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HIGHLIGHTS GRAPHICAL ABSTRACT
e Abrasive  waterjet and  additive
manufacturing provide novel solutions . e
for texturation. - ;
o Waterjet pressure and traverse speed are
key factors affecting surface texturation. e — >
eCv and Sa are more reliable surface compositespecimen /1
profile metrics than Ra, Rv, and Rz.
e Texturation prediction models for Cv
and Sa closely align with experimental
results.
e Microscopy reveals material removal
mechanisms and abrasive particle
embedment. etpath |
ARTICLE INFO ABSTRACT
Keywords: Surface texturing is critical in adhesive bonding strength, hence crucial for composite repair. This study evaluates
Additive manufacturing the influence of abrasive waterjet (AWJ) machining as a texturing technique for surface preparation of additively

Abrasive waterjet process
Surface quality
Composite repair

manufactured (AM) composite parts. Effects of waterjet pressure (WP) and traverse speed (TS) on crater volume
(Cv) and arithmetic mean height (Sa) were studied. Digital and electron microscopy validated surface textures,
observed damage patterns, and assessed contamination due to abrasive embedment. Increasing WP from 60 to

100 MPa significantly increased Cv by 179.6 % and Sa by 410.6 %, highlighting its strong influence. In contrast,
TS showed a secondary effect when increased from 10 to 20 m/min, with higher speeds producing smoother
surfaces and reducing Cv and Sa by 30.78 % and 28.59 % respectively. The findings, supported by statistical
analysis and multi-objective optimization, show that Cv and Sa are effective metrics for surface texture quan-

tification in AWJ textured AM composite specimens.
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1. Introduction

In aerospace engineering, carbon fiber reinforced polymer (CFRP)
composites emerge as distinct materials of choice, due to their remark-
able properties, such as superior strength-to-weight ratio, corrosion
resistance, high fatigue endurance limit, tailorable mechanical proper-
ties, thermal insulation, and design flexibility [1,2].

Despite these benefits, CFRPs are susceptible to various damage
forms due to service conditions (chemical exposure, corrosion, and bird
strikes), mechanical reasons (accidents, collisions, and foreign object
debris) and human intervention (errors during maintenance and
handling) [3,4]. These causes are detrimental not only for the structural
integrity, but also to passenger safety, thus prompting stringent pro-
tocols by governing agencies such as the Federal Aviation Administra-
tion and the European Aviation Safety Agency [5,6]. These strict
protocols pose operational challenges, forcing companies to choose be-
tween replacing or repairing damaged sections; each with their chal-
lenges [7]. Hence, a strategic balance between financial flexibility,
sustainability, and mechanical restoration is crucial. Replacing compo-
nents resolves immediate issues but generates excessive waste and
contradicts circular manufacturing principles [8]. Alternatively, repair
aligns with circular strategies as it emphasizes minimal waste through
resource efficiency and fosters an environmentally conscious
manufacturing practice [9,10].

Repairing CFRP composite structures requires the removal of mate-
rial from the damaged section in order to prepare the surface for as-
sembly of the patch [11]. Depending upon the damage severity, either
machining or surface texturing can be used. Machining is preferred in
the case of high volume material removal, while texturing allows finer,
controlled modifications to enhance adhesion and surface interactions
between the patch and the parent surface [12]. Machining and texturing
are conducted by conventional milling practices in the industry [13].
However, these operations come with notable challenges [14]. Firstly,
the process remains complicated due to the heterogeneous nature of
CFRP composite materials [15]. Additionally, conventional milling
practices for material removal often result in several types of damage,
such as delamination, fiber pull-out, matrix recession, inter-laminar
cracking, distortion, and thermal damage [16]. The brittle and abra-
sive nature of carbon fibers (CF) contribute to tool wear acceleration,
thus resulting in elevated temperature and surface degradation [17].
Also, the emanation of CF dust during machining poses high risks not
only to operator’s health but also to the environment [12].

These concerns have prompted the industry to explore non-
conventional machining techniques, such as laser and electric
discharge machining as alternatives for material removal [18,19].
Regrettably, these methods also present their own operational chal-
lenges. For instance, while laser machining of CFRPs result in defects
such as delamination, matrix cracking, thermal degradation and heat
affected zone formation [20], electric discharge machining also has
drawbacks like thermal degradation, recast layering, fiber swelling and
delamination [21,22], hence limiting their usage for repair applications.

