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A B S T R A C T

In aerospace maintenance, repair and overhaul operations, additive manufacturing (AM) holds great potential for 
composite repair, providing a precise and customized approach to fabricating repair patches for damaged 
structures and reduce waste. Given the circularity and economic advantages, repairing composite structures is 
often preferable to replacement. This study explores the use of abrasive waterjet process for machining and 
texturing AM composites composed of micro carbon infused nylon matrix and continuous carbon fiber rein
forcement. Four surface conditions were investigated: (I) machined without additional surface preparation, and 
(II, III, IV) machined followed by three levels of texturation - good, medium, and poor. These surfaces are 
quantitatively evaluated based on crater volume (Cv) and arithmetic mean height (Sa). The mechanism of 
material removal was investigated by surface texture analysis and scanning electron microscopy. A prediction 
model was developed and experimentally validated for assessing the correlation of Cv and Sa. Results show an 
ascending trend in both Cv and Sa values from condition I to IV. The study reveals important findings on 
machined surface characteristics and their preparation for adhesive bonding, which are crucial for integrating 
repair patches onto parent structures.

1. Introduction

Modern industrial scenarios demand emphasis on sustainability and 
resource optimization [1] driving advancements in circular 
manufacturing practices [2,3]. In aerospace engineering, ‘repairing’ 
structures rather than ‘replacing’ them has emerged as a key strategy, 
driven by both sustainability and cost-efficiency considerations [4]. 
Additive manufacturing (AM) plays a significant role in formulating 
precise and customizable solutions within the realm of Industry 4.0/5.0 
[5] and could integrate well into maintenance, repair and overhaul 
operations. Material extrusion (MEX), one of several AM techniques [6], 
in which the filament is heated and deposited layer by layer through a 
controlled extrusion process, has recently gained significant attention 
due to the development of long fiber-reinforced filaments [7]. The 
orientation of these fibers, governed by the filament deposit direction, 

plays an important role in achieving strong mechanical properties of the 
printed parts.

Designed to provide superior strength-to-weight ratios, excellent 
fatigue resistance, and robust corrosion resistance, CFRP composites are 
ideal for a variety of aerospace applications [8–10]. Nevertheless, dur
ing service, CFRP composites are susceptible for various forms of 
structural damage from impact and erosion. This damage can lead to loss 
of load-bearing capabilities, reduced fatigue life, and compromised 
aircraft integrity [11]. When an aircraft is stationed for repair, it is 
essential to follow agile procedures that restore the mechanical prop
erties of the repaired area to closely match those of the undamaged 
structure. Repair procedures are generally broken down into six phases: 
1) identifying and characterizing the damage zone; 2) machining of 
damaged area; 3) surface preparation for repair; 4) designing a patch to 
match the machined dimensions; 5) adhesive bonding; and finally, 6) 
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inspection and certification [11]. In this context, machining of the 
damaged area (phase 2) is typically carried out using traditional 
machining processes (e.g. milling, grinding and trimming) [8]. How
ever, these processes are disadvantageous and unsuitable for CFRP 
composites due to the mechanical and thermal damage they can induce 
[12,13]. The complexity of machining CFRP composites arises from the 
variations in thermal, mechanical and physical material properties be
tween the fiber reinforcements and the polymer matrix. Additionally, 
the mechanisms of material removal is highly influenced by the cutting 
speed and fiber orientation [14]. Also, it poses a health risk to operators, 
as they unavoidably tend to inhale the noxious fine particles generated 
by the intricate cutting mechanisms during machining [15]. Moreover, 
the deviations in the mechanical behavior of composites from their 
original bulk properties are often attributed to the quality of the 
machining process [16–18].

Abrasive waterjet (AWJ) process is a well-regarded non-traditional 
material removal technique, recognized for its efficiency across a wide 
spectrum of materials, including CFRP composites [19]. AWJ has been 
increasingly employed in the material removal of composites, and 
several studies also confirm its feasibility [20–22]. Prior research has 
demonstrated the effectiveness of AWJ in enhancing the surface quality 
of fiber-reinforced polymers through the optimization of machining 
variables for carbon/epoxy composites [12,16,23]. Unlike traditional 
methods, AWJ exerts minimal forces on the workpiece during 
machining and eliminates the need for specialized tooling, thereby 
preventing the formation of heat affected zones [9]. In AWJ machining, 
the material removal occurs through micro-erosion resulting from the 
impact of abrasive particles. These particles strike the workpiece sur
face, inducing high contact stresses leading to micro fractures, chipping 
and lateral crack formation [24]. In the case of carbon/epoxy compos
ites, this process results in broken fibers and micro-craters on the 
machined surface due to the brittle nature of the reinforced carbon fiber 
(CF), resulting in a combination of micro-machining and brittle fracture 
[8,25,26]. Haddad et al., showed that carbon/epoxy specimens trimmed 
using the AWJ process exhibited compressive failure stress at values 15 
% higher than those trimmed with conventional methods such as burr 
tools [23]. However, literature lacks comprehensive studies on the 
machining and texturing quality achieved through AWJ processes and 
their impact on the mechanical behavior of composite structures made 
from carbon/thermoplastic composites. These insights are crucial in the 
field of composite repair. To the best of our knowledge, the mechanisms 
of material removal in AM based carbon/thermoplastic composite ma
terials during AWJ process have not yet been identified.

