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Repair of damaged aircraft structural parts is a regular maintenance activity carried out to preserve airworthiness
while being economically viable. Conventional repair techniques used have negative impact on the repair quality
and environment due to dust emission. For eliminating aforementioned problem, this study investigates
controlled depth abrasive water jet (AWJ) milling for repair procedure of 3D woven CFRP composite structures
used in the new aircraft engine developed by Safran Aircraft Engines. The aim is to identify and quantify the
damage and surface contamination induced by AWJ milling. For this, the influence of milling parameters on the
damage and surface contamination is investigated through full factorial experimental study. Several character-
isation techniques like 3D optical profilometry, Scanning Electron Microscopy and X-ray tomography combined
with image processing were used for a multi-scale analysis of the machined surface damage and contamination.
In fact, the machining quality was quantified using an innovative criterion called “crater volume” (Cv). The
obtained results have shown surface contamination by embedded abrasive particles and presence of bare and
broken fibres, cracks, craters. The results show that the rate of contamination is influenced by the jet pressure

and the scan step and the Cv is influenced by the jet exposure time.

1. Introduction

Due to the more and more stringent environmental rules provided by
the aviation authorities, the aerospace industry has to drastically reduce
the fuel consumption of the aircrafts. In order to achieve this goal,
manufacturers decided to introduce advanced materials which have a
high strength to weight ratio in the aircraft structure. To do so, they have
developed cutting edge composite materials composed of polymer ma-
trix and 3D woven fibres, used either for monolithic or multi-material
structures. In service, these structures can be damaged, mainly by
erosion or impact concerning outer parts, and are rather repaired than
replaced during maintenance due to the high material and
manufacturing prices. However, the repair procedure is subjected to
strict guidelines provided by the maintenance and repair organizations
(MRO), making it expensive for the aviation companies (aircraft
grounding, highly skilled staff). In addition, as the composite repair are
more and more performed by adhesive bonding, the quality of the

* Corresponding authors.

machined surface is of primary concern to have a strong and enduring
bonded repair. However, the quality of the machined surface is strongly
influenced by the process of machining as well as the machining pa-
rameters [1-3]. In the industrial field, conventional machining is used
for material removal to remove the damaged area. Nevertheless, Carbon
Fibre Reinforced Plastics (FRPs) are difficult to machine properly
because of their heterogeneous mechanical and thermal properties. In
addition, due to the high abrasiveness of carbon fibres, important and
premature tool wear is recorded during conventional machining of
CFRPs, leading to high machining temperature and hence thermal
degradation of the matrix, which has a low thermal conductivity
compared to carbon fibres [4-6]. Another important drawback when
machining CFRP by conventional means is the emission of harmful
particles in the air, in form of carbon fibre dust, which is dangerous both
for the environment and the operator’s health [7,8]. Moreover, the main
mechanical defects produced by conventional machining of CFRP are in
form of delamination, broken fibres, fibre pull-outs and craters
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[4,5,9,10]. The location and expanse of all these defects mainly depend
on the process parameters and the machining direction with respect to
fibres orientation [11,12]. Both the thermal and mechanical defects can
lead to a drop of the mechanical properties (endurance limit) of the
structures in service [6,7,13].