Conversely, the AWJ technique has shown tremendous potential as
both an effective machining and texturing strategy in the context of
composite repair [12,23]. As material removal is achieved through
abrasives and water flow, issues of heat generation and emission of
carbon dust are eliminated [24]. Prior research findings highlight
optimization of input parameters, such as waterjet pressure (WP), tra-
verse speed (TS), scan step (SS) and standoff distance (SoD), to achieve
desired depth of material removal and surface quality, which are
essential for repair applications [25]. Validation studies have further
ensured agreement between the predicted and actual results through
development of prediction models for critical parameters, such as ma-
terial removal and surface roughness [26]. These advantages make AWJ
a compelling candidate for machining and texturing operations in repair
applications.

For effective composite repair, fabrication of the patch to regain the
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Table 1

Specifications and printer settings configured in Eiger software.
Printer Settings Specifications  Printer Settings Specifications
Heat bed temperature Not heated Pattern of fill Solid
Fiber nozzle temperature 272°C Print infill density 100 %
Matrix nozzle temperature 253 °C Layer thickness 0.125 mm
Total fiber layers 10 Floor layers 2
Total matrix layers 8 Roof layers 2
Fiber fill type Isotropic Wall layers 1
Concentric fiber rings 1 Fiber angle 0°

initial shape of the machined part is an important and challenging
milestone to achieve [27]. In this regard, the varying designs and ge-
ometries of custom patches make it complex to adopt traditional fabri-
cation methods, such as infusion and autoclave, among others. [28].
These methods may lead to higher processing times and material
wastage to achieve the desired form and shape. On the contrary, additive
manufacturing (AM) offers distinct advantages particularly during patch
fabrication, due to its nature of material deposition [29]. Through pre-
cise modeling of the patch design in 3D, the actual replicate of the
cavity, i.e. the repair patch, may be seamlessly reproduced externally by
employing a reliable AM technology like material extrusion (MEX)
[30,31]. This fabrication method has the potential to realize intricate
designs with precision while minimizing material wastage. In this
context, MEX technology may be extended to the development of repair
patches. With recent advancements in continuous fiber filament tech-
nology, emphasis may be given to the exploration of thermoplastic
based AM approaches for composite materials to facilitate the research
and development of customizable patches for repair [32]. This combi-
nation of using continuous CF technology with thermoplastics within
AM technology potentially revolutionizes the way repair is viewed in the
realm of aerospace maintenance repair and overhaul.

It is visualized that the integration of AWJ and MEX offer superior
advantages for composite repair research. It is believed that this synergy
has the potential to deliver sustainable and comprehensive repair solu-
tions, promoting circularity in manufacturing through service life pro-
longation of composite structures. Therefore, the authors consider it
important to explore this original and innovative solution as there is an
absence of similar work in the available literature. The spirit of this
research is to support informed decision-making and develop optimized
strategies for addressing advanced mechanical engineering challenges
through circular economic practices.

In the present study, the effect of surface texturing on MEX fabricated
composite materials using the AWJ process is explored. The objective is
to analyze the influence of AWJ input variables on the surface texture of
the material. Through a design of experiments approach, multiple ex-
periments are conducted to assess surface texture variations under
different texturing conditions. Scanning electron microscopy (SEM) and
digital microscopy are employed to examine the underlying material
removal mechanisms and validate experimental findings. Additionally,
contamination analysis is conducted to quantify the embedment of
abrasive particles within the textured surface. Analysis of Variance
(ANOVA) is utilized to determine the significance of input parameters on
surface profile parameters. Furthermore, the response surface method-
ology is employed for multi-objective optimization to assess the inter-
action effects between input and output variables. It is anticipated that
this research will provide valuable insights into surface texturing for
composite repair, particularly in scenarios involving AM and AWJ
machining.

2. Materials and experimentation
2.1. Composite materials

The study employs a Markforged Mark-Two 3D printer, which
combines MEX and continuous filament fabrication methodology.
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Fig. 2. Abrasive water jet texturing process and key nomenclature used in this work.

Specimens were printed using continuous CF as reinforcement and onyx
thermoplastic as matrix material, both sourced from Markforged cor-
poration. The printer settings were configured using the company’s
proprietary software ‘Eiger’ and the specifications are listed in Table 1.

Three rectangular specimens, each measuring 300 mm in length, 20
mm in width and 2.25 mm in thickness, were printed. The selected
thickness of 2.25 mm is representative of the fuselage panel thickness of
aircrafts, such as the Airbus A350. The onyx — CF composite material
attained a fiber volume fraction of approximately 56 %, calculated using
an approach aligned with prior research work [33].

