct relationship between hydraulic pressure and traverse speed with
the top width obtained and the final taper. H. Youssef et al. [44] also
focus on the machining of composite materials by this technology. They
indicate that an increase in this parameter reduces both the upper and
lower width of the cut. In order to reduce the taper generated by high
traverse speed, P, Karmiris-Obratanski et al. [48] carry out research on
multi-passes to improve the efficiency of the process. The literature re-
view on this subject by R. Thakur et al. [46] indicates that the taper
defect is related to energy loss. To optimise the taper defect and reduce
energy loss, low levels of traverse speed are necessary.

In addition, the literature indicates the importance of the stacking
order and it is recommended to place the metal alloy as a second ma-
terial to minimize the dispersion of kinetic energy of the waterjet. This is
in line with the previously mentioned, the difference in machinability
between the materials of the hybrid structure is one of the most relevant
aspects in water-jet machining. H. Youssef et al. [44] also focus on the
machining of composite materials by this technology. They indicate that
an increase in this parameter reduces both the upper and lower width of
the cut.

Most of the previous literature is focused on hybrid structures that
are made up of thermosetting composite materials and light metallic
alloys, that are joined together mechanically as is usual in aeronautics.
The use of mechanical joints can form a gap between materials,
increasing the turbulence in the interlayer and enhancing the taper
defect. In turn, this type of union requires a subsequent separation of the
materials to verify the state of the interlayer.

In this sense, thermal or adhesive joints can be a very interesting
alternative, in order to minimise defects in the interlayer and reduce
production times. This fact could be of relevance in the machining of
hybrid structures on thermoplastic composites and steel alloys, that can
be easily joined by thermal or adhesive processes [49-51]. Nevertheless,
there is a lake of researches about this field in the scientific literature.
Thus, the stacking sequence must be studied in order to determine the
final state of the interface and to ensure a constant geometry in both
materials. Moreover, traditional methodologies for evaluating conicity
does not take into account the erosive effect of abrasive particles.

2. Experimental methodology

Materials, equipment and machining strategies will be explained in
the following sections. The materials that compose the hybrid structure,
as well as their fabrication process will be explained in this section
indicating the surface preparation process of the metal alloy. Subse-
quently, the selected machining technology as well as the experimental
design will be shown. The aim is to set the influence of the cutting pa-
rameters on the final geometrical quality for both stacking
configurations.

Finally, a new methodology for the correct evaluation of the taper
defect after water jet machining is proposed as a novelty. This meth-
odology is based on the image processing of the grooves to obtain the
real profile and separate the taper defect from the erosion defect. In
addition, the surface quality has been evaluated and predictive mathe-
matical models have been developed.

2.1. Materials and equipment

For the development of this research two dissimilar materials have
been joined in order to obtain a hybrid structure. On the one hand, a
thermoplastic composite material reinforced with carbon fibre (Twill
200 gr/m?) has been used. The thermoplastic matrix is polyurethane and
its main characteristics and mechanical properties are shown in the
Table 1. The composite material has been obtained by thermoforming.

On the other hand, a carbon steel S275 with a thickness of 3 mm has
been used as the second material of the hybrid structure. This is a
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Table 2

Composition (% mass) and main mechanical properties of S275 carbon steel.
%C %Fe %Mn %P %S %Si
0.25 98.01 1.60 0.04 0.05 0.05
Yield Strength (MPa) Tensile Strength (MPa)
275 450

Table 3

Cutting parameters for abrasive waterjet texturing.

Hydraulic Pressure-P Abrasive Mass Flow-AMF Traverse Speed-TS (mm/
(MPa) (g/min) min)

250-340-420 225-340-385 50-100-300

structural steel of great interest in various industrial applications due to
its mechanical properties and its current interest in bonding with com-
posite materials [52]. The main characteristics of this steel are shown in
the Table 2.