Surface roughness, Ra, the line-based measurement technique is 
commonly used to evaluate the machined surfaces. However, its appli
cation to composite materials made form carbon/epoxy has produced 
inconsistent results [23,27,28]. Research suggests that surface rough
ness may not be a clear indicator of strength in polymer composites, with 
delamination being a more critical factor [29]. Therefore, while Ra is a 
well-suited parameter for assessing surface roughness in metals [30], it 
may not reliably characterize machined composite structures. Relying 
solely on Ra to assess machining quality may not capture the full scope 
of surface characteristics [8,27]. Hence, crater volume (Cv) is increas
ingly recognized as a preferred criterion for surface quality evaluation 
during machining of composite materials [8,9,11]. Cv, quantifies the 
volume of material removal per unit area due to the impact of AWJ 
machining. It can be defined mathematically as: 

Cv=

∫

A
h(x, y)dA

A
(1) 

Where: A is the area over which the crater is formed (in cm2) and h 
(x, y) is the depth of the crater at any point (x, y) on the surface (mm). 
The equation calculates the total area of the crater (in mm3) and then 
normalizes it by the area (in cm2) to provide the crater volume per unit 
area. Unlike Ra, Cv provides a deeper assessment of surface integrity, 

particularly in carbon/epoxy composites and correlates well with me
chanical behavior, making it pertinent over the traditional roughness 
metrics [8,9,31]. Sa, the arithmetic mean height of a surface, comple
ments Cv by assessing the average height deviations and surface 
roughness [11,13]. Together, Cv and Sa offer a comprehensive evalua
tion, capturing both the volumetric and roughness aspects. Applying 
these parameters to carbon/thermoplastic composites shows promise for 
better understanding surface characteristics.

As outlined in Fig. 1, this study investigates the integration of AWJ 
machining and continuous fiber MEX fabrication for composite repair. 
By evaluating various surface texturation intensities and identifying 
optimal AWJ parameters, this research seeks to enhance adhesive 
bonding and repair effectiveness in MEX fabricated parts. The experi
mental approach involves creating four distinct surface conditions based 
on texturation intensity. These conditions are assessed using surface 
topography analysis, as well as Scanning Electron Microscopy (SEM) 
characterization. The study investigates unidirectional (UD) and multi
directional (MD) configurations. Additionally, this work involves the 
development of a prediction model to assess key surface characteristics, 
specifically Cv and Sa, offering a quantitative framework for predicting 
outcomes in the context of composite repair.

2. Materials and experimentation

2.1. Composite materials

This study employs a Markforged Mark-Two 3D printer, which in
tegrates MEX with continuous filament fabrication techniques. Speci
mens were fabricated using continuous CF reinforcement within an onyx 
thermoplastic matrix, both sourced from Markforged Corporation. Onyx, 
a commercial term coined by Markforged, refers to a micro CF filled 
nylon filament known for its high strength, toughness, and excellent 
surface finish [32]. The continuous carbon fibers tows consist of several 
individual carbon fibers strands that are encased in an onyx thermo
plastic matrix. The fibers as well as the matrix are sizing compatible. 
Appropriate spacing in the range of 200–250 μm was achieved between 
fiber tows in the continuous fiber samples. During the MEX process, this 
thermoplastic coating thermally fuses to the part as it is extruded 
through the heated nozzle. The mechanical properties of the composite 
used in this study are listed in Table 1 [33].

Print settings were configured using the proprietary software 
Eiger™, utilizing a 100 % infill strategy with an isotropic fiber fill type 
to ensure uniform material properties, structural integrity and suit
ability for subsequent machining and texturing operations. The 100 % 
infill strategy reduces internal voids and porosity, resulting in dense 
specimens with minimized internal voids and porosity, critical for 
maintaining mechanical performance against the forces exerted during 
AWJ machining. The isotropic fiber type provides consistent mechanical 
properties across all in–plane directions, especially under interlaminar 
loading, which is essential for accurately evaluating surface character
istics during AWJ machining. The printer features a dual-nozzle system: 
one dedicated to the matrix and the other to the reinforcement. The 
matrix and fiber nozzles operate at 272 ◦C and 250 ◦C respectively, with 
the fiber nozzle alternating with the matrix nozzle, embedding contin
uous CF within the matrix layers. The onyx deposition is synchronized 
with the print head movement to ensure alignment with the design 
strategy. Only one nozzle extrudes material at a time, with each layer 
being 0.125 mm thick. The non-heated, kinematic coupled build plat
form allows for immediate part removal upon print completion. Fig. 2
provides the working principle schematic, the printing process of the 
plate, and an illustration of the stacking sequence for both orientations. 
As detailed in Table 2, these dimensions were selected to utilize the 
maximum printable area and produce the largest possible individual 
specimens of 100 mm × 25 mm from each plate. An additional margin 
around the edges was included to ensure uniformity in specimen pro
files, allowing for precise cutting. This margin also accounted for the CF 

A. Chandra Shekar et al.                                                                                                                                                                                                                      Wear 570 (2025) 205982 

2 



layer cuts at the plate ends, ensuring that only the highest quality sec
tions were selected for the study. The thicknesses of 2.28 mm and 2.5 
mm were chosen to closely replicate typical aircraft fuselage frames, 
which generally range from 2 mm to 3 mm [34–36].

