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Polymeric composites are increasingly used in orthopedic devices due to their high strength-to-weight ratio.
However, machining, particularly drilling, remains a challenge because of high material costs and insufficient
studies of drilling-induced damage in carbon-orthocryl composites. This study examines the mechanical behavior
and micro-damages associated with drilling in prosthetic socket materials. Specimens 3 mm thick were produced
by infusion moulding and tested using static tensile and Charpy impact tests, followed by scanning electron
microscopy (SEM) for damage characterization. Drilled specimens revealed a 29.64% higher elastic modulus
compared to conventional ones, while their ultimate tensile strength was /7.42% lower. The average impact
toughness was measured at 0.075 J/mm? SEM analysis revealed various degradation modes, including resin
breakage, fiber rupture, intralaminar, translaminar, and interlaminar delamination, with poor resin-fiber wetting
identified as a key defect. These results fill a gap in understanding the machinability of carbon-orthocryl composites
and provide practical insights into improving molding techniques, notably increasing the amount of retarder,
providing a pathway for enhancing carbon c-orthocryl socket machinability for drilling.
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1. Introduction

20 to 50 million non-fatal injuries occur each year worldwide following road accidents [1-3] and more
than /.2 million deaths, according to the World Health Organization [4]. Following these accidents, people
with mobility impairments require orthopedic prostheses that have evolved from unsuitable wood to heavy
metal to composite prostheses, which are now light, comfortable, and even intelligent. The design of orthopedic
prostheses in composite materials [5, 6], requires an in-depth study, concerning the shape, the resistance [7,
8], the convenience and the lifespan over the past decades, Fewer studies have been conducted to assess the
mechanical properties and microscopic damage of the socket of an orthopedic prosthesis produced through
infusion molding, despite their significance for patients' daily activities. One of the primary reasons for this
gap is the high cost of materials, fiber limitations such as low impact strength, low damage tolerance, etc., and
the shortage of trained professionals [9, 10]. The prostheses require a primary machining step following
infusion molding. Drilling was selected because it is one of the most common and clinically relevant machining
processes in orthopedic applications, particularly during the assembly and prosthesis fixation (hip and knee
riveting parts). The process is directly related to withstanding body weight, where controlled drilling is required
to ensure precise dimensions and maintain the mechanical integrity of the prosthesis's structure [11]. During
these processes, they undergo different constraints [12-14] which risk affecting their integrity and their
lifespan. A mechanical study of the materials proves to be necessary [15-17]. To characterize the composite
material, determine its resistance [18-21], and identify its defects, destructive tests and microscopic research
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(SEM) were conducted, aiming to increase the lifespan of the prostheses [22, 23]. This study is part of a
business-university relationship between the University of Annaba (LR3MI Laboratory) and the company
ONAAPH (National Office of Apparatus and Accessories for Disabled People). It was the subject of one of
the primary challenges in the fabrication of prosthetic sockets within the medical sector. This study aims to
identify and characterize the damages surfaces specifically matrix cracking, delamination, decohesions, and
ruptures of both the matrix and fibers [24-27], induced in carbon fiber and c-orthocryl resin composites before
and after the drilling process of prostheses furthermore the relation between delamination and static testing is
evident as established in previous research with the tensile strength deceases with the increase of the
delamination in the drilled hole where the failure occurs in the specimen [28-32], on the other hand, the
selection of appropriate resin-to-hardener ratios and the curing conditions in acrylic resin composites
significantly impacts the microscopic structure and delamination behavior during the manufacturing of carbon
fiber composites a recent studies indicates that a stoichiometric balance leads to optimal crosslinking density,
enhancing mechanical properties and reducing porosity, which are crucial for preventing premature
delamination. An optimal resin-to-hardener ratio results in superior interfacial bonding. This, in turn, enhances
load transfer between the fibers and the matrix. The smoother delamination surfaces that occur under stress
are a clear indicator of this improved bond integrity [33-34]. Increasing the hardener content can enhance the
curing kinetics, resulting in a more homogenous and dense cross-linked structure, and the transition from Mode
I to Mode II delamination involves varying stress responses, heavily influenced by the mechanical properties
conferred by the acrylic resin's composition [35-36]. Although carbon c-orthocryl is a key material in the
production of high-cost orthopedic prostheses, it remains subject to damage despite compliance with
manufacturing protocols [37]. No prior investigations have specifically examined the microscopic fracture
mechanisms that cause this degradation under typical molding conditions of this composite. This research aims
to investigate the underlying fracture mechanism before and after drilling the prostheses, enhancing the
molding techniques by increasing the amount of retarder, and improving the long-term durability by
minimizing delamination and strengthening the orthopedic prostheses.