The steel surface has been modified by shot blasting with a pressure
of 0.5 MPa, corundum particles of size 630 um and an impact distance of
100 mm in order to increase the surface free energy and obtain a quality
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bond between the two materials [53]. These materials were joined by
means of a hot plate press. This allows the change from solid to liquid
state of the thermoplastic matrix, filling the rough surface of the steel
alloy. Finally, after a subsequent cooling, the matrix consolidates again
generating a continuous bond between both materials.

For the trials, a Waterjet Machine (TCI Cutting, BP-C 3020, Valencia,
Spain) has been used. The nozzle of the machine has a diameter of 0.8
mm, an orifice diameter of 0.3 mm and a nozzle length of 94.7 mm. The
AWJM machine is equipped with an ultra-high capacity pump (KMT,
158 Streamline PRO-2 60, Bad Nauheim, Germany). All trials were
carried out by a 120 mesh Indian Garnet abrasive particles.

Three cutting parameters have been modified based on the literature
consulted: Hydraulic Pressure (P), Abrasive Mass Flow (AMF) and Tra-
verse Speed (TS). The stand-off distance has been set at 3 mm, and three
levels per cutting parameter have been applied obtaining a total of
twenty-seven combinations of cutting parameters (Table 3). In order to
obtain greater repeatability and robustness, each combination has been
repeated twice.

In addition, the stacking sequence has been also studied. The
experimental design has been made for the CFRTP/Steel configuration
and the reverse, Steel/CFRTP.

In order to ensure a constant flow of abrasive and water, together

Same Cutting
Parameters
—

Speed

Traverse

15

Tot

Fig. 2. Graphic representation of the established experimental design. All tests start 15 mm from the edge of the material to obtain a stable flow of water and

abrasive. Each combination of cutting parameters has been repeated twice.

Upper CFRTP

------ Interlayer

Lower Steel

Fig. 3. Proposed methodology for the correct measurement of the taper defect. Using a set of lights and image processing software, the coordinates of 10 points per
material and side are obtained. Linear approximations to these points allow to obtain the taper in angular terms.
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Fig. 4. Taper angles as a function of hydraulic pressure (P: 250-420 MPa) and abrasive mass flow (AMF: 225-385 g/min) for CFRTP/Steel stack configuration.
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Fig. 5. Taper angles as a function of hydraulic pressure (P: 250-420 MPa) and abrasive mass flow (AMF: 225-385 g/min) for Steel/CFRTP stack configuration.

with a constant traverse speed, each test starts with a 15 mm gap to the
hybrid structure, as is shown in Fig. 2.

2.2. Evaluation methodology

The traditional methodology for evaluating the taper generated in
water-jet machining is to establish a relationship between the upper and
lower widths. Nevertheless, the current scientific literature reports that
this type of methodology can distort the results. This is due to an
interaction between the generated taper and the erosion generated by
the abrasive particles at the beginning of the cut [54].

Due to this, an alternative methodology based on image processing is
proposed (Fig. 3). Thus, a stereoscopic microscope (Nikon, SMZ 800,
Tokyo, Japan) has been used to make macrographs perpendicular to the
slots obtained. A supplementary cold light source has been used in order
to illuminate inside of the slot for obtaining a defined machining profile.

For each macrograph, an image processing software (ImageJ, Na-
tional Institutes of Health) has been used to determine the profile co-
ordinates of each side of the cut. With this point cloud, a linear
regression has been carried out on these points, detecting the intersec-
tion of this line with the upper and lower widths. Knowing the gradient
and cut in order of each regression, the taper angle of the left (a) and
right () sides can be calculated. In this investigation, the sum of both
angles has been considered as the final taper angle (a+p), Fig. 3.

Surface quality has been evaluated in terms of R, and R, by using a
roughness-metre (Mahr Perthometer PGK 120, Gottingen, Germany). R,
is the standard parameter for evaluating surface quality after machining.
Nevertheless, in order to complement the information obtained by

means of this parameter, R, provides more detailed information on the
peak-to-valley distances generated in the roughness profile. Three
measurements have been made for each material (CFRTP and Steel) for
each machining test and in both stacking configurations. The surface
quality evaluation has been carried out following ISO 4288:1999 stan-
dard. A cut-off of 2.5 mm was established for a total evaluation length of
12.25 mm. Stylus with 2 pm tip radius and 90° tip angle was used for the
measurements, reference M-250 from Mabhr.