A specific 25 mm × 25 mm area on the surface of each 100 mm × 25 
mm specimen was designated for machining and texturation. The onyx- 
CF composite achieved an estimated fiber volume fraction of 56 %, 
calculated using the rule of mixtures based on the cross-sectional areas 
of both CF and the matrix, assuming uniform thickness [37].

2.2. Machining and texturing using AWJ

The cutting, machining and texturing of specimens were carried out 

using an AWJ machine, equipped with a Hyplex pump and Paser 4 
nozzle called Mach 4c from Flow International corporation. The AWJ 
process parameters are provided in Table 3. The machining parameters 
considered in this work were obtained through a systematic approach, 
combining insights from earlier literature on texturing and refined 
through iterative experimental trials [11,38]. Previous research high
lights WP and TS as the most influential parameters in AWJ processes for 
material removal [8,9]. For texturing, earlier studies identified optimal 
ranges of WP (60–100 MPa) and TS (10–15 m/min) to balance material 
removal efficiency and surface integrity [39]. Drawing from these 
findings, a WP of 100 MPa was identified as optimal for machining, 
ensuring effective material removal while preserving the structural 
stability of the composite specimens, as higher pressures risked 
compromising the specimens. With WP fixed at 100 MPa, TS was opti
mized through iterative trials, leading to the selection of 5 m/min as the 
optimal speed for machining. This parameter combination, as detailed in 
Table 3, produced clean, defect-free cuts ensuring that the specimens 
were well-prepared for subsequent texturing and analysis.

Abrasives used in the operations were procured from Wuxi Ding Long 
Minerals Ltd. To ensure stability during machining, the MEX – fabricated 
composite specimens were securely fastened to a long wooden platform 
attached to the machining table, preventing any inadvertent movement 
caused due to waterjet’s traverse between passes. A raster scan pattern 
strategy is employed along the y-direction, as illustrated in Fig. 3a. To 
mitigate excessive material erosion caused by variations in traverse 
speed occurring due to jet direction changes, a 100 mm jet traverse 
extension was added on both sides of the specimen [11]. This extension 
helps counteract changes in the machine head induced when the jet 

Fig. 1. Overview of the research methodology used in this study.

Table 1 
Mechanical properties of onyx and continuous carbon fiber used in this work 
(adapted from Ref. [33]).

Parameter Onyx Carbon Fiber

Tensile strength (MPa) – 800
Tensile modulus (GPa) 2.4 60
Tensile strain at break (%) 25 1.5
Flexural strength (MPa) 71 540
Flexural modulus (GPa) 3.0 51
Flexural strain at break (%) – 1.2
Compressive strength (MPa) – 420
Compressive modulus (GPa) – 62
Compressive strain at break (%) – 0.7
Izod Impact – notched (J/m) 330 960

Fig. 2. MEX fabricated composite used in this study: a) Schematic of the printing process, b) plate during print, c) and d) Illustration of stacking sequence for UD and 
MD orientation respectively.
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reverses direction between passes. A scan step of 1 mm and a stand-off 
distance of 100 mm were maintained throughout machining and 
texturing to ensure uniformity and reduce abrasive embedment 
contamination [9,10,39]. While specific tests for scan step and stand-off 
distance were not conducted in this work, the values of 1 mm and 100 
mm respectively have been validated in earlier research [9,39], which 
demonstrated their effectiveness in achieving consistent results and 
minimizing contamination.

The composite specimens were cut from the parent plate using the 
parameters in Table 3, resulting in clean, defect-free cuts with no 
delamination or matrix bulging. This ensured the integrity of the spec
imen edges for subsequent machining and texturing processes (Table 4). 
After cutting, the specimens were machined to remove approximately 
half their material thickness in preparation for texturing. Preliminary 
tests identified a waterjet pressure of 100 MPa as optimal for precise 
material removal and consistent surface profiles, as shown in Fig. 3b.

After completing the machining phase (Condition I), the objective 
shifted to assessing the impact of machining parameters on texturation 
quality (conditions II – IV). In this regard, a series of systematic trials 
were conducted to identify optimal input parameters for fine texturation 
without significantly reducing specimen thickness. Waterjet pressures 
ranging from 80 to 100 MPa were tested in 5 MPa increments, while jet 
traverse speeds were varied between 5 and 15 m/min [39]. This range of 
waterjet pressures (80–100 MPa) was established based on insights from 
our earlier work [39], which investigated surface texturing parameters 
for AM composites, and identified this range as optimal for effective 
material removal. These insights were considered in the current study to 
test pressures within this range at 5 MPa increments to texture the 
machined specimens.