2. Materials and methods
In this study several steps were deployed to fabricate the laminate composite according to manufacture

specifications [37] the carbon composite was composed of a weight fraction of 35% carbon woven tissue and
63% of c-orthocryl resin 617H55, adding 2% hardener powder 617P37 at a ratio of approximately /00:2 by
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Fig.1. Manufacturing process for the carbon c-orthocryl composite.
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weight (2% hardener)[38]. Laminated composite plates were stacked together by the vacuum infusion process
with three layers of carbon, with a vacuum of (.8 bar and a polymerization in an oven at 80°C for § hours in
an autoclave to facilitate the curing of the composite layers also reducing the generated porosity between the
stacks, Fig.1 shows an explanation of the manufacturing process. These guidelines provide a consistent
baseline for laboratory (onnaph) processing of carbon-orthocryl composites, ensuring both safety during curing
and reproducibility of the mechanical performance [39].

2.1. Test plates

After polymerization, the plates were sectioned into test specimens of 220x30x2 mm’ as per
Standard 1SO527-4 [40] for tensile testing; on the other hand, for impact testing (Charpy), 70x10x 3
according to Standard ISO 179-1 [41]. All material characteristics are summarized in Tab.1.

Tab.1. A summary of the material characteristics for the fabricated composite specimens.

Surface Mass fract Mixing
; ass fraction i
Fiber Weaving dens1t2y [% ] ratio by co(l;llcllrii?(t)gns Supplier
[g /m } weight
Carbon woven 616G12 245 35
Acrylic
Resin c-orthocryl - 63
617HS55 T =80°C Otto Bock
Hardener 617P37 - 2 100:2 B (Duderstadt,
- - t= 8hrs
dimension Germany)
ight
Sample Layer weight [g] [mm3 ]
3 12 220x30x2

2.2. Machine

The tensile tests were conducted on a Zwick/Roell universal machine model Z050, equipped with a 50
kN force cell (Kennesaw, USA), as shown in Fig.2. The tests were performed at a loading speed of 2 mm/min
under laboratory conditions at room temperature. The test concluded following a substantial decrease in the
applied load. Engineering stress-strain data can be derived from the load-displacement information recorded
by the testing machine; the number of tests is limited due to the high cost of the material. The tensile modulus
is determined by calculating the slope of the resulting stress-strain curve, the stress-strain curve calculated, and
tensile strength and modules following the following Eq.(2.1) of CFRP for both of the specimens drilled and
conventional, according to [40], can be calculated within a strain range from 0.0005 to 0.0025. The details of
the specimens before and after the test are shown in Fig.2(b-c), B. Huang investigated the tensile properties of
the unidirectional CFRP plates with different lengths. Among these specimens, for the /50 mm length, the

tensile strength O, results vary from 2819 MPa to 2598 MPa [42], also demonstrated that intralaminar and

interlaminar defects arise during static tensile testing of carbon fiber reinforced polymers (CFRP) as a result
of macroscopic voids present between the layers. These voids create regions of stress concentration, which can
significantly compromise the material's tensile resistance. Therefore, it is imperative to minimize the
occurrence of such voids during the Manufacturing process of the composite [43]. All the results are
summarized in Tab.2. The tensile stress-strain curve is illustrated in Fig.6.
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2.3. Protocol