Finally, defects related to the machining process such as de-
laminations, gaps in the interlayer or loss of matrix on the machined
surface have been identified.

Furthermore, the influence of cutting parameters on the results ob-
tained has been determined by means of an ANOVA statistical analysis
(18.1, Minitab, LLC, State College, PA, USA). To conclude, a series of
contour diagrams that relate these parameters to the results obtained
have been obtained and the combination of parameters that minimise
the conicity obtained and generate the best surface quality has been
determined.

3. Results and discussions

The final geometrical quality after each machining test is presented
in this section. The individual influence of each parameter selected in
the experimental design has been studied with respect to the taper ob-
tained. In turn, the results have been approximated to exponential
trends with a high level of fit. In order to study the influence of mate-
rials, the results have been compared for the same combination of shear
parameters in both stacking configurations. This allows to establish the
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Fig. 7. Influence of hydraulic pressure on the conical defect for a TS of 50 mm/min, an AMF of 225 g/min: a) P 250 MPa; b) P 340 MPa; c) P 420 MPa.

dominant material in the hybrid structure for this machining process.

Finally, the relationship between the main cutting parameters and
the final geometrical quality has been established through predictive
models based on a response surface methodology. This has allowed to
establish a statistical ANOVA analysis in order to determine the order of
influence of the selected parameters and to establish an optimal com-
bination for each stacking configuration.

3.1. Influence of hydraulic pressure and abrasive mass flow

An incorrect selection of cutting parameters in waterjet machining
can result in very high conicity in the cutting profile of the hybrid
structure. This can result in incorrect geometries causing elements to be
rejected by quality controls after machining. The Fig. 4 shows the taper
angle obtained by increasing the hydraulic pressure and abrasive mass
flow for a fixed traverse speed of 100 mm/min for CFRTP/Steel stack. In
this graph, "C" refers to composite material and "S" to steel.

As can be seen, the conicity obtained in both materials is greatly
affected by the order of stacking in the hybrid structure. High taper
angle values, close to 13°, are obtained when the first material to ma-
chine is steel, in comparison with reverse configuration. Thus, in the
CFRTP/Steel configuration for a pressure of 250 MPa and an abrasive
mass flow of 225 g/min, angles close to 5° are obtained for composite
material and 8° for steel. In comparison, in the Steel/CFRTP configu-
ration, values of 13° are obtained for the composite material and 6° for
the steel alloy (Fig. 5).

As was mentioned before, this fact is due to the absorption of kinetic
energy by the metal alloy, and is in agreement with Kumar et al. [55]. In
this sense, the CFRTP/Steel configuration offers the lowest taper values
in both materials, as well as very close results in both materials.
Nevertheless, in the reverse configuration, a large part of the kinetic

energy is dispersed when machining the metal alloy, reducing its
machining capacity. In addition, as indicated by Pahuja et al. [8], the
waterjet changes from convergence to divergence in the hybrid structure
interlayer, changing the orientation of the taper in the composite ma-
terial due to the formation of turbulence. This variation is due to the
stacking order of the materials and their different machinability. When
machining steel first, a greater amount of kinetic energy is required to be
cut. At the interface, the water jet produces a series of turbulences due to
the different mechanical properties of the two materials. In this
configuration, the composite material offers less resistance than steel.
This causes that the water jet changes from a converging state to a
diverging state.