After each trial, surface profilometric studies were conducted to 
evaluate material removal depth and surface quality in relation to the 
input variables. As a result, these trials yielded three distinct texturing 
conditions: 80 MPa at 10 m/min (condition II), 85 MPa at 10 m/min 
(condition III), and 100 MPa at 15 m/min (condition IV), showing a 
progressive deterioration in surface quality without compromising 

structural integrity (Fig. 3b). The distinction between ‘machined’ and 
‘textured’ surfaces was established through a combination of thickness 
measurements and quantitative evaluation of crater volume (Cv) and 
arithmetic mean height (Sa) obtained through surface profilometric 
measurements. Indeed, in texturation only a thin layer of material is 
removed, while machining refers to more significant material removal. 
It should be noted that the specimen thickness post texturing can at 
times be greater than the thickness prior to machining, which is due to 
the formation of pile-ups that can occur above the initial surface.

2.3. Characterization methods

2.3.1. Profile measurements
Following AWJ machining and texturing, surface topography of the 

target zones was measured using an InfiniteFocusSL optical surface 
profilometer from Alicona Corporation. The focus variation technique 
was utilized, capturing the coordinates of each pixel’s center within the 
scanned area using the instruments autofocus along the optical axis. The 
objective lens was set at 10× magnification, with vertical and lateral 
resolutions of 0.1 μm and 2.0 μm, respectively. Although the entire 
scanned area was 20 × 20 mm2, the analysis focused on the central 15 ×
15 mm2 region.

2.3.2. Quantification of surface quality
The surface quality of the specimens was quantified by evaluating 

the crater volume (Cv) formed during texturing [40]. The void areas 
below the mean plane are classified as ‘craters.’ The mean plane is 
established using the least squares method by the profilometer’s 
post-processing software, a standard computational approach used to 
define a reference plane from the acquired surface point data. This 
method minimizes the sum of squared deviations between the measured 
points and the fitted plane, facilitating accurate representation of the 
surface data. In this work, data acquisition was focussed to the central 
15 mm × 15 mm region across all the specimens. Consistent measure
ment conditions were maintained across all trials, including the same 
confidence index setting of 0.9, to ensure the comparability of results 
across samples and conditions. Originally introduced by Hejjaji et al. 
[9], this approach has proven effective as a reliable method for assessing 
surface quality after AWJ machining of UD carbon/epoxy composites. 
Similarly, in the work of Sourd et al., it was shown that the critical en
ergy release rate in Mode 1 tests on bonded 3D woven carbon/epoxy 
specimens correlated well with Cv, compared to other parameters such 
as Ra or Sa [11]. To reduce the influence of edge effects caused by the 
jet’s entry and exit on the surface, measurements were confined to the 
central region [41]. Cv was then normalized by the total scanned area to 
enable comparison between different specimens and conditions. Addi
tionally, the areal surface quality metric, arithmetic mean height (Sa), 
was obtained using Alicona software within the same measurement 
zones.

2.3.3. Height quantification and characterization of defects
To assess the depth of the machined and textured specimens relative 

to the top surface, the specimens were imaged using a Keyence VHX- 
7000 digital microscope. Various magnification levels were employed 
with both co-axial and ring lighting. Manual adjustments included 
setting the shutter speed to 12.3 ms and a gain of 5 dB. For SEM analysis, 
a Hitachi TM 3000 scanning electron microscope was used to detect and 
characterize the machined and textured surfaces. Secondary electron 
imaging was conducted at various magnification levels to examine the 
nature and morphology of these surfaces. Additionally, backscattered 
electron (BSE) imaging was used to identify abrasive particles embedded 
within the textured surfaces.

Table 2 
Specimen dimensions and printing details.

Parameter Details

Plate dimensions - UD 
(mm)

210 x 120 x 2.28

Plate dimensions - MD 
(mm)

210 x 120 x 2.5

Individual specimen 
dimensions (mm)

100 x 25

Infill strategy Solid, 100 % density
Print orientation (UD) First and last 4 layers: Onyx thermoplastic, central 

layers: Carbon fiber oriented at 0◦

Print orientation (MD) First and last 4 layers: Onyx thermoplastic, central 
layers: Carbon fiber oriented at (+45◦/0◦/-45◦/0◦/ 
90◦/0◦)s

Table 3 
Abrasive waterjet machining and texturation parameters.

