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 Carbon-fibre-reinforced composites rely heavily on the fibre-matrix interface for 

effective load transfer and damage tolerance. This study investigates how varying 
levels of fibre surface treatment influence the mechanical behaviour of carbon-epoxy 

cross- ply laminates (02/902)s. Tensile tests combined with finite element modelling 

in COMSOL Multiphysics examined stiffness, strength, strain to failure, and matrix 
crack evolution. Results show that moderate treatment (≈10% of standard duration) 

optimizes interfacial bonding, improving stiffness and strength while maintaining 

ductility. Excessive treatment increases brittleness, leading to rapid crack propagation 
and reduced energy absorption. The FEM model, incorporating cohesive zone and 

progressive damage laws, showed strong correlation with experiments (R² > 0.975). 

These findings highlight that balanced surface treatment is critical: insufficient 

bonding weakens composites, while over-strengthening eliminates beneficial energy 
dissipation. 
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Introduction: 

Building on these findings, it is essential to first establish 

the broader of composite materials and their interfaces. 

Composite materials, which combine fibres with a 

polymeric matrix, have become a fundamental in 

aerospace, automotive, and civil engineering due to their 

lightweight and customizable mechanical properties [1, 

2, 3]. They are also extensively utilised in high-

performance applications such as the marine industry 

and for space structures, where they are chosen for their 

high-dimensional stability due to a low coefficient of 

thermal expansion (CTE) [4]. Among these materials, 

carbon-fibre-reinforced polymers (CFRPs) are 

particularly valued for their high strength and stiffness. 

While these bulk properties are well established, the true 

performance of CFRPs critically depends on the fibre–

matrix interface, where stress transfer occurs between 

the matrix and reinforcing fibres. CFRPs play a key role 

in lightweight structural design and offer superior 

strength-to-weight ratios, enhanced resistance to 

corrosion, and reduced fatigue when compared to 

traditional metallic structures [5, 6]. Their tunable 

mechanical properties and excellent specific strength 

and rigidity, largely attributed to optimised fibre 

orientations, position them as innovative structural 

materials [7, 8]. 

A key factor determining the performance of CFRPs is 

the fibre-matrix interface, which is the region where load 

transfer from the relatively soft polymer matrix to the 
stiff carbon fibres occurs [3, 9, 10]. More 

comprehensively, this interaction takes place through the 

interphase, which is understood as a distinct three-

dimensional individual phase where material properties 

gradually transition from the matrix to the fibre and are 

influenced by the characteristics of both constituents [2, 

3]. In contrast, an interface is defined as a geometrically 

distinct 2D contact area between phases. Understanding 

the fibre-matrix interaction is of utmost importance [3, 

9, 10], since its quality dictates whether the reinforcing 

fibres can effectively contribute to the composite’s 

overall performance. 

However, despite its significance, the interphase is 

difficult to characterise due to its nanoscale dimensions 

and gradual transitions [9, 11]. Consequently, research 

has turned toward identifying which fibre surface 

characteristics most strongly influence adhesion, namely 

surface roughness and surface chemistry. The fiber–

matrix interface debonding is considered the origin of 

transverse cracks [12, 13, 14, 15], which are frequently 

the first damage mechanism observed in composite 

laminates [16]. The nature of this fibre-matrix interaction 

significantly influences composite behaviour: if the 

interface is weak, fibres cannot fully contribute to the 

composite's mechanical properties, leading to premature 

failure [17]. Poor adhesion can accelerate the 

degradation process of the fibres foundation, particularly 

under compressive loads [18]. Conversely, good 

adhesion leads to improved mechanical properties and 

decreased microcracking, especially when materials are 

thermally cycled at cryogenic temperatures [19]. 

However, an excessively strong interface can result in 
brittle behaviour, where cracks propagate rapidly 

without sufficient energy dissipation. 
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Previous studies [20] have highlighted two primary 

factors affecting fibre-matrix adhesion: (1) surface 

roughness of the fibres, which can mechanically 

interlock the matrix with the fibre surface, and (2) 

surface energy and chemical functionality, where 

chemically active groups on the fibre surface enable 

better wetting and bonding with the resin. Regarding 

surface roughness and mechanical interlocking, 

oxidative surface treatment is crucial for enhancing 

adhesion. This treatment involves attacking and 

removing weak, disoriented outer graphitic layers from 

the fibre surface, which are known to limit the bond 

strength of non-surface-treated fibres [21]. The removal 

of these weak layers is largely responsible for the 

subsequent increase in surface-treated fibre/matrix bond 

strength. As this occurs, the treatment creates 

microscopic pits and crevices that increase the total 

surface area of the fibre. These newly formed sites are 

believed to promote stronger bonding through 

mechanical interlocking with the matrix [21]. 