This results in higher conicity values in all tests on the composite
material for the CFRTP/Steel configuration. However, due to the
different machinability of each material, visual defects such as de-
laminations are observed when the composite material is the first ma-
terial machined. The layers that compose the composite material are
separated at the beginning of the machining due to the erosive effect of
the particles, producing a first separation in the form of delamination.
On the contrary, when the composite material is the second material, the
steel acts as a protective material, reducing the impact suffered by the
composite material which prevents separation in the interlayer and the
formation of delaminations (Fig. 6).

On the one hand, the influence of the hydraulic pressure on the taper
obtained is the same for both configurations. An increase in this
parameter increases the penetration capacity of the waterjet, reducing
the resistance of both materials to be machined [56]. In addition, the
results obtained can be adjusted to potential trends as indicated, with R?
values above 90%. Thus, small values of taper in water-jet machining
require high values of hydraulic pressure as indicated by the results of
Dhanawade et al. [57]. In this sense, the Fig. 5 shows the variation of
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Fig. 8. Visual defects for a TS of 50 mm/min a P of 250 MPa and an AMF of 385 g/min. Rounding at the beginning of the machining due to the erosive effect and

Area affected by erosion at the beginning of the machining.
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Fig. 9. Surface quality as a function of hydraulic pressure (P: 250-420 MPa) and abrasive mass flow (AMF: 225-385 g/min) for CFRTP/Steel stack configuration: a)

R, Values; b) R, Values.

taper in both materials for the two stacking configurations. An almost
straight machining can be seen for both configurations when the hy-
draulic pressure is 420 MPa.

On the other hand, the effect of abrasive flow has a minor effect
compared to hydraulic pressure. Nevertheless, especially in the steel
alloy, the increase of this parameter reduces the taper obtained,
although its influence is reduced by increasing the hydraulic pressure.
The increase of the abrasive increases the penetration capacity of the
waterjet in both materials (Fig. 7).

This leads to a lower resistance of the material to be machined,
generating a lower dispersion in the kinetic energy of the jet and
generating more homogeneous cuts. This is especially relevant when the
configuration of the structure is Steel/CFRTP as there is a greater vari-
ation of results between both materials.

Conversely, an excessive increase in abrasive mass flow increases the
erosion of abrasive particles on the top surface of the material, especially
on the steel alloy. Thus, the Fig. 8 shows the rounding effect in the steel
when it is the first material and the abrasive mass flow is maximum. On
the other hand, the figure shows the area affected by erosion along the
whole cut (upper view). For this combination of cutting parameters, the
machining capacity of the waterjet is minimal as the hydraulic pressure
is the lowest value. On the other hand, the amount of abrasive particles
is excessively high, producing intercollisions between them and
reducing their cutting capacity. Finally, when combined with a speed of
50 mm/min, the amount of abrasive particles impacting during an
instant of time is maximum, increasing the area affected by erosion [58].

Furthermore, surface quality values in terms of R, and R; for both
stacking configurations are shown in Fig. 9 and Fig. 10. Trend lines have
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Fig. 11. Remains of the thermoplastic matrix adhering to the surface after
machining that worsen surface quality.

not been represented because the adjustment obtained was not repre-
sentative. This may be due to the anisotropic nature of the composite
material and the heterogeneity of the hybrid structure.

In accordance with the results obtained by Pahuja et al. [34], higher
Ra and Rz values are obtained in the composite material compared to
steel. The anisotropic nature of these materials in combination with the
aforementioned hydrodistortion defect produce a rougher surface with a
greater distance between peaks and valleys [32]. In this sense, due to the

low cohesion between the thermoplastic matrix and the carbon fibre
reinforcement, the shear stresses of the waterjet cause the matrix debris
to detach and adhere to the machined surface (Fig. 11) worsening the
surface quality results as explained in [59].

With regard to the stacking order, close values of surface quality are
obtained in both cases in the composite material. Nevertheless, there
seems to be a greater homogeneity of results for the Steel/CFRTP stack.
In these case there does not seem to be an influence of the pressure on
the surface quality. On the contrary, for the CFRTP/Steel stack, both
parameters (pressure and abrasive) seem to reduce the quality obtained
when increased. In accordance with the results of Ming et al. [60], this
increase improves the cutting capacity of the waterjet, removing the
material more easily and reducing the thermoplastic matrix residues on
the surface which improves the Ra and Rz values.