Based on all these issues, the use of non-conventional machining
processes has been considered for CFRPs, such as laser beam, electro-
discharge or chemical machining. By removing the rigid tool in the
process, cutting forces are considerably reduced, making the workpiece
more easily positioned on the machining table. However, laser beam
machining generates a high temperature, resulting in the presence of
Heat Affected Zones (cracks, burns) and fumes which can be harmful for
the operator if inhaled [14-16]. This process has also a low material
removal rate compared to other techniques, increasing the machining
time which is not suitable for economic reasons [17]. Electro-discharge
machining produces also a high temperature, leading to large heat
affected areas, and other defects as fibre swelling, delamination and
recast material [18,19]. Moreover, this machining technique greatly
depends on the material’s conductivity, making more efficient for
metallic materials applications. Chemical machining, -currently
employed for metal-composite structure machining applications, is a
time consuming and dangerous process both for the operator’s health
and the environment because of the corrosive chemical products used. In
order to avoid these issues, abrasive water jet (AWJ) machining has been
suggested as a substitute non-conventional process. The water jet lowers
the spread of carbon particles, by clearing out the chips and dust, and
eradicates the heat affected zones [17,20]. Moreover, this machining
process permits to remove a constant depth even on slightly curved parts
[21,22], operation which can be complicated when machining is per-
formed by conventional techniques. Numerous studies [17,22-25] have
shown the versatility of AWJ which can machine a lot of different ma-
terials, such as titanium alloys and FRP laminates composites. To the
authors knowledge, no study has been performed concerning AWJ
machining on 3D woven composite, all the less the contamination
phenomena of composites (unidirectional laminates, 2D and 3D woven
fabrics) by abrasive grit. In addition, the mechanisms of material
removal are independent on the fibres orientation because they are
performed by micro-erosion consecutive to impact of the abrasive par-
ticles [26]. AWJ, by overcoming many drawbacks of conventional
milling, seems then to be an interesting alternative process, especially in
case of composite repair application in the aerospace field. However, as
for all machining techniques, AWJ generates several kinds of defects. On
one hand, it has been shown by Hejjaji et al. [22,25] that milling with
this technique on CFRP laminates made of unidirectional plies induces
defects and damage in form of broken fibres, fibre pull-out, fibre-matrix
debonding, craters, abrasive embedment and grooves, which location
and expanse depend on the choice of the machining parameters. All
these defects are due to the material removal occurring mainly by micro-
erosion of the matrix and brittle fracture of the fibres consecutive to
solid impact of highly energetic abrasive particles [3,22,26-30]. On the
other hand, the energy carried by water can favours delamination
phenomenon by wedge effect if the parameters are not well chosen,
which makes plain water jet machining unsuitable for composite mill-
ing. In case of AWJ, the abrasive flow rate must be carefully selected so
the fraction of energy transferred from the water to the abrasive is
important enough [21,24,31,32]. Besides, the high speed abrasive par-
ticles produce another kind of defect when impinging the machined
surface. Once embedded in the target material, they introduce stress
concentration zones which weaken the structure, by getting inside the
cracks and avoiding them to close for example. As for the other types of
defects, the degree grit embedment depends on the machining param-
eters — mainly on the energy transferred to the particles — and the milling
path as well as the nature of the material [33,34]. Indeed, the machining
strategy has to be properly designed in order to avoid sharp direction
changes which can modify the erosion conditions and then worsen the
surface quality. It is important to notice that the classical criteria used in

industry to quantify the post-machining surface quality are the average
surface roughness Ra and the surface waviness Wa. In case of AWJ
milling of CFRP laminates, Hejjaji et al. [22,25] have shown that Ra
depends on jet pressure and traverse speed in order of significance, with
low influence of scan step. Likewise, the surface waviness of the milled
specimens depends on scan step, jet pressure and traverse speed. How-
ever, surface roughness does not seem to be an efficient criterion to link
surface quality and post-machining (conventional or non-conventional
techniques) mechanical behaviour of CFRPs, both in static and fatigue,
because of contradictory results [35-37]. In order to overcome this
issue, another parameter has been considered, called “crater volume per
unit area” (Cv). Contrarily to the classical parameter (Ra), Cv permits to
take into account and quantify craters, the main defect encountered
when machining composite with AWJ. Moreover, it has been proven
than as the crater volume increases, the mechanical properties of the
machined specimens are altered [22,35]. However, no work, to the
authors’ knowledge, has been performed concerning defects identifica-
tion and quantification consecutive to AWJ milling on 3D woven com-
posite specimens.

The goal of this work is then to identify and quantify the damage
induced by abrasive water jet milling on 3D woven CFRP. The influence
of the machining parameters of the process on the different nature and
sizes of damage will be studied. To do so, specimens made of 3D woven
CFRP have been milled following a full factorial experimental design of
three machining parameters (viz. water jet pressure, traverse speed and
scan step). After the milling phase and based on several characterisation
techniques like 3D optical profilometry, Scanning Electron Microscopy
(SEM) and X-ray tomography — a multi-scale analysis of the machine-
induced damage with respect to the process parameters is discussed. A
focus is made on grit embedment and the effect of the process param-
eters on the contaminated area. Finally, the “crater volume” parameter
(Cv) expressed in terms of volume per unit area is used to quantify the
machined surface defects.