Value Cutting Machining Texturation

Fixed Parameters
Mixing tube diameter, mm 1.016 – – –
Mixing tube length, mm 76 – – –
Nozzle diameter, mm 0.3302 – – –
Nature of abrasive Garnet – – –
Abrasive grit number, # 120 – – –
Abrasive flow rate, Kg/min 0.34 – – –
Variable Parameters
Waterjet pressure, MPa (P) – 150 100 80/85/100
Jet traverse speed, m/min (TS) – 5 5 10//15
Scan step, mm (SS) – 1 1 1
Stand-off distance, mm (SoD) – 3 100 100
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3. Results and discussion

3.1. Material removal and surface quality

The initial phase of the study focused on evaluating AWJ process 
parameters and texturation quality (conditions I to IV, see Fig. 3) to 
determine Cv, Sa, surface topographies and the mechanisms of failure. 
From Table 5, it can be observed that the depth (D) of material removal 
varies significantly between the two orientations, highlighting distinct 
interactions of the AWJ with respect to the fiber architectures. In the UD 
orientation, the depth increases steadily from 0.812 mm in condition I to 
1.173 mm in condition IV, marking a 44 % rise.

This controlled increase is attributed to the uniform fiber alignment, 

Fig. 3. Illustration of the abrasive waterjet process: a) raster scan pattern used for machining and texturing, b) Resulting surface conditions: I. machined without 
additional surface preparation, II. machined with light texturation (good), III. machined with moderate texturation (medium), and IV. machined with heavy tex
turation (poor).

Table 4 
Description of machining and texturation conditions.

Condition Description

I Machined without additional surface preparation
II Machined followed by light texturation (good)
III Machined followed by moderate texturation (medium)
IV Machined followed by heavy texturation (poor)

Table 5 
Mean values of measured depths (D) of different conditions for UD and MD orientations, including nominal thickness (Tn), actual thickness (Ta) of the specimens.

Surface condition I II III IV

Orientation UD MD UD MD UD MD UD MD

Tn (mm) 2.3 2.5 2.3 2.5 2.3 2.5 2.3 2.5
Ta (mm) 2.37 ± 0.06 2.61 ± 0.10 2.40 ± 0.04 2.65 ± 0.09 2.39 ± 0.05 2.58 ± 0.12 2.39 ± 0.04 2.64 ± 0.11
D (mm) 0.812 ± 0.087 0.963 ± 0.058 0.893 ± 0.021 1.16 ± 0.086 0.963 ± 0.074 1.223 ± 0.093 1.173 ± 0.094 1.343 ± 0.013
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which provides consistent resistance and results in predictable material 
removal. Conversely, in MD orientation, an initial depth begins at 0.963 
mm in condition I, increasing to 1.343 mm in condition IV. While this 
represents a smaller percentage increase (39 %) compared to the UD 
case, the absolute depth values are consistently higher. These differences 
are due to the varied material removal mechanisms incurred during the 
AWJ process. Following the depth measurements, surface cartographies 
were analyzed to assess the effects of machining parameters on Cv, Sa, 
and material removal mechanisms. Fig. 4 presents the Cv and Sa values 
across different surface quality conditions, highlighting the correlation 
between surface characteristics and texturation intensity.

Cv and Sa provide a comprehensive analysis of the extent and 
severity of cratering. Cv offers a volumetric evaluation of crater di
mensions, while Sa represents the areal 3D average roughness, capturing 
surface irregularities more effectively than traditional 2D line mea
surements like Ra [9,30]. As shown in Fig. 4, Cv and Sa values are 
consistently higher in MD orientation compared UD. In the MD orien
tation, the Cv for condition I shows a 114 % increase, while the increases 
in conditions II, III and IV are notably smaller at 27.42 %, 15.91 %, 8.85 
% respectively. Similarly, Sa values in the MD orientation rise by 122.45 
%, 128.99 %, 81.61 % and 48.22 % across conditions I to IV. These 
higher Cv and Sa values are attributed to the varied fiber angles in the 
MD orientation, which create pockets of reduced resistance, allowing 
deeper AWJ penetration and causing uneven material removal. The 
results are further analyzed through surface topography and SEM 
characterization.

Fig. 5 illustrates the variation in surface topographies for both ori
entations. The intensity of surface texture progressively increases from 
condition I to IV in both UD and MD orientations. In AWJ machining, 
high-velocity abrasive particles strike the material surface with sub
stantial kinetic energy, which is converted into mechanical energy upon 
impact [42]. This energy transfer results in localized micro-fracture 
erosion in the matrix and fibers, leading to material removal in the 
form of craters. The fracturing of the matrix and carbon fibers is a pri
mary mechanism of material removal [9]. As the kinetic energy from the 
abrasive particles surpasses the fracture toughness of the material, 
microcracks form, propagate, and eventually cause fibers to break apart 
while the softer matrix undergoes plastic deformation and erosion [26]. 
As the dominant influential input parameters - waterjet pressure and jet 
traverse speed - increase, the frequency and force of particle impact 
increase, intensifying material removal [8]. The increase in impact en
ergy accelerates the microfracture process, resulting in deeper craters 
and more pronounced erosion [9]. While both orientations exhibit 
similar material removal patterns, notable differences are evident in the 