On the other hand, decreasing trends are observed with the increase
of hydraulic pressure and abrasive mass flow have been observed for
steel values. As with the taper angle, the increase in hydraulic pressure
and abrasive mass flow significantly increases the penetration capacity
of the waterjet. The resistance to being eroded and machined in both
materials is reduced and the machined surface presents a more homo-
geneous and less rough state. However, the influence of pressure is more
remarkable in the Steel/CFRTP stack. For this configuration, the influ-
ence of the composite material and the kinetic energy loss due to the
hydrodistortion defect is less. This increases the cutting ability of the
waterjet on the steel. This allows to take advantage of the improvement

Fig. 12. Separation at the interface due to turbulent flow from a material with poorer machinability to a material with better machinability in the Steel/CFRTP

configuration.
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Fig. 14. Taper angles as a function of hydraulic pressure (P: 250-420 MPa) and traverse speed (TS: 50-300 mm/min) for Steel/CFRTP stack configuration.

Fig. 15. Influence of the interaction between hydraulic pressure and traverse speed for a fixed abrasive flow rate (340 g/min): a) 250 MPa and 50 mm/min; b) 250
MPa and 100 mm/min; ¢) 250 MPa and 300 mm/min; d) 340 MPa and 50 mm/min; e) 340 MPa and 100 mm/min; f) 340 MPa and 300 mm/min; g) 420 MPa and 50
mm/min; h) 420 MPa and 100 mm/min; i) 420 MPa and 300 mm/min.

in kinetic energy by increasing the hydraulic pressure. In addition, a
small gap in the interlayer has been detected for the combination of 340
MPa, 100 mm/min and 340 g/min (Fig. 12). This defect may have
produced by the turbulence produced in the interlayer due to the con-
version of convergence to divergence of the waterjet in combination

with the loss of penetration capacity when the steel has been machined.
As in the case of hydrodistortion defects or the formation of de-
laminations in composite material [57], the flow of water in the inter-
layer may have eliminated the thermoplastic matrix that joins the two
materials, producing this defect.
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Fig. 16. Taper angle variation in Steel/CFRTP configuration for: a) P 250 MPa and TS 50 mm/min; b) P 420 MPa and TS 50 mm/min; ¢) P 250 MPa and TS 300 mm/

min; d) P 420 MPa and TS 300 mm/min.
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Fig. 17. Hydrodistortion defect generated due to the different machinability between the layers that constitute the composite material: a) CFRTP/Steel; b)

Steel/CFRTP.
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3.2. Influence of hydraulic pressure and traverse speed

A combination of hydraulic pressure and waterjet traverse speed is
essential to reduce the cutting conicity [33]. The taper angle values
combining these parameters for a constant AMF of 340 g/min are shown
in the Fig. 13 for CFRTP/Steel stack and Fig. 14 for Steel/CFRTP Stack.

As can be seen, the results obtained can also be approximated to a

10

potential trends with good fit (more than 94%). Minimum taper values
are obtained with a hydraulic pressure of 420 MPa. Similarly, the
highest taper values are obtained in the Steel/CFRTP configuration,
especially at high traverse speeds (300 mm/min).

Along with the loss of kinetic energy when the jet machining the
steel, the use of a high traverse speed produces an irregular and turbu-
lent cut. In this sense, the amount of abrasive particles and water that
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Values; b) R, Values.

Fig. 20. RCR region due to lag defect caused by a high loss of kinetic energy
that generates a greater destabilization of the water jet (340 MPa, 340 g/min
and 300 mm/min).

machine the material is not homogeneous, producing that the jet is
unstable and unable to machine the same amount of material. This fact
produces taper angle differences of almost 6° in the composite material.