2. Material and methods
2.1. Material

The tests of this study have been performed from a plate made of
CFRP 3D woven composite. The epoxy resin and fibres constitutive of
the material are respectively referenced as PR520 (Cytec Company)
andIM7 (Hexcel Composites Company). The plate was manufactured by
light Resin Transfer Molding process, having a thickness of 9.75 + 0.04
mm and a nominal fibre volume fraction of approximately 54%. No
further details (e.g. weaving architecture and mechanical behaviour) are
presented due to the confidentiality of the material, which is the prop-
erty of Safran Aircraft Engines. As seen from Fig. 1, the surface of the
plate is rather flat (£30 um from the 3D topography) with minor
scratches due to handling and transportation. A full factorial design has
been selected, with 36 specimens (140 mm x 20 mm), all originating
from the same plate and obtained by abrasive water jet (AWJ) cutting.
For each specimen, a given set of parameters (viz. pressure, traverse
speed and scan step) was selected to mill by AWJ three identical pockets,
of size 20 mm x 20 mm.

2.2. Abrasive water jet milling machine and parameters

All the machining operations (trimming and milling) were per-
formed on an AWJ machine Mach 4c from Flow company. The different
parameters (fixed and variable) selected for the tests are gathered in
Table 1. Some parameters (such as the cutting head geometry) are fixed
for economic reasons. The abrasive employed from the machining op-
erations is a 120 mesh (around 125 pm in diameter) Arabian garnet
produced by Garnet Arabia Company Ltd from Saudi Arabia. A single size
of abrasive grit was kept for all the machining process due to limitation
of the AWJ machine (only one abrasive feeding system available).
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Fig. 1. Mixed view (optical and 3D topography) of the 3D woven CFRP composite plate. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 1
Fixed and variable parameters selected for the milling process.

Fixed parameters Variable parameters

Parameter Value Parameter Levels

Focusing tube 1.016 mm Pressure P (MPa) 98/117/137/
diameter 156

Focusing tube length 76 mm

Nozzle diameter 0.3302 mm

Type of abrasive Garnet Traverse speed V (m/ 2/4/8
sand min)

Abrasive size #120

Abrasive flow rate 0.18 kg/ Scan step S (mm) 0.5/1.0/1.5
min

Standoff distance 100 mm

According to Cénac et al. [38], there is an optimum value of the abrasive
flow rate which, with a given geometry of the cutting head and espe-
cially the nozzle diameter, maximize the cutting depth. This optimiza-
tion is of primary concern from the industrial point of view. Based on
this paper and the nozzle used in the present study, the abrasive flow
rate was fixed to 0.18 kg/min. Because the specimen’s machining
quality seems not to be significantly influenced by the standoff distance
(SoD) [22,25], this parameter was set to 100 mm, value used by other
authors [39,40] in case of milling with AWJ.

The variable parameters have been chosen thanks to the conclusion
drawn from a review concerning milling with AWJ. Indeed, the water jet
pressure, the cutting head’s traverse speed and the scan step have been
selected due to their greater influence on the pocket’s geometry
[22,26,41,42] compared to the other process parameters. Both traverse
speed and scan step are studied through three different levels (cf.
Table 1). The water jet pressure being considered as the most influential
parameter on the surface quality of machining [22,25], four levels were
taken (cf. Table 1). It has to be noted that a gap has been registered
between the instruction sent to the machine and the effective pressure
measured by the water jet machine’s manometer during milling. This
small variation in the pressure appears when the jet exits the nozzle and
has been estimated around 17 MPa. In the results section, the effective
value of the pressure is considered when mentioning “pressure”. Of
course, considering that the standoff distance is set to 100 mm, the jet is
expected to expand significantly, at first sight making the use scan step
values close to the nozzle diameter inconsistent to analyse the effect of
this machining parameter on the contamination rate. However, the jet
geometry has already been investigated in a previous study [43]. Indeed,
the jet has been filmed with high speed camera which permitted to
distinguish the two zones described previously. The primary jet, which
carries the particles and then has the cutting role, has a diameter being
estimated around 1.5 mm at 100 mm from the nozzle exit and for the jet
pressures presented in this study. In addition, according to several

works, [44,45], there is a Gaussian distribution of the grits within the
jet. That is why the estimation of the “effective” jet diameter being close
to the nozzle diameter, which is 1.016 mm, has been made, which jus-
tifies the chosen values of scan step chosen presented in Table 1.
Following a full factorial design, 36 specimens, with three replicates,
have been machined, hence 108 milled pockets.

Because of the lightness of the specimens, they needed to be clamped
on the machining table so the water swirl did not make them move (cf.
Fig. 2a). A raster scan pattern was considered as the pocket milling path
with a machining direction parallel to the specimen’s width. To avoid
the disparity of erosion due to the speed variations, the changes of
milling direction occurred outside the specimens (cf. Fig. 2b). With this
safety distance of 60 mm, the traverse speed is stabilized throughout the
milling process.