The protocol to be followed was to divide the specimens into four lots. The first lot serves as a control
Fig.2(a), the second will be subjected to a static tensile test Fig.2(b), the third will be drilled and subjected to
a static tensile test Fig.2(c) and the fourth will be drilled by & mm HSS twist drill bit Fig.2(d), the four
specimens will be examined under the SEM electron microscope to detect the various defects existing after
molding and the damages generated within the material by the drilling and tensile tests and to find the necessary
solutions [18-22]. SEM images were taken using a high-resolution microscope vacuum system QUANTA 250
from FEI Company (Hillsboro, Oregon, USA). SEM observation of the damaged areas around the drilled holes
revealed an obvious delamination concentration around this area. Furthermore, another shear crack appeared,
indicating fiber failure in the direction of the applied tensile force.

(a) (b)

() (d)

Fig.2. Different specimens and tensile machine Zwick/Roell Z050.
2.4. Charpy test resilience

The primary challenge in testing composites using the Charpy impact test is the complexity of failure
modes, which often include delamination, matrix fracture, and fiber tearing. Additionally, delamination tends
to decrease as the thickness of the laminate increases the goal from the test is to determine CFRP resistance to
impact and the absorbed energy calculated with formula (2.2) following the previous studies [44, 45] the
specimens were made According to [41] with dimension 77x10x 3 mm , the specimens were cut using a
diamond saw, impact device is Zwick/Roell HIT50P testing machine with an impactor energy level of 50 joule
and a constant mass of 60 kg and pendulum length §00 mm and constant speed with a fixture stand and support
base the specimen were placed in the front of the impactor to insure complete contact between impactor and
specimen Fig.3, all the results are summarized in Tab.3.
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The specimen was classified and arranged along with the test arrangement, then carefully removed
from the fixture after the test was completed. The specimen breaking is shown in Fig.6.

Fig.3. Zwick/Roell impact testing machine.

3. Results and discussion

3.1. Control specimens

We cut the control specimen in the longitudinal, transverse, and frontal directions, as shown in Fig.4.
This cutting allows us to know the internal structure of the material and to detect possible molding defects
along the various facies and fiber orientation across the plies. It exposes the fibers with a significant amount

Plan 2
Longitudinal

of c-orthocryl resin.

Plan 4 )
Transversal

Plan 3 By
[ width
Plan 5 -
Transversal

Fig.4. Different surfaces according to the cross-sectional planes of the tensile specimen.
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3.1.1 The tensile test properties:

The tensile test results for the carbon fiber c-orthocryl resin composite show that the regular sample
has an average tensile strength O, of 437.539 MPa, an average Young's modulus £ of 35.811 GPa, as shown

in Tab.2 based on the linear part of the stress-strain curve illustrated in Fig.5. The strain to failure is 1.7%,
which is typical of brittle behavior. Many factors can have significant impacts on the tensile strength of CFRP,
including the environmental conditions and how it is processed mechanically. Li et al. [46] examined the
impact of environmental conditioning on CFRP, demonstrating that tensile strength decreases with extended
exposure to hydrothermal conditions, suggesting more significant effects on tensile strength when sustained
loads are combined with hydrothermal aging. Additionally, the drilling process can cause damage mechanisms
like delamination and micro-cracking, which change the material's tensile characteristics. Ueda ef al. observed
that drilled specimens frequently exhibit reduced tensile strengths relative to their non-drilled equivalents,
ascribing this phenomenon to the onset of damage mechanisms during the drilling process [47]. Drilling an &

mm hole in the specimens creates a stress concentration that reduces the average G, by 17.42% (to 361.286

MPa) and the strain to failure by more than 52% (to 0.8%). The discontinuity serves as a crucial initiating
point for crack propagation and early fracture, emphasizing the composite's vulnerability to geometric defects
and the necessity of incorporating such characteristics in structural design. Evidence indicates that the drilling
procedure influences both the load-bearing capacities and the strain properties of the CFRP matrices [48].

Tab.2. Mechanical properties of conventional and drilled carbon c-orthocryl specimens.