For the CFRTP/Steel configuration, the increase in traverse speed
produces different trends in each material. The most direct is that
observed in the steel alloy. The increase in this parameter, in combi-
nation with its greater difficulty to be machined, produces an increase in
the taper angle in all three pressures used, being in agreement with
similar results by [61]. On the other hand, in the composite material two
trends are observed depending on the established pressure.

With a minimal pressure (250 MPa), a reduction of the taper is
produced by increasing the traverse speed. This may be due to the
erosive effect of the abrasive. If the traverse speed is very low, the low
capacity of penetration of these particles can generate a great opening in
the initial zone, provoked by the erosion generated until the stabiliza-
tion of the machining. When the water jet passes through the composite
material and converges due to the loss of kinetic energy, a taper is
produced at the end of the thickness. Also, an increase in TS produces
less interaction of the abrasive flow, generating a straighter cut in the
composite material (Fig. 15).

On the contrary, by increasing the hydraulic pressure and mini-
mizing the dispersion of the waterjet, the conicity obtained in the
composite material undergoes a very small variation with results close to

11

4°

Different trends are observed when the stacking is inverse, especially
in the composite material. The taper generated in steel always increases
with high traverse speeds. An increase in this parameter produces
greater instability in the machining because it is not capable of
machining the same amount of material in the same time interval. This
causes a more turbulent flow that reduces its kinetic energy in the first
moments of the machining, reducing the width of the final machining in
the steel and increasing its conicity. In agreement with previous results
and in the same line that was indicated by El-Hofy et al. [23], this trend
is reduced with increasing hydraulic pressure. This increase allows a
greater stabilization of the waterjet, increasing its penetration capacity
and reducing the resistance of the material to be machined.

With regard to the composite material, only an increasing trend is
observed for this configuration. The position of the steel as the first
material acts as a shield, receiving the impact of the jet with its
maximum penetration capacity. This fact reduces the impact received by
the composite material and, together with the turbulent flow generated
in the interlayer, increases the dispersion of the waterjet as it leaves the
composite material. In the same way that the results obtained with steel,
the pressure generates a decreasing potential trend due to the increase in
the penetration capacity of the waterjet, with the exception of the
application of a displacement speed of 300 mm/min [62]. For this level,
the destabilisation of the jet is such that the hydraulic pressure levels are
insufficient to correctly machine both materials, and producing taper
values close to 12° for the three pressures applied (Fig. 16).

Finally, a typical defect generated in the machining of hybrid
structures by waterjet with abrasive is the separation in the interlayer
due to the different machinability of the materials, defect so-called as
Hydrodistortion [36]. Hydrodistortion defects in the interlayer metal/-
composite have not been observed in the machined sections, however,
the mechanism of this defect has been detected in the machined surface
of the thermoplastic composite material, as is shown in Fig. 17.

This hydrodistortion is due the shear forces of the waterjet, that
eliminate the thermoplastic matrix, allowing a transversal flow that
generates small periodic cavities during the machining process. This can
lead to the propagation of larger cracks in the form of internal
delaminations.

The combination of traverse speed and hydraulic pressure also has a
significant effect on surface quality. As with the combination of abrasive
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Fig. 21. Comparison between experimental and predicted taper values for both stacking configurations.

and pressure, very close trends between R, and R, are observed for both
case studies (Fig. 18 and Fig. 19). In addition, the relationship between
composite material and steel is kept as the first material shows higher

Table 4
ANOVA analysis of the taper angle for each material and stacking configuration.

Source DF  AdjSS Adj MS F-Value P-Value values.