2.3. Characterization methods

2.3.1. Topographies acquisition

The topography of all the pockets were made thanks to optical pro-
filometer Infinite Focus SL from Alicona (cf. Fig. 3) The measurements
are performed with a technique called focus variation, acquiring the
coordinates of each pixel centre of the scanned area by autofocus along
the device’s optical axis. Table 2 gathers the parameters used for the
different measurements. The selected parameters allow a good
compromise between acquisition precision (0.1 um) and time (around
15 min for each scan).

2.3.2. Surface quality and defects

The machining quality was quantified thanks to the volume of craters
produced during milling i.e. the volume between the mean least squares
plane and the effective bottom surface. The mean plane used to calculate
the crater volume is the same which has permitted to measure the mean
depth of cut on a previous study [43]. Then, every void below this plane
has been considered as over-erosion and qualified as “crater”. No
elimination of surface form has been performed before the calculation as
the specimens are thick enough (9.75 mm) to avoid deformation
consecutive to residual stress induced by machining. In addition, this
mean plane is mathematically estimated by least squares method
implemented in the post-processing software of Alicona profilometer.
This technique was initially proposed by Hejjaji et al. when machining
composite laminates made of unidirectional plies [22,25] and has
proven to be a good estimator of the post-machining surface quality. The
measurements have been performed thanks to the topology profiles from
the profilometer. The scanned area is 14 mm x 14 mm on the pocket’s
bottom in order to avoid the edge effects consecutive to the jet entry and
exit on the material. The volume of craters is then divided by the
scanned surface in order to have a volume by unit area which is better
for comparison between the specimens. The obtained results were
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Fig. 2. (a) Set up of the machining operations and (b) Schematic top view of the milling path strategy. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 3. Optical profilometer used for the topographies acquisition. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Table 2

Parameters used for the profiles and topographies acquisition.
Parameter Value
Objective 10x
Vertical resolution (um) 0.1
Lateral resolution (um) 2.0
Scanned surface (mm?) 16.8 x 16.8
Used surface (mm?) 14.0 x 14.0

correlated with SEM images for identification and quantification of the
surface damage. Moreover, some measurements with classical surface
quality (surface roughness Ra and waviness Wa) have also been made
from the topologies using the software provided by Alicona. Each line
detailed on Fig. 4 corresponds to10 profiles separated by 4 ym. Two sets
of three measurements have been performed, respectively in the warp
direction along the jet path (L; to L3) and in the weft direction
perpendicularly to the jet path (T to T3). A Gaussian filter, with a cut-off
length of 2.5 mm, has been used to separate the roughness from the
waviness. The surface roughness and waviness in the warp (Ra;, and

Way) and weft ((Rar and War) directions of the reference surface (pre-
water jet milled) are respectively Ra;, = 1.77 + 0.27 um, Wa, = 3.79 +
0.37 ym, Rat = 1.45 + 0.17 um and War = 3.65 + 0.69 um.

Scanning electron microscope (SEM) was used to find and identify
various machining induced defects on the machined surface (cf. Fig. 5).
SEM images obtained from secondary electron (SE) sensor at different
magnification levels was used to identify the nature and form of various
defects, in addition, back scattered electron (BSE) images were used to
highlight the presence of abrasive particles stuck on the machined sur-
face. Indeed, the BSE sensor differentiates various elements present on
the studied surface based on their atomic number and hence produces a
grey scale image of the surface where elements with lower atomic
numbers are darker and vice versa. Based on the processing of these BSE
images (ImageJ software), the contaminated area by the abrasive par-
ticles has been quantified which represents the ratio between the area
taken up by the particles over the total area analysed by SEM viz. 5 mm
x 5 mm which is considered as wide enough to capture the tow and resin
rich regions.

X-ray tomography images have been performed with a Micro-
Tomography Easy Tom 130 machine. A 360° exposure of the
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Fig. 4. Schematic view to illustrate the location of 2D profiles extraction for the
Ra and Wa measurement from the topologies of machined surfaces (14 x 14
mm) for both directions “warp” (L; to L3) and “weft” (T; to T3). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

A SEM system
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Fig. 5. Scanning Electron Microscope used for the observations of the milled
surfaces. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

specimens have permitted to obtain images from the three space plans.
The distance between the specimen and the X-Ray source is around 3 cm.
The X-ray current and voltage were respectively set to 100 mA and 80
kV. In addition, the source spot has a size of 3 mm. With these param-
eters, the maximum resolution of measurement was 25 um.