Conventional specimens Tensile strength O,,,, (MPa) Young modulus E (GPa)
1 474.085 34.340
2 470.887 40.089
3 416.992 36.037
4 388.195 32.779
Average 437.539 35.811
Drilled specimens
1 379.798 55.111
2 342.775 46.896
Average 361.286 51.003

Conventional

====Drilled

0 il il n
0 0.005 0.01 0.015 0.02
Strain s(%)

Fig.5. Tensile stress-strain curve for the carbon c-orthocryl composite.
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3.1.2. The impact test properties

The Charpy impact test results show that the carbon c-orthocryl specimens absorbed between 1.899 J
and 2.668 J of energy before fracture, dissipated through mechanisms such as fiber breakage, matrix cracking,
and delamination. Normalizing by the initial cross-sectional area yields impact toughness values ranging from

0.068 t0 0.086 J | mm’ , as shown in Tab.3 with an average of 0.075 J / mm? across the five specimens. The
consistency of these values supports the reliability of the dataset and indicates that the material possesses
moderate resistance to fracture under high-strain-rate loading. The specimens after breaking are shown in
Fig.6. These findings underscore both the potential of CFRP for lightweight structural applications and its
inherent susceptibility to impact damage, emphasizing the importance of toughness characterization in
prosthesis design. Curing conditions, including time, temperature, and the specific environment, have a
significant effect on the mechanical properties of CFRP. Mahfoud and Harb explored how varying curing
cycles can influence the performance of carbon fiber composites, noting that optimizing the cure cycle can
lead to enhanced mechanical properties. However, their study primarily focused on wave modes during curing
rather than directly demonstrating enhanced impact resistance [49]. Similarly, the resin-hardener ratio plays
an important role in determining the physical characteristics of the hardened composite. Zhang et al. reported
that the addition of carbon nanotubes (CNTs) can catalyze the curing process, resulting in improved
mechanical properties, including impact strength [50]. They highlighted that the optimal ratio of resin to
hardener affects the degree of cross-linking, which is crucial for the final product's load-bearing capability.
Moreover, the curing degree directly correlates with the mechanical performance of CFRP composites. Ye et
al. observed that higher degrees of curing lead to notable improvements in flexural strength and impact
resistance of epoxy-based CFRP composites, with increases in impact strength up to §2.9% when novel curing
agents were introduced [51].

Tab.3. Impact test results for CRFP specimens.

Speed Surface 2
Specimens y (Z/S) So(mmz) w(J) WIS, (J/mm )
AVR
1 3.807 30.914 2.668 0.086
2 3.807 27.678 1.899 0.068
3 3.807 31.950 2.196 0.068
4 3.807 25.310 1.899 0.075
5 3.807 29.431 2.251 0.076

N

Fig.6. Charpy specimen after breaking.
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3.2. Standard specimens before static tensile testing

The three SEM images in Fig.7 effectively provide an overview of the composite material, carbon
fiber, and c-orthocryl resin. Figure 7A, (F1), (F2) shows a significant defect inside the specimen in the frontal
plane. Some of the fiber bundles are not immersed in the resin. This lack of resin will weaken the material and
reduce its cohesion. Previous research [52] studied the influence of thermal residual stress and microscopic
porosity on the transverse and longitudinal macroscopic properties of fiber-reinforced composites. This study
employed a micromechanical modeling approach that incorporated artificially embedded triangular, circular,
and square pentagonal pores. [53] Investigated the damage progression in carbon fiber-reinforced polymer
(CFRP) generated by the effect of layup thickness on thin plates subjected to transverse tensile loading through
a micromechanical modeling approach. The findings of their study indicated that, in the presence of pore
defects, crack initiation takes place at the interface between the pores and the matrix, in addition to occurring
at specific weak interfaces between the fibers and the matrix. The lack of resin and cohesion can have several
origins, among others, a rapid gelling of the resin (resin/hardener ratio), a slow diffusion rate, etc.

N
resin distribution

Fig.7. Cross-sectional views of control specimens highlighting multiple defects in three different planes. (A)
Lack of resin through fibers in the frontal plane (1), (B) good distribution of resin in the transversal
plane (3), (C) good fiber-resin cohesion in the longitudinal plane (2).