The printing process is as illustrated in Fig. 1. The composite speci-
mens are fabricated with a specific stacking sequence where the first and
last four layers printed with onyx are set at +45°, aligning with the
printer’s default settings. The central ten layers impregnated within
onyx are printed with CF and are oriented at 0° to optimize the com-
posite’s mechanical properties [34].

2.2. Surface texturing using AWJ

Surface texturing was performed using a Mach 4c AWJ machine from
Flow International corporation. The machine is equipped with a Hyplex
pump and Paser 4 nozzle. The focusing tube diameter and length are
1.016 and 76 mm respectively. The nozzle diameter is 0.3302 mm and
the abrasive flow rate is 0.18 Kg/min. 120 mesh size garnet sand abra-
sive particles were sourced from Wuxi Ding Long Minerals Ltd., China.
During texturing, a raster scan pattern strategy was employed along the
y-direction as shown in Fig. 2. Additionally, a deliberate jet traverse
extension of 100 mm was included on either side of the specimen to
mitigate excessive material erosion. This extension served to counteract
the changes in the machine head induced by the reversal in direction
between passes of the jet traverse. This length was determined through
iterative testing, where different extension lengths were studied to
minimize erosion, and 100 mm was found to be optimal in stabilizing
the machine head.
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Fig. 3. Textured surface profile zone for measurements within 5 x 5 mm? at the center of the total 5 x 20 mm? (inset). L1 to L5 indicate the parallel sides, while T1

to T5 are perpendicular sides.

From previous studies, it is established that WP, TS, SS and SOD
significantly influence the surface texturing quality in AWJ machining
[12,23]. The range of these variable input parameters was selected
based on similar published research [24]. Water jet pressure was varied
in increments of 10 MPa from 50 MPa to 120 MPa, traverse speed in
steps of 5 m/min from 5 m/min to 20 m/min, scan steps from 0.5 mm to
1.5 mm, and the stand-off-distance from 50 mm to 150 mm. Multiple
iterations were conducted in these ranges to correlate the effect of each
parameter with the surface texturing which is discussed in detail in the
subsequent sections.

2.3. Characterization

2.3.1. Surface topology acquisition

Surface topography was acquired using an Infinite Focus SL optical
surface profilometer from Alicona corporation.

The objective lens was fixed at 10x with 0.1 um vertical and 2.0 ym
lateral resolution. The total scanned surface area was 5 x 20 mm? and
the measured surface area was the central 5 x 5 mm? as shown in Fig. 3.

2.3.2. Surface quality

Quantification of surface quality was performed using Alicona soft-
ware. Cv was determined by measuring the void regions located un-
derneath the mean least square plane. To mitigate the edge effects
arising from the entry and exit of the jet upon the surface under
consideration, the measurement area was fixed to the central zone as
shown in Fig. 3. Subsequently, the volumes of craters were normalized
by the total scanned surface to facilitate comparison across specimens
and conditions. Additionally, the arithmetic mean height (Sa) was ac-
quired within the same measurement zones. Introducing Cv and Sa as
complementary metrics provides a holistic approach to characterizing
surface textures in AWJ treated composites. Cv and Sa together capture
both the cratered profile and the average surface height, thus providing
a comprehensive understanding of the surface characteristics.

2.3.3. Defect characterization and 3D profile quantification
The textured samples were examined under dry conditions using a
Keyence digital microscope (Model: Keyence VHX-7000, Japan). The 3D

profile height of the textured surface was reconstructed from multiple
focused images at different heights, creating a stitched 3D color image
with a scale bar. A Hitachi TM 3000 SEM equipped with back scattered
electron (BSE) mode was utilized to detect and analyze machining-
induced defects on the textured surfaces. By processing these BSE im-
ages using ImagelJ software and examining the energy-dispersive X-ray
spectroscopy (EDX) report, the area that was contaminated by abrasive
particles was quantified.

3. Results and discussion
3.1. Abrasive water jet texturing (AWJT)

To establish the influence of AWJ input variables on surface
texturing, various surface qualities were produced by varying WP, TS, SS
and SoD. Iterative experimentation showed that SoD at 125 mm resulted
in sparse material removal, while 75 mm resulted in uneven surface
texturing (Fig. 4a—c). It was observed that SoD values at 100 mm
demonstrated uniform surface texture. Further, an SS of 0.5 mm caused
excessive material removal, and 1.5 mm led to incomplete surface
texturing (Fig. 4d—f). An SS at 1 mm provided optimum surface texture.
Prior research indicates that SS and SoD minimally affect material
removal compared to WP and TS [23,25]. Therefore, a constant SS of 1
mm and SoD of 100 mm were maintained throughout the study for
consistency (Fig. 4g) [25].