3. Results and discussion
3.1. Types of defects

As mentioned in Section 2.3.2, the first thing to notice is that none of
the specimens are distorted after pockets machining, contrarily to the
results observed by Hejjaji et al. [22], after machining of CFRP speci-
mens made of unidirectional plies. This difference can be explained by
the fact that, on one side, the thickness of their specimens (around 2
mm) is way smaller than the one in the present study (around 9.75 mm),
which implies a greater deformation of the specimens consecutive to
residual stress induced by machining. On the other side, in the current
study, pockets (20 mm x 20 mm) have been milled on specimens
characterized by a dimension of 20 mm x 150 mm. However, in the

work conducted by Hejjaji et al. [22], the milling zone concerns all the
top surface of the specimens. In this case, the removal of some plies can
modify the balance in the composite lay-up and then favour the
distortion of the specimens. In addition, in the present study, the 3D
weaving architecture leads to avoid this imbalance leading to flat sur-
faces. The material removal during AWJ milling is mainly by means of
micro erosion caused by solid particle impact. This physical interaction
between abrasive particles and the composite workpiece gives rise to a
modified surface with several kinds of localised surface flaws. Therefore,
Scanning Electron Microscope (SEM) was used to observe and identify
various machining induced defects on the surface. However, the most
prominent defect that was observed was large craters on the machined
surface, which was visible to the naked eye and having an average
diameter of 2 mm (cf. Fig. 6a). It is to be noted that these macro craters
(red dotted circles in Fig. 6a) are created due to the fibre weaving ar-
chitecture of the 3D composite. Contrarily to what is expected, the fibre
tows (red dotted circles in Fig. 6b) on the 3D composite are more easily
eroded by the AWJ than the white resin rich areas, hence giving rise to a
crater of the similar size. This is due to the fact that the fibre tows are
constitutive of discrete entities (fibres) which are easily broken by the
abrasive particles. In this case, the material is removed by steps which
depth is equal to the fibres diameter. On the opposite, the resin rich
regions of the specimens (white zones in Fig. 6b) act like an homoge-
neous material which has to be eroded and/or cut.

Further, high magnification SEM analysis of the machined surface
reveals several other micro size defects. The most prominent micro
defect was bare and broken fibres. This defect was found across all
specimens irrespective of the machining parameters. The bare fibres are
the exposed fibre filaments due to removal of the matrix (cf. Fig. 7a). In
addition, broken fibres were found all across the surface, especially near
the walls of the macro craters (cf. Fig. 7b). Some fibres were broken due
to longitudinal and transverse cracks (cf. Fig. 7c & d). By having a closer
look on Fig. 7d, it can be noticed that some fibres are chipped, probably
indicating the origin of particles impact. Cracks being located at the
vicinity of these impact zones, it may be considered that they are the
results of several smaller cracks, originating from these impact zones,
which have merged. It has to be noted that Pahuja & Ramulu [46] also
noticed exposed fibres as well fibre breaking in case of machining
randomly chopped discontinuous fibre composites by abrasive water jet.
This material is characterised, as it is the case in the present study, by
resin rich regions.

Another major defect observed was microscopic craters, which can
be termed as micro craters in order to differentiate from large craters (cf.
Fig. 8). SEM analysis revealed that diameter of these microscopic craters
ranged between of 80 um and 200 ym and were randomly distributed
across the machined surface irrespective of the machining parameters.
They were also found on the bottom surface of the macro craters. These
micro craters can form stress concentration zones and can be detri-
mental to the material integrity of the machined component.

Apart from these major defects matrix erosion and fibre matrix
debonding was observed in some specimens (cf. Fig. 9). The occurrence
of these defects was related to the jet traverse speed. As the jet traverse
speed increased, the presence of debonding and matrix erosion was
predominant. Similar results were reported by Hejjaji et al. [22] and it
was attributed to the fact that the jet-workpiece interaction time is
greatly reduced at higher traverse speeds. Hence the energy transfer
time available to the abrasive particles is less, which means the jet
stream is unable to remove the fibres effectively. However, the matrix
being softer than the carbon fibres, comparatively lesser energy (only
water) is enough to erode it. Therefore, at higher jet traverse speeds
greater presence of debonding and matrix erosion is observed.