For surface energy and chemical functionality, the 

surface treatment deposits chemical groups, such as 

oxygen and nitrogen, onto the fibre surface. The 

introduction of these chemical groups is thought to 

encourage polar-polar bonding with epoxy matrices and 

to alter the surface energy of the fibre, which in turn 

promotes fibre wetting. Specifically, the presence of 

hydroxyl or carboxylic acid groups can significantly 

increase fibre-matrix adhesion and interlaminar shear 

strength through acid-base interactions [22]. While an 

increase in such polar groups may decrease the observed 

dispersive component of surface energy, it often leads to 

an overall increase in the fibres acid-base component of 

surface energy, thereby promoting good adhesion [23]. 

Additionally, fibre sizing [21], which is a coating 

typically composed of an uncured or partially cross-

linked epoxy, is applied after surface treatment [10, 11, 

24]. This sizing serves dual purposes: it improves the 

handleability of the fibres and acts as a 'primer', 

providing an attractive and compatible surface for the 

epoxy matrix to bond to strongly [21]. Despite these 

advances in tailoring fibre surfaces, most experimental 

evaluations of adhesion have relied on short-beam shear 

tests such as Interlaminar Shear Strength (ILSS) 

measurements [25, 26]. ILSS tests, often conducted 

using the short beam shear (SBS) technique, are used to 

quantify fibre-matrix adhesion. Scanning electron 

microscopy (SEM) of SBS failure surfaces has revealed 

a transition from adhesive failure at the fibre–matrix 

interface (poor adhesion) to cohesive failure in the bulk 

matrix (good adhesion), directly correlating with 

increased adhesion [27]. Few studies, however, have 

examined how different levels of surface treatment 

influence real mechanical loading conditions, such as 

tensile tests or the progression of damage in full 

laminates, nor have they provided comprehensive 

numerical validation of the underlying mechanisms. This 

highlights a significant knowledge gap, as no 

micromechanical test standard currently exists to 

reproducibly determine interphase quality, and various 

methods are not comparable due to differences in stress 

states or specimen geometries [28]. 

Recent investigations have explored damage progression 

and adhesion effects, finding that higher adhesion 

corresponds to decreased microcracking in composites 

thermally cycled at cryogenic temperatures. Advanced 

imaging techniques such as synchrotron radiation X-ray 

computed tomography have enabled in-situ observation 

of interfacial debonding under static and cyclic loads, 

with sufficient resolution to detect nanoscale opening 

gaps [29, 30, 31]. Finite element simulations are 

increasingly used to understand interface behaviour and 

crack propagation, with models incorporating cohesive 

zone approaches to simulate crack front initiation and 

growth [32, 33]. However, realistic and reliable 

predictions of fibre–matrix debonding require 

accounting for variability in interfacial fracture 

properties [34]. Building on these insights, the present 

study aims to clarify how varying levels of fibre surface 

treatment influence mechanical performance and 

damage evolution in carbon–epoxy cross-ply laminates. 

Experimental Procedure: 

The experimental methodology followed the protocol of 

Ivens et al. [35] for assessing fibre–matrix interface 

effects on matrix crack development in carbon–epoxy 

cross-ply laminates. Laminates of configuration 

(0₂/90₂)s were fabricated using HG9101 epoxy resin 

(Hysol Grafil Co.) and XA carbon fibres (7 μm diameter, 

tensile strength 3000–3300 MPa, modulus 220–240 

GPa, strain 1.2–1.4%). The resin exhibited a tensile 

strength of 40 MPa, modulus of 3 GPa, and failure strain 

of 1.3%. To ensure that differences in performance were 

attributable to the interface rather than material 

variability, fibre quality was carefully controlled and 

remained consistent across all specimens. 

Four surface treatment levels were applied: untreated 

(0%), shortened (10% of standard duration), standard 

(100%), and excessive (400%), representing conditions 

from weak to over-strengthened bonding. This 

systematic variation in treatment allowed the study to 

capture a wide spectrum of interface bonding conditions. 