Defects affect the ability to conclude the integrity of the composite. Figure7B, on the other hand, shows a
cross-section along the transversal plane, showing us a surface with a well-distributed resin between the fibers,
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a sign of good infusion. Figures7B-C show good fiber-resin cohesion in the longitudinal and transversal plane.
Further investigation is needed to achieve better results.

3.3. Standard specimens after static tensile testing

The cross-section in the frontal plane shows a surface with a well-distributed resin between the fibers,
as illustrated in the Fig.8a. Across the frontal plane, it covers the material well and has no detectable molding
defects. The cross-section along the fracture plane of the specimen after tensile testing highlights the effect of
static tension on the material, as shown in Fig.8b. These effects are manifested by resin cracking (F1),
intralaminar delamination (F2), translaminar delamination (F3), and fiber bundle failure (F4), which is due to
plastic deformation during the test. Wen et al. highlight that during tension, where the fiber-matrix interface
starts to debond and leads to crack initiation under load [54], resulting in intralaminar delamination.

Fig.8. Cross-sectional views of the standard specimens after the static tensile test. (a) good molding infusion
in the frontal plane, (b) resin cracking (F1) intralaminar, and translaminar delamination, and fiber failure
(F2, F3, F4) in the fracture plane of the specimen, (c) fiber breakage, matrix decohesion, and good
cohesion (F5, F6, F7) in the longitudinal plane.
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The combined effect of these two types of delamination contributes to fiber breakage, which leaves a crater in
the material (F4). This fiber breakage is manifested by the disappearance of fiber bundles at various levels.
This demonstrates the effect of the static loading after the specimen breakage. It weakens the material and
generates different types of damage. Figure 8c shows a breakage of a fiber strand along the tensile axis (F5),
as well as a fiber matrix decohesion (F6). It also shows good fiber-matrix cohesion, due to effective infusion
and resin-reinforcement compatibility (F7). Tensile damage is severe, damaging both the resin and the fibers.

3.4. Drilled specimens before static tensioning

Figure 9a shows the classic double interlaminar delamination at the borehole (F1 and F2). This double
delamination is caused by the drill bit during drilling, which causes mode one cracking by lifting the first ply.

Fig.9. Cross-sectional views of the drilled specimens before the static tensile test. (a, b) double interlaminar
delamination (F1, F2), and resin stripping F3 in the transversal plane of the bore hole, (c) good cohesion
along the longitudinal plane, (d) the propagation of the cracking F7 in the cross-section by width.
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The same phenomenon occurs when the drill exits and lifts the last ply, creating the second delamination in
mode one. Aamir et al. confirmed that the HSS drill-bit could cause these two types of delamination, which
occur between different layers and generate excessive built-up edges [55]. Ghazali et al. elucidate stated in
their research that variations in tool material potentially mitigate both intra- and interlaminar delamination
[56]. We also see resin stripping on the lower lip (F3). Figure 9b shows inter (F4) and intralaminar
delaminations (F5) and brushing of the carbon fibers after they have broken in the direction of rotation and
cutting of the drill bit during drilling (F6). Figure 9c shows good cohesion between the resin and the fibers
along the length of the specimen. Figure 9d shows the propagation of interlaminar cracking (F7), caused by
the drilling.

3.5. Drilled specimens after static tensioning

Figure 10a shows matrix cracking perpendicular to the drilling axis (F1), with the creation of an
intralaminar delamination (F2), and a fiber strand pull-out (F3). Wang et al. reported the cause of this complex
damage to the drilling, which affects the resin-matrix bonding [57]. Figure 10b shows interlaminar
delamination (F4) and fiber strand push-out (F5). We also notice a fiber-matrix decohesion (F6). FigurelOc
shows the tearing of a fiber strand with its resin (F7) and an intralaminar delamination (F2) due to the tensile
stress concentration. Additionally, the bond quality between the matrix and the strands impacts directly the
occurrence of these types of delamination's which significantly decreases the mechanical performance under
tension [58] Figure 10d shows interlaminar (F9, F10) and intralaminar (F11) delaminations caused by drilling
with matrix failure caused by material embrittlement due to the effects of drilling and tensile stress. Drilling
and tensile stresses cause extreme material degradation and embrittlement.