extent of surface damage.
The primary features identified are cratering, matrix erosion, and 

pile-up defects, all caused by abrasive impacts during the AWJ process 
[43,44]. Cratering occurs when high velocity abrasive particles strike 
the surface, leading to localized erosion and material displacement [19]. 
Matrix erosion describes the gradual recession and removal of the matrix 
material, while pile-up defects emerge when displaced material accu
mulates near trenches and crater edges due to incomplete material 
removal [45]. As AWJ input variables intensify, material removal in
creases, leading to increased dislodgement [46,47]. However, some 
dislodged material may remain, causing pile-up and result in uneven 
surface topography. This effect is especially prominent in MD compos
ites, where the jet impacts fibers at varying angles, creating localized 
resistance that hinder complete material removal. The increasing 
severity of surface damage from condition I to IV is evident in the SEM 
analysis (Figs. 6 and 7), which offer detailed insights into fiber-matrix 
interactions and material degradation. The SEM images capture the 
progressive damage in both the matrix and fibers, showing evidence of 
fiber breakage, matrix peeling, and erosion. These images correlate with 
the rising Cv and Sa values presented in Fig. 4, reinforcing the link be
tween surface topography and the degree of material removal.

In the UD orientation, as shown in Fig. 6a, the jet encounters sig
nificant resistance at the fiber-matrix interface, which results in shallow 
and consistent material removal, primarily affecting the matrix sur
rounding the fibers. The material removal is driven by the abrasive 
impact of the jet. Due to the low porosity in UD orientation, uniform 
material removal can be expected as the jet erodes the matrix material 
surrounding the fibers. In this condition, minimal fiber breakage occurs, 
as the jet does not have enough force to fully penetrate and dislodge the 
fibers. Instead, matrix peel-off is the dominant material removal 
mechanism, where the surrounding matrix material is eroded due to the 
jet’s impact. This controlled removal leads to lower Cv (1.343 mm3/ 
cm2) and Sa (41.40 μm) values, as observed in comparison to other 
conditions. Similar studies have been carried out by Hejjaji et al. for the 
case of carbon/epoxy composites [9].

As texturing begins on a surface that has already been machined 
(condition II - P = 80 MPa, TS = 10 m/min), the depth increases to 
0.893 mm as the jet continues to erode the pre-machined matrix more 
aggressively. The material removal deepens but remains controlled, 
with fibers limiting further jet penetration. Initial fiber debonding, 
pronounced matrix peel-off, and abrasive embedment can be observed. 
The fiber debonding indicates that the jet has begun to overcome fiber 
resistance, exceeding the interfacial strength between the fibers and 
matrix, resulting in deeper cratering and increased surface irregularities 

Fig. 4. Cv and Sa values across surface conditions I to IV for both UD and MD orientations.
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as shown in Fig. 6b. By further texturing (condition III - P = 85 MPa, TS 
= 10 m/min), the depth reaches 0.963 mm as the fiber-matrix bond 
weakens. The increased pressure delivers higher kinetic energy to the 
abrasive particles, intensifying erosion and shear forces at the fiber 
matrix boundary. These forces exceed the interfacial strength causing 
debonding and breakage as fibers begin to separate from the matrix 
(Fig. 6c). The higher Cv (5.28 mm3/cm2) and Sa (61.73 μm) values 
reflect the formation of more pronounced craters and increased surface 

roughness. The jet’s impact not only removes material but also leads to 
pile-up of fibers and matrix debris, causing uneven surface topography. 
During heavy texturation (condition IV - P = 100 MPa, TS = 15 m/min), 
the depth increases to 1.173 mm as the high-pressure jet cuts into the 
fibers and extensively erodes the matrix. The increased energy allows 
the abrasive particles to penetrate the matrix and fibers, despite the 
perpendicular fiber alignment, which limits deeper penetration. Exten
sive fiber breakage, deep matrix pockets, and significant matrix erosion 

Fig. 5. Surface topographies (15 × 15 mm2) for UD (a–d) and MD (e–h) orientations across surface conditions I to IV, the direction of waterjet is also indicated.

Fig. 6. SEM micrographs of UD composites under different conditions: (a) condition I, (b) condition II, (c) condition III, and (d) condition IV.
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are observed (Fig. 6d), along with pile-up damage from fiber dislodge
ment and matrix recession. The highest Cv (7.906 mm3/cm2) and Sa 
(88.55 μm) values reflect the severe damage observed in this condition. 
Therefore, in the UD orientation, where fibers are perpendicular to the 
jet, shear forces generated by the jet act majorly along the fiber-matrix 
interface. The jet faces consistent fiber resistance, making it challenging 
to fully cut through the fibers, resulting in incomplete fiber breakage, 
causing irregularities such as pile-up, as the matrix is removed more 
easily than the fibers.