It is well established that WP and TS are the dominating factors
influencing material removal behaviour [23,35], a principle that ex-
tends to surface texturing as well. In incremental steps of 10 MPa WP
and 5 m/min TS, preliminary studies were undertaken to study the in-
fluence of WP and TS on surface texturing. Observations during these
trials showed negligible texturing below 50 MPa and significant damage
to sample integrity when WP exceeded 100 MPa, motivating the selec-
tion of WP values between 50 and 120 MPa. Similarly, TS levels below
10 m/min caused excessive texturing, while values above 20 m/min
resulted in insufficient contact time for effective texturing. Based on
these observations, WP levels of 60, 80 and 100 MPa and TS of 10, 15
and 20 m/min were selected as variable parameters through iterative
experimentation and prior understanding of material removal behavior
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Fig. 4. Micrographs of MEX samples subject to AWJ texturing at constant WP = 100 MPa, TS = 10 m/min with (a-c) varying SoD, (d-f) varying SS and (g) at
optimum conditions.

[36,37]. The corresponding AWJ velocities, calculated at each pressure 3.2. Effect of input variables on the surface texturing based on design of
level based on the work of Hashish [38], were 224.47 m/s, 259.20 m/s experiments
and 289.79 m/s for 60, 80, and 100 MPa, respectively.

In this section, details on the impact of AWJ input variables on the
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surface texturing outcomes are discussed. As established earlier, WP and Sa are chosen as the output parameters. These parameters offer superior
TS are selected as the two input variables. By adopting a design of ex- representation compared to other measurement metrics, such as arith-
periments approach, 27 trials were designed ensuring three repetitions metic average roughness (Ra), maximum profile valley depth (Rv) and
to evaluate the effects of varying WP (60, 80 and 100 MPa) and TS (10, ten points mean roughness (Rz), in quantifying texturing effects on
15 and 20 m/min). To assess the textured surface characteristics, Cv and additively manufactured materials subjected to AWJ [24]. The rationale
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Fig. 6. Surface profile cartographies with constant SoD (100 mm) and SS (1 mm), varying WP and TS: (a) 60 MPa, 10 m/min; (b) 60 MPa, 15 m/min; (c) 60 MPa, 20
m/min; (d) 80 MPa, 10 m/min; (e) 80 MPa, 15 m/min; (f) 80 MPa, 20 m/min; (g) 100 MPa, 10 m/min; (h) 100 MPa, 15 m/min; (i) 100 MPa, 20 m/min. Color bar

shows height profile in micrometers.

for selecting Cv and Sa over other classical surface profile parameters is
discussed in section 3.4.

The effect of varying WP on Sa is as shown in Fig. 5a. At 60 MPa WP
and 10 m/min TS, Sa value of 3.03 um may be observed, while at 100
MPa WP and 10 m/min TS, it increases to 15.49 um. This high change of
410.6 % increase confirms the direct proportionality effect of WP on Sa.
When seen from the TS viewpoint (Fig. 5b), at 10 m/min TS and 100
MPa WP, the value of Sa is 15.49 um whereas at 20 m/min TS and 100
MPa WP, it reduces to 9.39 um. A percentage drop of —39.3 % is
observed with increase in TS, indicating an inverse relationship between
TS and Sa. The difference in magnitude of percentage change signifies
that WP has superior influence in surface texturing in comparison to TS.
The decreasing trend in Sa with increasing TS, from 10 m/min to 20 m/
min, highlights how increased TS leads to reduction in average height of
the surface profile, indicative of smoother surface profiles [25]. The
observed decrease in Sa with increasing TS can be attributed to reduced
contact time of the AWJ on each point on the composite surface [39].

Fig. 5c illustrates the relationship between Cv and WP across varying
TS of 10 m/min, 15 m/min, and 20 m/min. The trend indicates that an
increase in WP lead to higher Cv values, emphasizing its significant ef-
fect on Cv across all traverse speed conditions. An increase in pressure
leads to higher kinetic energy of water and abrasive particles, thereby
increasing impact energy. This enhanced energy facilitates deeper

penetration of abrasive particles, resulting in greater material removal
and pronounced crater formation [25]. However, the difference in Cv
between TS values of 15 m/min and 20 m/min is minimal, indicating a
plateau in material removal volume at higher TS thresholds, due to
reduced interaction time between the AWJ and the composite surface as
seen in Fig. 5d.