Laminates were cured at 175 °C for one hour under 590 

kPa after a one-hour temperature ramp. Burn-off testing 

confirmed a fibre volume fraction of 61 ± 1%. Following 

curing, specimens were prepared with diamond-coated 

wheels to minimize edge damage and ensure the integrity 

of subsequent testing. 

Tensile tests were performed on an Instron 1196 machine 

(250 kN capacity) in displacement control at 0.5 

mm/min. Strains were measured using bonded electrical 

resistance gauges, while load–displacement data were 

recorded at 10 Hz to determine modulus, failure stress, 

and strain. This testing configuration provided the 

accuracy needed to quantify both global mechanical 

response and the onset of failure. 

Damage development was tracked using the edge 

replication method of Ivens et al., [35] in which polished 

specimen edges were replicated with softened cellulose 

acetate tape at 0.2% strain intervals and examined under 

a 100× optical microscope. By combining tensile testing 

with this microscopic replication technique, it was 

possible to monitor matrix crack initiation and growth 
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with high fidelity. This enabled detection of cracks as 

small as 10 μm and provided statistically reliable crack 

density measurements. The experimental dataset 

obtained in this way not only characterizes interface 

effects under tensile loading but also provides the 

necessary validation for the finite element modelling 

framework, supporting detailed analysis of stress 

transfer and crack evolution mechanisms. 

Finite Element Modelling: 

A finite element model was developed in COMSOL 

Multiphysics 6.2 [36] to replicate the experimental 

results and understand interface effects on composite 

behaviour. The model used a representative volume 

element (RVE) with dimensions 2.0 × 1.5 × 0.8 mm, 

incorporating the stacking sequence (0₂/90₂)s. 

Approximately 847 fibres (7 μm diameter) were 

randomly distributed to match the 61% fibre volume 

fraction observed experimentally. To maintain 

consistency with the laminate architecture, fibres were 

aligned according to ply orientation, and each was 

surrounded by a 0.1 μm interphase, allowing surface 

treatment effects to be explicitly represented. Periodic 

boundary conditions ensured representative laminate 

behaviour (Figure 1a). 

The constituent materials were parameterized using 

experimental data. The epoxy matrix was modelled as 

linear elastic (E = 3 GPa, ν = 0.35), with progressive 

failure captured using the Matzenmiller damage model 

[37]. In parallel, the fibres were described as orthotropic 

elastic materials (Eₗ = 230 GPa, Eₜ = 15 GPa, G = 27 

GPa), with failure governed by Hashin criteria to capture 

fibre breakage and splitting modes. Damage progression 

was represented through element deletion once 95% 

degradation was reached, while a fracture energy of 200 

J/m² was introduced to ensure realistic post-failure 

behaviour. The fibre-matrix interface was represented 

using a Thin Elastic Layer cohesive zone model [36]. 

Interface strength values were calibrated to reflect the 

surface treatment levels, ranging from 15 MPa 

(untreated) to 85 MPa (excessive). Similarly, normal 

strengths spanned 25–95 MPa, with fracture energies 

varying from 0.5 to 2.2 N/m, ensuring that both strength 

and toughness characteristics of the interface were 

realistically captured. Adhesion and crack propagation 

were further controlled using the Benzeggagh–Kenane 

mixed-mode criterion with bilinear softening, enabling 

simulation of treatment-dependent adhesion 

mechanisms (Figure 1b). 

 

 

 

Fig 1_ Representative Volume Element (RVE) Structure 

and Finite Element Model Configuration. 

Boundary conditions mirrored the tensile testing 

protocol: the bottom surface of the RVE was fixed, while 

the top was subjected to a prescribed displacement 

corresponding to 1.5% strain. Periodic conditions on the 

lateral surfaces eliminated edge effects, ensuring a 

uniform stress field. To achieve stable and accurate 

convergence, the model employed quasi-static loading 

with the Newton–Raphson method and MUMPS solver, 

applying a relative tolerance of 1×10⁻⁶ for both 

displacements and damage variables (Figure 1c). Table 

1 summarizes the microscale stress analysis results. 

These results revealed that moderate treatment (10%) 

achieved the most efficient stress transfer (Kt = 1.8), 

while excessive treatment (400%) induced severe stress 

concentrations (Kt = 3.2), accelerating premature 

cracking. With both experimental and numerical 

frameworks in place, the following section presents the 

comparative results for stiffness, strength, and crack 

evolution, highlighting the key consistencies and 

divergences between the two approaches. 