In MD orientation, the AWJ encounters more complex interactions 
due to higher porosity, or matrix rich zones, allowing the jet to exploit 
weaker points where fibers are oriented obliquely or parallel to the jet. 
In condition I (P = 100 MPa, TS = 5 m/min), the initial depth is 0.963 
mm – higher than that of the UD orientation. This can be attributed to 
the variation in shear forces along the fiber-matrix boundaries. When 
the jet interacts with fibers at non-perpendicular angles, localized 
stresses exceed the fiber-matrix interfacial strength, leading to matrix 
peel-off and initial fiber breakage. The lower interfacial shear strength in 
these regions allows the high-velocity particles to penetrate more 
deeply, forming larger craters compared to the UD case. The increase in 
Sa results from the uneven removal of fibers and matrix, as, the MD 
orientations lead to local mechanical failures when the jet’s impact 
forces exceed the critical strength of fibers. Matrix peel-off, initial fiber 
breakage, and abrasive embedment are prevalent, as observed in Fig. 7a. 
The higher initial Cv (2.873 mm3/cm2) and Sa (91.64 μm) values reflect 
this behavior. In condition II (P = 80 MPa, TS = 10 m/min), the 
texturing process builds on the previously machined surface, further 
increasing the depth to 1.16 mm. The fibers, already weakened by the 
initial machining, undergo further degradation as the jet penetrates the 
now rougher surface. Extensive fiber debonding, matrix erosion, and 
fiber breakage are evident due to additional damage and fiber-matrix 
separation (Fig. 7b). This leads to an increased Cv (3.986 mm3/cm2) 
and Sa (102.14 μm) values, reflecting deeper cratering and rougher 
surface texture. In condition III (P = 85 MPa, TS = 10 m/min), the 
increased input pressure leads to further depth increase and intensified 
erosion. The abrasive particles gain more kinetic energy, resulting in 

higher impact forces upon striking the surface. The additional energy is 
sufficient to overcome the bonding forces at the fiber-matrix interface 
causing localized degradation. Extensive fiber breakage, matrix degra
dation, and deep cratering as observed in Fig. 7c. The higher Cv (6.113 
mm3/cm2) and Sa (112.10 μm) values align with the severe material 
removal and uneven surface damage. During heavy texturation (condi
tion IV, P = 100 MPa, TS = 15 m/min), an increase in depth further to 
1.343 mm is observed. The high jet pressure drives aggressive me
chanical erosion resulting in substantial material removal characterized 
by deep craters, significant fiber pullouts and pile-up (Fig. 7d). The 
highest Cv (8.61 mm3/cm2) and Sa (131.21 μm) values are consistent 
with the severity of the observed damage. In MD orientation, the fiber 
alignment at various angles allows the jet to penetrate more deeply in 
localized areas. The shear forces exerted by the AWJ vary significantly 
across the surface depending on the fiber orientation. When the jet in
teracts with fibers at angles other than perpendicular, it more effectively 
acts along the fiber-matrix interface, leading to easier separation or 
cutting of fibers. Overall, the MD orientation exhibits more substantial 
and erratic material removal across all conditions, driven by the com
plex and non-uniform resistance due to varied fiber orientations, in 
contrast to the more predictable and controlled behavior observed in the 
UD orientation.

3.2. Predictive modeling for Cv and Sa

Predictive models were developed to quantify critical machining 
outcomes, specifically the Cv and Sa, for both UD and MD composite 
materials. The machining parameters considered – waterjet pressure (P), 
traverse speed (TS), and scan step (SS) – were chosen based on their 
established significance in previous research as the most influential 
factors in AWJ [9]. Data from these experiments informed the devel
opment of predictive models using power-law relationships, following a 
modeling approach similar to that used in earlier research by Sourd et al. 
[4], which has proven effective in similar machining context for 3D 
woven carbon/epoxy materials. A power – law relationship is a math
ematical representation to model that describes how a dependent 

Fig. 7. SEM micrographs of MD composites under different conditions: (a) condition I, (b) condition II, (c) condition III, and (d) condition IV.
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variable is influenced by independent variables, each raised to a specific 
power. In our work, this relationship is used to model the influence of 
machining parameters on surface quality metrics. The dependent vari
ables in this context are Cv and Sa, and the independent variables are P, 
TS, and SS. Each independent variable is raised to a specific power, 
representing the sensitivity of the dependent variable to changes in the 
independent variables (equations (2) and (3)). Non-linear regression 
techniques were employed to fit the experimental data to the chosen 
model forms, with coefficients optimized to minimize prediction error. 
The models were validated using a subset of data not included in the 
initial fitting, ensuring their predictive accuracy. Percentage differences 
between predicted and experimental values were analyzed to evaluate 
the models’ precision, and where discrepancies were identified, the 
models were iteratively refined by adjusting the coefficients. Separate 
predictive models were developed for Sa and Cv for both UD and MD, 
denoted as Sauni, Samulti, Cvuni, and Cvmulti. These models take the gen
eral form: 

Sa= a . Pb . TSc . SSd (2) 

Cv= a . Pb . TSc . SSd (3) 

In equations (2) and (3), the constants a, b, c, and d represent 
interpolation coefficients that depend on the material properties and the 
specific set of machining conditions. To determine these coefficients, 90 
% of the experimental data was utilized to train the model, while the 
remaining 10 % was reserved for model validation. After the identifi
cation process, the calculated constants are presented in Eqs. (4)–(7). 