For a given TS condition, it may be observed that an increase in WP
leads to increase in Cv. At 10 m/min TS, the Cv value increased from
0.22 mm®/cm? at 60 MPa to 0.63 mm®/cm? at 100 MPa marking a 179.6
% increase. While TS also impacts the Cv, its effect appears less pro-
nounced compared to WP. Higher TS ranges contribute to the formation
of shallower craters due to reduced interaction time between the AWJ
and the material surface as illustrated in Fig. 6. For instance, at a WP of
100 MPa, the Cv decreases from 0.63 mm>/cm? at 10 m/min TS to 0.57
mm?/cm? at 20 m/min TS. This trend indicates a smaller percentage
variation of —8.3 % reiterating the inverse relationship between TS and
Cv, i.e., higher speeds resulting in lower Cv values. In summary, the
analysis of WP and TS in relation to Cv and Sa highlights WP as the
primary influential factor in determining output variables. The sub-
stantial percentage differences across varied WP levels in contrast to that
of TS, emphasize WP’s primary significance in surface characterization
of MEX composite texturing. While TS also affects the output variables,
its influences is secondary to that of WP.
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Fig. 7. Micrographs (a—c) and corresponding 3D height profiles (d-f) of textured samples subjected to different WP and TS: (a and d) 60 MPa, 10 m/min; (b and e) 80

MPa, 15 m/min; (c and f) 100 MPa, 20 m/min.

Surface texture cartographies obtained post texturing is presented in
Fig. 6(a-i). Observed material removal trends highlight the individual
and combined influence of WP and TS on surface texturing. As shown in
Fig. 6(a—c), the intensity in material removal decreases with increasing
TS at a constant WP of 60 MPa. This trend is consistent at higher pres-
sures as well. Higher pressures intensify surface texturing, evident in the

increased intensity at 80 MPa (Fig. 6d-f) and 100 MPa (Fig. 6g-i)
compared to 60 MPa. The relationship between WP and TS crucially
dictates the composite surface texture. The impact energy from WP and
surface contact time from TS drive this relationship. Lower WP with
higher TS results in smoother surfaces (Fig. 6¢), while higher WP with
lower TS leads to maximum material removal and surface irregularities
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inset at higher magnification illustrating abrasive particulate embedment.

(Fig. 6g).

3.2.1. Mechanism of material removal

Using SEM and digital microscopy, the interactions between WP and
TS on surface texturing were analysed. At a lower WP (60 MPa), the
predominant mechanism of material removal involves micro cracking as
described in Figs. 7(a) and 8. The corresponding 3D surface profiles
(Fig. 7d) exhibit uniformity, although with some elevated regions, likely
due to embedded abrasive particles. The color intensity maps (Fig. 6a
and c) show deeper profiles at 10 m/min TS in comparison to 20 m/min
TS, indicating higher material removal, although the overall material
removal at this WP level is smaller due to the lower pressure.

Similar trends may be observed at 80 MPa WP, with more pro-
nounced surface cracking and increased surface irregularities (Fig. 7b
and e). The increased presence of craters and ridges in the 3D surface
profile corroborates enhanced surface texturing characteristics attrib-
uted to higher WP. Furthermore, the effects observed at 100 MPa follow
the same trend, but with greater crater volumes and thicker micro-
cracks as prominently visible from Fig. 7(c and f). The 3D height pro-
files display the transition in surface irregularities from low to high,
indicative of deeper penetration and embedment of abrasive particles,
due the higher WP. The analysis of SEM micrographs and 3D surface
profiles highlights the intricate relationship between process variables
and material removal mechanisms, providing valuable insights for

surface texture optimization of MEX fabricated continuous fiber com-
posites textured by AWJ.

3.3. Contamination analysis

As the hardness of garnet abrasive particles is greater than the onyx
matrix of the AM composite, surface contamination by grain embedment
is inevitable. Despite the flushing out of loose abrasive particles during
secondary jet passes, a small portion of deeply lodged abrasive particles,
due to matrix porosity and the soft nature of the AM fabricated matrix,
persist within the composite. Fig. 9 highlights a global view of the
scattered abrasive particulates in an approximately 4 x 4 mm? focus
zone along with a magnified section indicating the presence of abrasive
particulates embedded within the matrix.