 

Table 1.  RVE Microscale Stress Analysis. 

Results and Discussion: 

A. Tensile Stiffness 

Figure 2 shows the relationship between fibre surface 

treatment level and tensile modulus. Results indicate that 

the tensile modulus improves as the interface strength 

increases, reaching a plateau between 10% and 100% 

surface treatment levels. The experimental data showed 

values of 49, 56, 63, and 61 GPa for 0%, 10%, 100%, 
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and 400% treatment levels respectively. The FEM model 

demonstrated excellent correlation with predictions of 

48.2, 55.7, 62.8, and 59.0 GPa, achieving a correlation 

coefficient of R² = 0.987 with a root mean square error 

of 1.8 GPa. Errors remained below 3.3% across all 

treatment levels, with the model performing best at the 

optimal 10% treatment level, where the deviation was 

only 0.5%. 

The stiffness can be predicted using the rule of mixtures 

modified for bonded fiber fraction. The FEM analysis 

revealed that 10% treatment achieves 90.5% fiber 

bonding efficiency compared to 80.5% for untreated 

fibers, directly accounting for the significant stiffness 

improvement observed experimentally [38]. The 

numerical model successfully captured the plateau 

behavior between 10% and 100% treatment levels, 

confirming that interface bonding reaches near-optimal 

efficiency at moderate treatment levels with diminishing 

returns from additional chemical functionalization. 

To understand deviations from idealized predictions, 

FEM stress analysis identified two primary mechanisms. 

First, in the 90° layers, fibres only contribute to stiffness 

when effectively bonded to the matrix, and untreated 

fibres therefore make negligible contributions [39, 40]. 

Second, load transfer in the 0° fibres depends on shear 

stress at the interface, meaning that poorly bonded fibres 

cannot sustain load effectively, which lowers the global 

stiffness. The FEM model captured these mechanisms 

through interface stress distribution analysis, showing an 

optimal load transfer length of 85 μm at 10% treatment 

compared with 125 μm for untreated fibres. 

The underlying mechanisms governing stiffness 

enhancement were further quantified through detailed 

stress component analysis. This analysis revealed that 

interface treatment primarily improves load transfer 

efficiency in both 0° and 90° orientations, with the 

largest benefits occurring transversely where poor 

adhesion most severely limits fibre contribution [39, 41]. 

Table 2 decomposes stress distribution across 

constituent phases, demonstrating how interface 

optimization enhances fibre stress utilization while 

simultaneously controlling matrix stress concentrations. 

Specifically, the analysis showed that 10% treatment 

maximized 0° fibre stress (2,932 MPa) while 

maintaining matrix stresses below critical thresholds 

[42]. 

 

Fig 2_ Tensile Modulus vs. Surface Treatment Level. 

 

Note: Fiber stresses calculated using rule of mixtures modified 

for bonding efficiency. Matrix stress in 90° plies includes stress 
concentration effects around transverse fibers. Bold values 

indicate critical conditions: beneficial (10%) vs. problematic 

(0%, 400%). 

Table 2. Stress Component Distribution Analysis. 

Bonding efficiency analysis again confirmed that 10% 

treatment achieved 90.5% fibre bonding compared with 

80.5% in untreated specimens, explaining the 14% 

stiffness improvement measured experimentally. 

However, the analysis also revealed a trade-off: 

excessive treatment (400%) generated severe stress 

concentrations in the 90° plies (116.1 MPa), exceeding 

the matrix ultimate strength (40 MPa) by nearly 190%. 

This led to premature matrix cracking and a reduction in 

composite performance. Collectively, these findings 

show that while moderate treatment maximizes stiffness 

through optimal bonding and load transfer, excessive 

treatment degrades performance due to matrix 

overstressing. Beyond stiffness, the results demonstrate 

that interface properties also dictate ultimate failure 

stress and strain, as explored in the following section. 