Sauni =0.0301 . P1.3350 . TS0.6816 (4) 

Samulti =7.4291 . P0.4312 . TS0.3305 (5) 

Cvuni =0.0105 . P0.5946 . TS1.4412 (6) 

Cvmulti =0.0051 . P1.0556 . TS0.9541 (7) 

In these equations, P represents waterjet pressure in MPa, TS rep
resents jet traverse speed in m/min, and SS represents scan step in mm 
(fixed at 1 mm in this study). The coefficients a, b, and c were deter
mined through regression analysis, capturing the material’s machin
ability and the sensitivity of the outcomes to these respective 
parameters. Although SS was held constant in this experimental 
campaign, an exponent ‘d’ for SS would account for its influence if 
varied. The predictive models for both Cv and Sa demonstrate good 
accuracy for both orientations, as indicated by the R2 values obtained. 
For Cv, the model achieves a correlation factor of 0.87 for UD and 0.84 
for MD composite (Fig. 8a and b), effectively capturing major variances 
in crater volume, despite complexities of modeling material removal at 
the micro-level due to combined interactions of variables. Similarly, the 
model for Sa exhibits even higher predictive accuracy, with values of R2 

at 0.9 and 0.92 for UD and MD orientations, respectively (Fig. 8c and d). 
These slightly higher values of Sa indicate a closer agreement with 
experimental results in comparison with Cv. In UD case, Sa is more 
uniform and predictable due to the consistent fiber alignment.

The validation between predicted and experimental values is pre
sented in Table 6. The degree of validity of the model predictions was 
evaluated by comparing these predicted and experimental values of Sa 
and Cv. The relative errors for Cv were 11.71 % and 6.85 % for UD and 
MD specimens, respectively. For Sa, the relative errors were 3.3 % for 
UD and 2.61 % for MD orientations. Although the models generally 
perform well, certain parameters – such as the intricate interactions 
between fiber and matrix, localized variations in jet dispersion and 
specific energy transfer during machining – are inherently complex and 
challenging to fully incorporate into the existing modeling framework.

These complexities contribute to the residual variations between the 
predicted and measured outcomes, affecting the R2 values relative to 
unity. Additionally, in this experimental campaign, the texturation 

Fig. 8. Results of the prediction model of Cv and Sa showing predicted values with respect to experimental ones for UD and MD orientations.
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process was applied to surfaces that had already undergone machining. 
This sequential approach means that the surface characteristics formed 
during machining served as a foundation for subsequent texturing. In 
consequence, the final Cv and Sa values are influenced not only by the 
texturing parameters, but also the pre-existing conditions from 
machining. This combined effect introduces additional variability that 
may be difficult to account for in the predictive model. Surface irregu
larities, residual stresses and micro-level deformations from the initial 
machining could accumulate on the textured surfaces, potentially 
leading to deviations from the predicted outcomes.

4. Conclusions

This study explored the use of AWJ process for controlled depth 
machining and surface texturation of MEX fabricated composite mate
rials, with a focus on identifying critical input parameters like waterjet 
pressure and traverse speed. The following key conclusions are drawn. 

• Cv and Sa values showed a consistent increase from condition I to IV 
in both UD and MD orientations, highlighting the effectiveness of the 
AWJ process achieving desired surface characteristics. In the UD 
orientation, Cv rose from 1.34 mm3/cm2 to 7.91 mm3/cm2, and Sa 
from 41.2 μm to 88.53 μm. For MD, Cv increased from 2.88 mm3/ 
cm2 to 8.61 mm3/cm2, while Sa rose from 91.64 μm to 131.21 μm.

• Surface topographical analysis showed a clear progression of irreg
ularities and texture variations from condition I to IV. In condition I, 
matrix peel-off was observed in both UD and MD orientations. 
However, by condition IV, the features diverged: UD composites 
demonstrated debonding and significant fiber breakage, while MD 
composites showed deeper craters and extensive fiber pull-out. This 
difference in condition IV is attributed to the varied fiber orienta
tions of MD composites, creating pockets of lower resistance, 
allowing deeper AWJ penetration and uneven material removal.

• SEM characterization revealed variations in crater formation and 
fiber-matrix interactions across surface conditions I to IV, supporting 
the observations from the topographical analysis.

• Predictive models for Cv and Sa were developed and validated, 
showing strong agreement with experimental results. The R2 values 
for Cv and Sa were 0.88 and 0.90 for UD, and 0.86 and 0.92 for MD, 
indicating good alignment between the model predictions and 
experimental data.

This research highlights the effectiveness of AWJ machining and 
texturation in developing varied surface characteristics of MEX fabri
cated composite materials, offering valuable insights for advancing 
precision in high-performance applications such as aerospace 
engineering.
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