SEM analysis in BSE mode was used to investigate this phenomenon.
Heavier abrasive particles (rich in Si) appear brighter due to their higher
atomic number compared to the onyx matrix (Fig. 9). These embedded
particles, significantly smaller than the initial 125 pm size and exhibit-
ing sharp edges, confirm fragmentation within the mixing chamber or
upon impact. Similar observations are reported in earlier work on 3D
woven composites and fiber metal laminates [16,32]. This research also
explores the relationship between the nozzle diameter and scan step’s
influence on contamination. It was shown from earlier work that a scan
step of 1 mm for a nozzle diameter of 1.016 mm facilitated least
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contamination [40]. The same conditions were applied in the current
research study as well. The contamination analysis shows that the in-
tensity of the abrasive particle deposition on the composite specimen is
significantly influenced by both WP and TS. As it can be observed from
Fig. 10, higher WP consistently leads to increased deposition, due to the
greater energy transfer from the jet to the abrasive particles, resulting in
intense bombardment and thus, embedment of abrasive particles onto
the surface. TS has a secondary effect on contamination: at lower speeds
(10 m/min), the contamination is higher due to the prolonged interac-
tion time, allowing more particle embedment into the surface. At a 15
m/min TS; the contamination is relatively lower, potentially due to an
optimal balance where the primary jet allows effective particle embed-
ment, while the secondary jet aids in flushing out the loose particles. At
higher speeds (20 m/min TS), contamination is relatively minimized as
the reduced contact time between the jet and the surface prevents pro-
longed particle interaction and allows the faster traverse movement to
carry abrasive particles away rather than lodging them in the surface.
Additionally, supporting factors including enhanced flushing action, and
changing dynamics of particle impact at higher TS, result in more su-
perficial interactions. Factors contributing to contamination also include
the composite’s soft and porous matrix, its non-homogeneous nature,
porosity introduced by the MEX process, and the impact energy asso-
ciated with the jet. Although contamination is an inevitable drawback of
the AWJ methodology, optimizing the WP and TS parameters can
significantly mitigate its impact.

3.4. Developing an optimal surface characterization approach: Rationale
for texturing in repair applications

The surface characterization conducted in this study focuses on the
assessment of textured zones using surface profiling parameters, Sa and
Cv. It has to be noted that since Ra, Rv, and Rz are two-dimensional
parameters [41], their capture is also included in this comparative
analysis. Indeed, inclusion of these parameters provide a broader
comparative analysis, particularly relevant to composite materials, as
they are commonly used metrics in the field [24]. These surface pa-
rameters are captured in both longitudinal and traverse direction, rep-
resented by the letters ‘L’ and ‘T” respectively, as presented in Table S.1
in the Supplementary Information. While prior research has predomi-
nantly focused on RaL, RaT, Sa, and Cv for 3D woven composites [24],
the present study also extends the analysis to include Rz and Rv as well,
aiming to capture finer surface details and evaluate their efficacy in
surface characterization. The findings indicate a crucial distinction
among surface roughness parameters, particularly concerning their
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Fig. 11. Standard deviation of RaL, RvL, RzL, RaT, RvT, RzT, Cv and Sa at
constant SS — 1 mm and SoD — 100 mm with variable WP and TS: (a) 60 MPa,
10 m/min; (b) 60 MPa, 15 m/min; (c) 60 MPa, 20 m/min; (d) 80 MPa, 10 m/
min; (e) 80 MPa, 15 m/min; (f) 80 MPa, 20 m/min; (g) 100 MPa, 10 m/min; (h)
100 MPa, 15 m/min; (i) 100 MPa, 20 m/min.

standard deviation values across different texturing conditions as
described in the Fig. 11. Notably, Cv and Sa emerge as the most suitable
parameters for characterizing the material, as evidenced by consistently
low standard deviation values across all texturing conditions. In
contrast, parameters such as Ra, Rz, and Rv (along both longitudinal and
traverse directions) exhibit considerable variability, rendering them less
effective for capturing the intricate surface characteristics of the
material.

On the contrary, the consistency offered by Cv and Sa enhances the
confidence in experimental findings and facilitates meaningful com-
parisons across different surface textures. The disparities in standard
deviation values observed across these classical surface roughness pa-
rameters can be attributed to various technical intricacies inherent to
both the AWJ texturing process and the characteristics of AM with MEX.
The localized variations in abrasive flow during AWJ texturing pose
challenges in precisely quantifying the exact flow targeted to specific
regions, resulting in inconsistent surface textures. Parameters such as
Ra, Rz, and Rv are driven by these changes, hence susceptible to these
variations, leading to scattered standard deviation readings. Conversely,
Cv and Sa, which consider comprehensive surface features and overall
texture uniformity despite localized fluctuations in abrasive flow,
demonstrate lower standard deviation values due to their ability to
capture holistic surface characteristics [23]. Also, the inherent surface
unevenness within the MEX prints, characterized by density and
porosity differences, enhances the variability in standard deviation
values across different texturing conditions. This combined effect,
arising from both the texturing process and the inherent material
properties, poses challenges for classical parameters for accurate surface
quality characterization, making Cv and Sa reliable strategies for surface
texture quantification.