In addition, the X-ray tomography images have highlighted the
presence of cracks up to 2 mm long which are perpendicular to the
machined surface (cf. Fig. 10). It has to be noticed that these cracks are
located close to the free edges of the specimens, were the jet enters the
material. The analysis of the X-Ray images also reveals that the



Fig. 6. (a) Topography image showing macro crater on the AWJ milled surface [P = 98 MPa/SS = 0.5 mm/V = 2 m/min] and (b) dimension of a single fibre tow in
the 3D woven architecture. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Different kinds of microscopic defects on the AWJ milled surface, (a) Bare/exposed fibres, (b) broken fibres along the macro crater wall, (¢) & (d) longitudinal
and transverse fibre cracks. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. SEM images showing craters of several sizes on the AWJ milled surface. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 9. SEM images showing (a) fibre-matrix debonding and (b) matrix erosion on the AWJ milled surface. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 10. X-ray tomography images showing cracks perpendicular to the surface throughout the milled zone close to both the free edges (a) and (b) of the specimens
[P = 156 MPa/SS = 0.5 mm/V = 4 m/min]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

propagation depth of the cracks within the specimens is around 3 mm.
As the cracks have been found along the pocket’s free edge, it can be
concluded that these defects originate from the entrance and exit of the
water jet within the material during milling. No such defects have been
found neither on the machined surface, nor along the free edges far from
the pockets, which supports this conclusion.

Another major issue during AWJ milling was surface contamination
due to embedment of abrasive particles in the machined surface. Abra-
sive particle embedment does not cause any physical material damage to
the machined surface, hence this issue is dealt separately in the
following section.

3.2. Quantification of the surface quality

3.2.1. Contamination

The abrasive particles (garnet sand) used for milling are harder than
the matrix and the carbon fibres present in the composite workpiece.
This can lead to surface contamination by embedment of the abrasive
particles on the milled surface. Generally, loosely embedded particles
are easily removed by the flushing action of the water jet (secondary jet),
but some particles get fragmented after impacting the workpiece surface
and these smaller fragments get deeply embedded in the matrix rich

regions and the crevices formed between carbon fibres [46,47]. To
investigate this phenomenon, scanning electron microscopy (SEM) was
used in the back scattered electron (BSE) mode, where the obtained
images show various levels of brightness depending on the atomic
number of the element present. Hence, the heavier abrasive particles
(containing Si and Al) appear lighter/brighter than the surrounding
carbon fibres or matrix (cf. Fig. 11). Also, it can be noticed that the
embedded abrasive particles (light areas in the Fig. 11) are smaller than
the initial diameter of 125 um (#120) and has sharp edges indicating
that these are the fragments formed due to interactions inside the mixing
chamber or after impacting the workpiece. Similar observations have
been performed by Fowler et al. [33] in case of machining titanium
alloy. The SEM-BSE images indicated that the smaller particles are
embedded in between the fibres and cracks whereas larger ones are
inside the micro craters. In the context of composite repair, the milled
surface will be the parent surface on with the repair plies will be bonded
using a suitable adhesive and when such contamination is present on the
bonding surface it can lead to poor bonding and hence an inferior quality
repair. Contrarily to metallic materials, a post-machining plain waterjet
cleaning process cannot be performed on composite materials because of
the great sensibility of the matrix to the water erosion [21,31] and only
pressurized air can be used in order to remove the loose and lightly
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Fig. 11. Contamination of the milled surface by abrasive particles embedment
[P =98 MPa/SS = 1.5 mm/V = 4 m/min]. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

embedded particles. Even with post machining air cleaning the abrasive
particles are not removed in whole. Hence, the best way to reduce
contamination is to use the machining parameters that leads to least
contamination. In this context, the influence of machining parameters
on the abrasive particle contamination is studied by analysing the SEM-
BSE images (Greyscale Threshold tool in ImageJ) to obtain the
contamination area in terms of percentage.

The effect of jet pressure and scan step on the abrasive particle
contamination when machining at a traverse speed of 4 m/min is pre-
sented in the Fig. 12. It is clearly noticed that an increase in jet pressure
induces lower levels of surface contamination. Indeed, at a scan step of
0.5 mm, the percentage of contaminated area drops from 0.8% to 0.2%
for jet pressures of respectively 98 MPa and 137 MPa. From the flow
mechanics studies, it is known that the abrasive water jet has two
components: a primary jet which is the effective jet that carries abrasive
particles and a secondary jet which is mostly water. This secondary jet
does not contain abrasive particles and does not contribute to any cut-
ting action. However, it aids in water erosion of the softer matrix ma-
terial, meanwhile it also flushes the loose abrasive particles embedded in
the matrix. Hence, with increasing pressure the flushing action of sec-
ondary jet increases too, reducing the contamination.