CFRTPI1 In a general way, an increase in traverse speed destabilizes the
Model 9 107.073  11.8970  14.96 0.000 waterjet, especially for 300 mm/min, reducing its capacity to machine.
Pressure (MPa) ) 1 62688 626882 78.80 0.000 This, together with the fact that two dissimilar materials have to be
Abrasive Mass Flow (g/min) 1 11.782 11.7818 14.81 0.001 hined h . d ionifi . inR dR
Traverse Speed (mm,/min) 1 0.996 0.9960 1.25 0.279 machine at the same time, produces a signi Fant increase in Ra and R
Error 17 13524 0.7955 values in both stacking configurations. As with the taper obtained, to
Total 26 120.597 minimise this destabilisation and keep the machining capacity of the jet,
Steell the increase in hydraulic pressure allows the influence of speed on
Model o 127.975 142195~ 174.95  0.000 uality to be reduced by reducing the values. When the traverse speed is
Pressure (MPa) 1 58.742 58.7419  722.74  0.000 quality y ng ) . peed|
Abrasive Mass Flow (g/min) 1 1.5880 1.5875 19.53 0.000 maximum (300 mm/min) the jet is unable to machine both materials in
Traverse Speed (mm/min) 1 53.600 53.5996  659.48  0.000 their totality at the same time interval which causes a delay between the
Error 17 1.382 0.0813 upper and lower widths.

z;;lm 26 129.357 This causes a groove zone or "lag" in the final part of the material
Model 220.820 245370  34.80 0.000 which increases the roughness in that region and increases the disper-

9
Pressure (MPa) 1 12.277 12,2770  17.42 0.001 sion of results obtained in [63], especially on steel (Fig. 20).
Abrasive Mass Flow (g/min) 1 10.194 10.1940 14.46 0.001
Traverse Speed (mm/min) 1 165.985 165.985 235.44 0.000

1

Error 7 11985 0.7050 3.3. Statistical analysis and contour diagrams in taper angle

Total 26 232.814

Steelz . . . . . .

Model 94.369 10.4854  139.39  0.000 In this section the statistical influence of the cutting parameters on

9

Pressure (MPa) 1 26.627  26.6279  353.99  0.000 the obtained conicity is explained. In addition, predictive models are
Abrasive Mass Flow (g/min) 1 1.0346  1.0346 1375 0.002 developed, being of great interest for the industrial application. Pre-
;‘:ri(\)lrerse Speed (mm/min) 17 ?82-35732 g%%gé 784.02 0.000 dictive models of the surface quality have not been represented because
Total 2 95.647 the adjustments obtained are not suitable. A fundamental aspect in
machining is that the product is within the specified tolerances at the
macro-geometric (taper) and micro-geometric (surface quality) level.
Nevertheless, due to the type of structure that has been machined and

that the technology applied is orientated to the machining of flat

12
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Fig. 22. Contour diagrams for the CFRTP/Steel configuration: a) Composite AMF vs P; b) Composite TS vs P; ¢) Composite AMF vs TS; d) Steel AMF vs P; e) Steel TS
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vs P; 1) Steel AMF vs TS.

components, the most relevant defect is the final geometrical quality.

The Fig. 21 shows the average values of the taper angle and their
respective deviations obtained from the 27 combinations of cutting
parameters made in both configurations. Small deviations are obtained
which would indicate the robustness of the proposed evaluation meth-
odology. On the one hand, as explained in the previous sections, higher
conicity values are obtained for the Steel/CFRTP configuration due to
the destabilisation of the jet by reducing its kinetic energy [34].

On the other hand, minimum taper values close to 2° are obtained in
both materials for the CFRTP/Steel configuration and a combination of
50 mm/min, 225 g/min and 420 MPa.

Thus, due to the turbulence of the waterjet in the interlayer of a
hybrid structure and the influence of the stacking order in the machining
of the same make the taper defect a key parameter to control and
evaluate. In order to determine the most influential cutting parameters

13

on the conicity generated in both materials and configurations, together
with their order of relevance, an ANOVA analysis has been performed
(Table 4).

With the exception of the composite material for the CFRTP/Steel
configuration, the 3 cutting parameters at the established levels have a
significant influence on the taper. Thus, in abrasive waterjet machining
of thermoplastic composite materials, hydraulic pressure is the most
significant parameter. However, this parameter has a greater impor-
tance when the configuration is Steel/CFRTP due to the need to increase
the cutting capacity and decrease the dispersion of kinetic energy when
machining steel. Furthermore, due to this dispersion, the traverse speed
has a great significance in the taper obtained for this stacking order.
Reduced TS are required to reduce the dispersion of the waterjet and
minimize the taper obtained.