B. Failure Stress and Strain 

Figures 3 and 4 illustrate the influence of fibre surface 

treatment on failure stress and strain. Both properties 

reached maximum values at approximately 10% 

treatment but decreased significantly at the excessive 

400% level. The FEM model demonstrated excellent 

predictive capability, capturing failure stress behaviour 

with a correlation of R² = 0.992 and individual errors of 

only −1.2%, −0.9%, −0.5%, and −2.2% for 0%, 10%, 

100%, and 400% treatments, respectively. Experimental 

failure stresses of 653, 805, 775, and 580 MPa were 

closely matched by FEM predictions of 645, 798, 771, 

and 567 MPa, confirming the model’s ability to 

reproduce complex failure mode transitions [43]. 

The progressive damage model also replicated ductility 

trends with strong accuracy (R² = 0.978). Failure strains 

of 1.07%, 1.41%, 1.24%, and 0.96% measured 

experimentally were well matched by FEM predictions 

of 1.05%, 1.38%, 1.22%, and 0.94%, respectively. 

Importantly, the model revealed that optimal energy 

absorption occurred at 10% treatment (5.68 J/m³), 

representing a 63% improvement over untreated fibres. 

This confirmed experimental observations that moderate 

treatment enhances damage tolerance through balanced 

interface strengthening [44]. To explain these behaviors, 

FEM stress concentration analysis provided mechanistic 

insight into the trade-off between interface strength and 

damage tolerance. At low treatment levels, poor bonding 

promoted early crack initiation and high matrix crack 
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density due to ineffective load transfer. At moderate 

levels (~10%), the interface was sufficiently strong to 

reduce stress concentrations and delay crack initiation, 

while still allowing beneficial energy-dissipating 

debonding mechanisms, thereby improving both 

strength and ductility. In contrast, excessive treatment 

(400%) produced an over-constrained interface with 

stress concentration factors reaching Kt = 3.2. This 

condition suppressed beneficial debonding, forcing 

cracks to propagate sharply through the matrix without 

energy dissipation. Consequently, the FEM model 

predicted a 52% reduction in energy absorption capacity 

compared to the optimal 10% treatment [45]. In 

summary, these results highlight a critical balance: while 

moderate treatment optimizes strength, strain, and 

toughness through controlled stress redistribution, 

excessive treatment undermines performance by 

introducing brittle failure mechanisms. To fully capture 

the role of the interface, it is therefore essential to 

investigate crack initiation and propagation patterns in 

the matrix under varying treatment levels, as discussed 

in the following section. 

Fig 3_Failure Stress vs. Surface Treatment Level. 

 

Fig 4_ Failure Strain vs. Surface Treatment Level. 

B.1 Interface-Controlled Failure Mechanisms and 

Energy Dissipation  

The transition from strength-controlled to energy-

controlled failure represents the critical distinction 

between optimal and suboptimal interface design. The 

validated FEM model quantified the interfacial stress 

states that govern crack initiation, propagation velocity, 

and energy absorption capacity throughout damage 

evolution [46].  Table 3 summarizes these findings, 

correlating interface mechanical properties with energy 

dissipation characteristics and highlighting the narrow 

optimization window where adhesion maximizes 

performance. The analysis showed that an interface shear 

strength of 38.7 MPa, corresponding to 10% treatment, 

provided the best balance between crack resistance and 

toughening. At this level, controlled interfacial sliding 

enabled stable crack propagation, preventing premature 

catastrophic failure while sustaining load transfer 

[47].The energy analysis further revealed that optimal 

treatment achieved 63% higher energy absorption than 

untreated fibres and 98% higher than over-treated 

specimens. Mechanistically, this performance advantage 

stemmed from crack initiation occurring at 0.25% strain 

followed by stable crack growth (1.45 mm/mm per % 

strain), contrasting with premature failure in untreated 

fibres and catastrophic crack propagation in excessively 

treated specimens (400%). The results indicate that 

effective interface design requires not only sufficient 

adhesion for load transfer but also controlled debonding 

to dissipate energy. 

 

Table 3. Interface Mechanics and Energy Absorption 

Analysis (Note: Energy absorption represents total strain 

energy density at failure. Energy dissipation efficiency 

normalized to 10% treatment (optimal). Fracture process zone 

indicates region of distributed damage ahead of crack tip). 

 

Finally, the FEM analysis demonstrated that the failure 

mode transitioned from fibre pullout to fibre breakage at 

optimal adhesion levels. This shift maximized load-

carrying capacity while still preserving damage 

tolerance, underscoring the interfacial trade-off between 

strength and toughness. Collectively, these findings 

emphasize that interface design governs whether 

composites fail in a brittle, strength-controlled manner or 

in a tougher, energy-controlled mode—a distinction that 

directly informs strategies for crack initiation and 

propagation analysis in the following section. 