3.5. ANOVA analysis

An ANOVA analysis was performed to evaluate the effects of input
parameters and validate the statistical significance of the experimental
results. The design matrix and resultant output responses for Cv and Sa
across the textured conditions, listed in Table 2 based on Design of Ex-
periments (DOE), are discussed in this section. The analysis, conducted
using Minitab software, aimed to validate the adequacy of the obtained
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Table 2
Experimental matrix and results of the performed ANOVA analysis.
Run Waterjet Pressure Traverse Speed (m/  Cv (mm®/ Sa
Order (MPa) min) cm?) (um)
1 60 10 0.226 3.034
2 60 15 0.143 2.707
3 60 20 0.135 2.502
4 80 10 0.301 6.866
5 80 15 0.252 5.423
6 80 20 0.186 4.795
7 100 10 0.632 15.498
8 100 15 0.608 12.810
9 100 20 0.579 9.396
10 60 10 0.213 3.065
11 60 15 0.133 2.716
12 60 20 0.120 2.650
13 80 10 0.302 6.845
14 80 15 0.287 5.368
15 80 20 0.144 4.912
16 100 10 0.650 15.635
17 100 15 0.610 11.992
18 100 20 0.546 9.568
19 60 10 0.196 3.060
20 60 15 0.145 2.707
21 60 20 0.135 2.487
22 80 10 0.328 6.957
23 80 15 0.298 5.327
24 80 20 0.225 4.822
25 100 10 0.661 15.469
26 100 15 0.575 12.707
27 100 20 0.552 9.237
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model for each response to ensure the statistical accuracy of the
experimental results. A multilevel factorial design was employed,
involving two factors: WP (at 60, 80, and 100 MPa) and TS (at 10, 15,
and 20 m/min), each comprising three levels. With three replicates for
each factor combination totaling 27 runs, the experimental design
allowed for comprehensive exploration of the effects of these factors on
surface characteristics.

The contour and surface plots, presented in Fig. 12, show the com-
bined effects of WP and TS on Cv and Sa. The ANOVA results for Cv and
Sa provide more detailed and in-depth insights into the studied surface
texturing processes. Both models exhibit highly significant 'F’ values of
2281.48 for Sa and 309.00 for Cv (P < 0.05), highlighting their robust
statistical significance and validating their efficacy at a 95 % confidence
level. Across both analyses, each individual factor, i.e., linear effects of
WP, TS, and their interactions, significantly contributes to the variability
observed in the respective surface characteristics. Specifically, the linear
effects of WP demonstrate substantial influence, with °'F’ values of
7987.69 for Sa and 1175.91 for Cv, along with TS effects of 678.78 and
53.43, respectively. Additionally, the low error terms of 0.503 for Sa and
0.000410 for Cv suggest minimal unexplained variability in the models,
increasing confidence in their predictive accuracy. The obtained ANOVA
results confirm the significance of WP and TS on Sa and Cv, given the
resulting low p-values.

3.6. Multi response optimization of Cv and Sa

In this study, a Central Composite Design was employed to investi-
gate the effects of WP and TS on the response variables, focusing on
achieving maximum, minimum and targeted values of Cv and Sa. This
was followed by Response Surface Methodology (RSM) analysis to

@

cv (mm!l:m))o'

02

Traverse Speed (m/min) g 75

50 Waterjet Pressure (MPa)

Fig. 12. Contour and surface plots of Sa and Cv for varying WP and TS.
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Fig. 13. Response Optimization: Sa (um) and Cv (mm®/cm?) under minimum, maximum, and target conditions.

model the relationship between the factors and the responses. Subse-
quently, multi response optimization was performed to identify the
optimal conditions for the input parameters. The response surface dia-
grams of the texturing outputs (Fig. 13) are predicted by the model Egs.
(1) and (2). The multi response optimization of Cv and Sa was carried
out in terms of individual desirability functions that in turn are com-
bined to obtain the composite desirability function. This composite
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desirability function provides the geometric mean of the individual
desirability functions [42]. While this study does not explicitly constrain
for specific applications, the optimized conditions imply practical use
cases: high WP and low TS settings align with applications requiring
higher texturing, while lower WP and higher TS are suited for cosmetic
texturing.
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Table 3

Composites Part A 190 (2025) 108698

Predicted and experimental results under minimum, maximum and targeted conditions, along with error percentages.