The Fig. 12 suggests that contamination increases with increasing
scan step. However, a closer investigation by plotting the complete
range of scan steps used for the studies reveals a different outcome. From
the Fig. 13, it is clearly seen that the least contamination is obtained
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Fig. 12. Effect of the jet pressure and scan step on the percentage of contam-
inated area when machining is done with traverse speed of 4 m/min. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 13. Effect of the scan step on the percentage of contaminated area when
machining is done with jet pressure of 98 MPa and 117 MPa and at traverse
speed of 4 m/min. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

when using a scan step of 1 mm irrespective of the pressure. As explained
in Section 2.2, the effective jet diameter is considered to be close to the
nozzle diameter used for the machining, which is 1.016 mm. Therefore,
when the scan step is 1 mm, the adjacent jet traverse paths just brush
each other and there is no overlapping or exclusion of the workpiece
surface. Consequently, when the primary jet is removing material in its
path, the secondary jet will be flushing out loosely embedded particles in
the previous adjacent jet path leading to a lower contamination levels.
However, when a scan step of 0.5 mm or 1.5 mm is considered, the
adjacent jet paths overlap and isolate respectively. When the jet paths
overlap (SS = 0.5 mm), milling occurs on already machined surface,
leading to aggravate the formation of cracks and micro-craters where
abrasive particle embedment occurs. Whereas, when the jet paths isolate
each other (SS = 1.5 mm), the excluded region is mainly machined by
the secondary jet which mostly erodes the matrix and creates crevices
leading to abrasive particle embedment. In addition, due to the
increased distance between adjacent traverse paths, the secondary jet
would be weaker at that distance and the flushing action is ineffective.
Hence, a higher jet pressure and scan step equal to the primary jet
diameter is recommend for reducing abrasive particle contamination.

In addition, the influence of jet traverse speed on the contamination
levels was not very clear. Though higher levels of contamination were
found at low traverse speed (2 m/min) the contamination levels
remained almost the same for the other speeds. Therefore, to get a clear
affirmation, a wider range of speeds must be considered for the study.
Finally, though all the machining parameters influence the degree of
contamination, the values of contaminated areas are very low (around
1%), especially compared to metallic materials with similar sets of
machining parameters (around 30% in case of machining of titanium
alloy [341).

3.2.2. Surface damage and defects

When dealing with surface quality, surface roughness (Ra) and
waviness (Wa) are the most commonly used parameters. In the current
study, this approach is not relevant as shown from Fig. 14. Each line
detailed on the picture corresponds to10 profiles separated by 4 um and
the results are mean values obtained with a cutting length of 2.5 mm. A
great disparity within the results, depending on the measured area and
the direction of scanning, has been observed. Indeed, surface roughness
and waviness of the machined surface vary respectively from 15.8 to
24.2 ym and 61.5 to 73.5 ym when measuring along the jet path (L; to
Ls). Furthermore, in case of measuring perpendicularly to the jet path
(T; to T3), surface roughness and waviness vary respectively from 17.2
to 32.2 ym and from 35.0 to 62.0 pm. These scattered values can be
mainly attributed to the weaving architecture of the specimen.
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Moreover, because of the local definition of both surface roughness and
waviness, they do not take into account one of the most recorded type of
defect on the specimens which is craters. In addition, several studies
performed by Arola & Ramulu [48,49] have shown that the use of Ra to
deduce the reduction in mechanical properties (both in static and fa-
tigue) can be misleading when trimming Fibre Reinforced Plastics.
Hence, it is necessary to find another criterion to quantify the surface
quality.

As explained in Section 2.3.2, crater volume per unit area Cv is used
in order to quantify the surface quality of the machined surface.
Contrarily to other criteria, as surface roughness and waviness, Cv can
take into account multi-scale defects such as craters. Moreover, this
criterion permits to quantify the recessed volume consecutive to AWJ
milling which can be an asset when considering post-machining oper-
ations such as bonding for example.

The mean effects of the milling parameters on the crater volume by
unit area (Cv) are presented on Fig. 15. Each point of the graphs cor-
responds to a mean value of all specimens with similar set of parameters.
For example, each point from Fig. 15a has the same set of pressure and
traverse speed, with different scan steps. This parameter is then “hid-
den” and the focus is made on the combined influence of pressure and
traverses speed.