In contrast, the results obtained in steel machining are similar in both
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configurations. However, for the CFRTP/Steel configuration, hydraulic
pressure is the most important parameter with a significance very close
to the traverse speed. In contrast, when the stack is Steel/CFRTP the
hydraulic pressure is not so influential, the main parameter in
machining being the waterjet traverse speed.

In turn, these results have been modelled by means of a second order
polynomial equation, in order to obtain predictive models and their
corresponding contour diagrams [64] in the Fig. 22.

Adjustments of 88.79% and 98.93% have been obtained for the
composite material and steel respectively, in CFRTP/Steel configura-
tion. For the Steel/CFRTP configuration, adjustments of 94.85% and
98.66% have been obtained. In general, reduced taper angle values are
obtained by increasing the hydraulic pressure, setting values between
225 g/min and 340 g/min abrasive mass flow and reducing the traverse
speed.

Based on the previous models, the lowest taper angles in both ma-
terials can be achieved when a combination of a pressure of 420 MPa, an
abrasive mass flow of 291 g/min and a traverse speed of 50 mm/min are
used for the Steel/CFRTP configuration. In the case of CFRTP/Steel,
lower taper angles are given by the use of the same parameters, but
reducing abrasive mass flow up to 225 g/min (Fig. 23). This figure shows
in red the combination of cutting parameters that reduces the taper
angle in both materials and stacking configurations based on the pre-
dictive models obtained. On the other hand, the dashed blue lines refer
to the minimum value of the variable to be optimised (taper angle)
obtained with the proposed combination of cutting parameters.

Conclusions

Machining dissimilar materials in the form of hybrid structure is a
current line of research of great interest. The difference in mechanical
properties and their stacking order directly affects the final geometrical
quality after abrasive water jet machining. This is due to the generation
of a taper defect inherent to the process due to the loss of kinetic energy.

Traditional methodologies have evaluated this defect in a very gen-
eral way by means of a ratio between widths. In this article, a more
accurate methodology is proposed through image processing. This has
made it possible to obtain maximum deviations of 0.45°

A potential trend has been established between hydraulic pressure
and taper angle obtained at 99% settings. In addition, second-order
polynomial models with fits above 90% have been obtained.

The stacking order of the materials has been identified as a key factor
in the final geometric quality. It directly affects the kinetic energy loss as
a function of the machinability of both materials. This produces a

variation in the conical geometry of the structure.

The influence of the cutting parameters on the taper angle has been
determined by means of an ANOVA analysis. Thus, hydraulic pressure is
the most influential parameter in the CFRTP/Steel configuration while
in the Steel/CFRTP configuration the most decisive parameter is the
traverse speed. Pressures close to 420 MPa increase the kinetic energy of
the water jet and its penetration capacity by minimizing the taper in
both materials. On the other hand, traverse speed values close to 50
mm/min offer a greater stabilization of the water jet by minimizing the
RCR zone and the ratio between the upper and lower width.

Consequently, the combination of a hydraulic pressure of 420 MPa,
an abrasive mass flow of 225 g/min and a travel speed of 50 mm/min
has been determined as the combination of cutting parameters that
minimizes the conicity in both materials and stacking configurations.

Finally, the surface quality has been evaluated in terms of R, and R,
and related to the cutting parameters. The influence of a high hydraulic
pressure combined with a low traverse speed has been confirmed in
order to keep the machining capacity of the jet and to generate a clean
and low roughness surface. Furthermore, similar trends have been
determined for R, and R,. Lag defects have been observed when the
traverse speed is 300 mm/min. Moreover, due to the detachment of the
thermoplastic matrix and the hydrodistortion defect, roughness values
are always higher in the composite material.
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