Output response Minimum condition Error Maximum condition Error %
At 60 MPa, 10 m/min % At 100 MPa, 10 m/min
Predicted Experimental Predicted Experimental
Sa (um) 3.1101 3.0531 1.86 12.8200 15.5340 17.47
Cv (mm®/cm?) 0.2117 0.2118 0.047 0.5917 0.6473 8.59
Targeted condition: Sa = 5.5618, Cv = 0.2101
Predicted Experimental Error %
82.4 MPa/16.36 m/min 80 MPa/15 m/min 3.00/9.06

Cv=1.664—0.0354a—0.0432b+0.000291a*+0.00158b* —0.000172ab
@

Sa= —3.4+0.063a+0.13b+0.00193a* + 0.0222b* — 0.01289ab
(2)

where a represents the coded value of WP (MPa) and b represents the
coded value of TS (m/min).

For the comparison between predicted and experimental data, three
cases are considered: minimum, maximum, and specifically targeted
conditions. These conditions are illustrated in Fig. 13 and Table 3. The
Cv values for the predicted and experimental values under the minimum
condition (60 MPa and 10 m/min) are 0.2117 mm?3/cm? and 0.2118
mm?>/cm?, respectively. Similarly, under the maximum condition (100
MPa WP and 10 m/min TS), the Sa values are 12.8200 ym and 15.5340
um at predicted and experimental values, respectively.

For a targeted setting with specific Sa and Cv values, a variation of
only 2.4 MPa and 1.36 m/min arises between WP and TS to achieve the
desired outcomes of 5.5618 pm (Sa) and 0.2101 mm?3/cm? (Cv). The
close range of predicted values in comparison with the experimental
data strengthens the significance of the developed optimization model
and confirms its accuracy.

4. Conclusion

The influence of AWJ parameters, specifically waterjet pressure and
traverse speed, on the surface texturing of additively manufactured
continuous fiber composites was evaluated. Surface texturing parame-
ters Cv and Sa were analyzed using 2D and 3D profiling methods.
ANOVA and response surface methodology were employed for data
interpretation. Scanning electron microscopy characterized surface
morphology, and contamination analysis evaluated abrasive grain
embedment. The key findings of this study are summarized below:

e The integration of AWJ technology with AM represents a novel
attempt and innovative synergy that leverages the design freedom of
AM and the versatility of AWJ, enabling precise control over
texturing processes and facilitating customization with fidelity in
patch fabrication for repair applications.

WP and TS were identified as the primary influencing factors on
surface texture quality, with optimal ranges of 60-100 MPa and
10-20 m/min respectively. Additionally, SS of 1 mm and SoD of 100
mm were found to ensure uniform and consistent texturing.

The values of Cv and Sa increase with higher WP values, due to
higher impact energy of the abrasive particles, while it decreases
with higher TS values, because of reduced contact time at the contact
surface. For a given value of TS and with increasing WP, a significant
increase in Cv of 179.6 % is seen, while at a given WP and increasing
TS, a decline in Cv by —8.7 % is observed.

SEM characterization showed microcracking across the surface at
lower values of WP and TS. At higher WP and TS, crater formation is
also observed alongside microcracks. These findings indicate that
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adjusting WP and TS is crucial to balance texturing intensity with

surface integrity to achieve optimum bonding surfaces.

ANOVA analysis confirmed the influence of WP and TS on surface

characteristics, with significant F-values for Cv (309.00) and Sa

(2281.48) with P < 0.05, and low error terms (0.000410 for Cv and

0.503 for Sa), indicating robust predictive accuracy with minimal

variability.

e RSM proved effective in predicting the values of Cv and Sa, with
close agreement of 0.05 % and 1.86 % respectively, at lower values of
WP and TS. At higher values of WP and TS, the degree of closeness
was 8.59 for Cv and 17.47 % for Sa, demonstrating the accuracy of
the developed RSM model.

e Contamination analysis showed that the intensity of abrasive particle
deposition significantly increases at higher WP and lower TS owing
to higher impact energy and prolonged interaction time. The reasons
for contamination may be driven by a combination of factors,
including a softer and porous matrix, non-homogeneity in specimens
due to MEX process, and action of impact energy of the jet.
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