4. Conclusion

This study explores the various fracture surfaces of carbon fiber and c-orthocryl resin specimens. This
resin is supplied by Otto Bock, a German supplier specializing in orthopedic prostheses. The resin-hardener
ratio is recommended by this supplier and was respected. There are no studies on this resin when drilling and
tensioning. It is therefore difficult to make comparisons with the various bibliographical studies. The results
of this composite can be considered as new. And can be cited as a new reference, showing that the material
undergoes various degradations across different facies, an aspect from which several conclusions can be drawn:

Intralaminar delamination occurs in both drilled and standard specimens after tensioning. In the drilled
specimens, it comes along with fiber tearing and interlaminar delamination due to fiber strand push-pull-out
by the drill bit on the longitudinal plane vertically with the drilling mechanism.

Translaminar delamination is identified as the damage that occurs after loading the specimens, specifically in
the transverse plane perpendicular to the loading direction. This damage is due to the generation of tensile
stress, which leads to resin-fiber decohesion.

Matrix cracking, recognized as advanced damage, occurs in c-orthocryl resin. This is attributed to testing
in both specimens, which revealed shortages in resin-fiber cohesion in standard specimens before tensioning in
the frontal and longitudinal planes in certain regions, despite sufficient cohesion across all surfaces.

The combined effect of drilling and pulling of carbon-c-orthocryl composite generates the same
degradation as during pulling and drilling induced micro damages such as inter-intralaminar delamination,
matrix cracks, and fiber breakage as a precursor for the tensile loading This is further supported by the absence
of translaminar delamination in the drilled specimens which ruins the material by shearing the fibers at
different levels.

This composite shows good performance in terms of mechanical properties, with an average ultimate
tensile strength of 437.539 MPa before it fractures. A maximum strain of /.7%, as well as the composite,
demonstrates that has good cohesion Despite the infusion molding defects which has certain disadvantages for
the final orthopedic socket, the drilling for this composite with HSS twist drill-bit has reduced the average
tensile strength by 17.42% from 437.539 MPa to 361.286 MPa and the strain failure has reduced by 52%
dropping from 1.7% to 0.8% the hole acts as the initiation point for stress propagation and a catastrophic failure,
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Fig.10. Cross-sectional views of the drilled specimens after the static tensile test. (a) matrix cracking F1 with
intralaminar delamination and fiber strand pull-out (F2, F3) in the transverse plane by width, (b)
interlaminar delamination with fiber push-out (F4, F5) in the longitudinal plane according to length, (c)
fiber tearing (F7) in the cross-section (4) fracture plane of the specimen, (d) inter and intralaminar
delamination (F9, F10, F11) in the transversal plane at the bore hole.

the Charpy impact test demonstrates that this material has an average impact toughness of approximately

0.075 J | mm’ . Indeed, a micro effect in terms of delamination, which goes along with the one cited in the
bibliography, and there is poor wetting of the carbon fibers by the c-orthocryl resin, which can be corrected by
adjusting the moulding techniques for obtaining the material. Additional investigation is necessary. Future
research will involve conducting more detailed mechanical tests, along with an upgraded amount of retarder
up to 3%, to enhance our comprehension of the material's properties and expand its potential applications.
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Nomenclature

CFRP - carbon fiber reinforced polymer
E - Young modulus
F (1-11) - defect area
HSS - high-speed steel
hrs - hours
LR3MI - Laboratoire de Recherche Mecanique et Materiaux et Maintenance Industrielle
ONAAPH - Office National d'Appareillage et Accessoires pour Personnes Handicapées
SEM - scanning electron microscope
S, - initial surface of the specimen

T - temperature
¢t -time
. 2
V - impact speed (mm )
W /S, -absorbed energy (J/mm?)
W - impact energy ()
€ - uniaxial strain (%)

C - uniaxial stress (Wa)

G nax - Ultimate tensile strength (MPa)
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