It can be seen from Fig. 15a that the jet pressure greatly influences Cv
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in case of milling with low traverse speed (2 m/min). Indeed, when the
pressure varies from 98 MPa to 156 MPa, the crater volume per unit area
increases from 4.46 mm®/cm? to 6.13 mm®/cm?. Milling with a low
traverse speed leads to a long jet exposure time on the specimen.
Because of the material’s inhomogeneity, the matrix being more easily
removed by the abrasive waterjet than the fibres, the disparity of
removal is increased. The higher the jet energy (e.g. the higher the
pressure), the greater this difference. By increasing the traverse speed,
the effect of pressure on Cv is significantly reduced. This seems to prove
that the jet exposure time is of crucial importance when considering the
surface quality. Moreover, as the traverse speed increases, the crater
volume slightly decreases, from around 4.7 mm?®/cm? to 4.0 mm?®/cm?
for traverse speeds of respectively 4 m/min and 8 m/min.

The results from Fig. 15b emphasize the effect of scan step on the
surface quality. Indeed, milling with a scan step smaller than the jet
diameter (e.g. 0.5 mm) leads to an increase of craters as the pressure
increases. Indeed, when the pressure increases from 98 MPa to 156 MPa,
Cv rises from 4.43 mm®/cm? to 5.92 mm®/cm? This trend can be
explained by the important degree of overlapping of two consecutive
trenches when milling with a scan step of 0.5 mm. The defects created by
a jet pass are worsen by the next one, reducing the surface quality. On
the contrary, milling with a scan step around the nozzle diameter (1
mm) leads to an almost constant surface quality, which can be attributed
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Fig. 15. Mean combined effect of (a) pressure and traverse speed and (b) pressure and scan step on the crater volume by unit area Cv. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)



to the bare and broken fibres as well as the macro craters originating
from the weaving architecture observed on every milled specimen,
whatever the pressure is. In this case, the already milled material is not
furtherly removed as only the secondary jet, which has no cutting action,
overlaps the previously machined material. The same trend observed
with a scan step of 1.5 mm tends to show that the effective nozzle
diameter is a bit greater than expected. Indeed, after measurement, it
was found that the diameter is around 1.2 mm, due to erosion wear. This
consolidates the above explanations.

4. Conclusion

The experimental study of AWJ milling of 3D woven CFRP was
presented in this paper. The defects and damage consecutive to
machining have been quantified thanks to the crater volume which has
proven to be an effective method. Based on the obtained results, the
following conclusions can be drawn:

e At macro level and for any machining conditions, large craters with a
diameter around 2 mm, are observed. The dimensions of these cra-
ters can be related to the mesh of the weaving architecture of the
composite specimens. However, at micro level, several types of
damage have been highlighted. Indeed, the major defect, present on
all the specimens scanned with the SEM, is in form of bare and
broken fibres. When milling with high speed, due the limited expo-
sure time, only the matrix is eroded which initiates fibre-matrix
debonding. In addition, smaller craters have been noticed within
the macro craters walls.

Grit embedment has also been observed for all the milled specimens,
whose rate depends on the machining parameters. Indeed, the in-
crease of the jet pressure leads to a decrease of the contamination
rate, due to the higher influence of erosion by water, which jets out
the embedded particles and cleans the surface. Similarly, as the
traverse speed increases, the jet exposure time on the workpiece
decreases, hence also the contaminated area. Based on the SEM im-
ages, embedded grits within the composite material are located be-
tween fibres or inside cracks. However, though all the machining
parameters influence the rate of contamination, the recorded values
are way inferior to the ones estimated on metallic materials. This
might mean that no heavy additional cleaning process is needed in
order to have a surface suitable secondary purposes like bonding
applications.

Based on the topographies of the machined surfaces of the 3D com-
posite material, it was clearly observed that the jet pressure com-
bined with the jet exposure time, through the traverse speed and scan
step, are greatly influencing the crater volume (Cv). This parameter
(Cv) has then proven to be an efficient indicator to quantify the
surface defects and damage consecutive to the AWJ milling process.
Indeed, multi-scale analysis performed by SEM image processing on
specimens with different process parameters consolidate the Cv
measurements. However, it can be noticed that Cv does not take into
account the problem of abrasive particle embedment, which can fill
in the carters generated by the AWJ milling process, hence reducing
the value of Cv.
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