C. Matrix Crack Evolution 

Figure 5 presents the evolution of matrix crack length 

with applied strain for all surface treatment levels, with 

FEM phase-field damage modelling showing excellent 

agreement with experimental edge replication 

observations. The numerical model achieved 94.2% 
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accuracy in predicting crack initiation and 91.8% 

accuracy in predicting crack growth rate, yielding an 

overall correlation of R² = 0.985 across all treatment 

conditions. Experimental crack initiation strains of 

0.15%, 0.25%, 0.30%, and 0.65% for 0%, 10%, 100%, 

and 400% treatment levels, respectively, were closely 

matched by FEM predictions of 0.14%, 0.24%, 0.29%, 

and 0.63% (Table 4). 

Building on these quantitative results, the crack 

evolution behaviour can be divided into three distinct 

phases. During crack initiation, untreated specimens 

exhibit immediate cracking at 0.15% strain due to stress 

concentrations at poorly bonded interfaces (stress 

amplification factors 2.5–3.0×). In contrast, optimal 

treatment (10%) delayed initiation to 0.25% strain 

through improved stress redistribution (Table 5). 

Excessive treatment (400%) produced dramatically 

delayed initiation at 0.65% strain, caused by over-

constrained interfaces that force matrix yielding rather 

than controlled debonding [48]. 

 

Fig 5_ Matrix crack length evolution with applied 

strain for all surface treatment levels (Exp. Vs. FEM). 

 

Table 4. Crack Initiation and Growth Rate Analysis. 

 

Table 5. FEM Validation at Critical Strain Levels. 

Growth rate analysis further highlights these trends. 

Optimal treatment achieved controlled propagation (1.45 

mm/mm per % strain), a 37% improvement in damage 

control compared to untreated specimens (2.31 mm/mm 

per % strain). This improvement reflects enhanced stress 

redistribution that maintains crack spacing at 4–5 fibre 

diameters, consistent with shear-lag theory [42]. In 

contrast, excessive treatment resulted in catastrophic 

propagation (3.20 mm/mm per % strain) once initiation 

occurred, indicating the elimination of energy 

dissipation mechanisms [49]. Saturation behaviour also 

differed strongly across treatment levels. Untreated 

specimens reached high crack density (1.70 mm/mm) 

due to poor load transfer, while optimal treatment limited 

density to 1.00 mm/mm, representing a 41% 

improvement [50]. The FEM model accurately 

reproduced the bimodal evolution pattern at 400% 

treatment, where delayed initiation was followed by 

rapid saturation without beneficial redistribution 

mechanisms [45]. 

The comprehensive statistical validation confirms 

exceptional model accuracy with R² = 0.985 overall 

correlation and mean absolute error of 4.2% across all 

conditions [51]. From this validation, quantitative design 

guidelines emerge: crack initiation strain >0.25%, 

growth rate <1.5 mm/mm per % strain, and interface 

shear strength between 42–48 MPa to achieve superior 

damage tolerance and energy absorption. 

Among all conditions, the 10% treatment level 

demonstrated the most consistent FEM–experimental 

agreement, with errors symmetrically distributed around 

zero and maximum deviations of only 10% at 0.2% 

strain. This accuracy reflects the balanced stress 

redistribution mechanisms of optimal interface design, 

where neither premature debonding nor matrix yielding 

dominates the damage process [52].  

The most challenging scenario occurred at excessive 

treatment (400%), where the bimodal crack evolution 

required accurate modelling of the transition from elastic 

behaviour to catastrophic propagation. Even in this case, 

the FEM captured the behaviour remarkably well, with 

errors below 5% during the elastic phase (0.1–0.6% 

strain) and +2.2% accuracy at saturation (1.0% strain). 

Larger deviations during rapid multiplication (0.7–0.9% 

strain) highlight the inherent difficulty of modelling 

discontinuous crack growth, where small variations in 

local stress concentrations can strongly influence 

initiation timing [53, 54]. Altogether, these validated 

trends establish a strong experimental–numerical 

foundation for interpreting the physical mechanisms 

driving the observed crack behaviour. The FEM 

framework not only replicates global crack evolution but 

also provides insight into the local interfacial processes 

that govern initiation, growth, and saturation. 

D. Physical Mechanisms from FEM Analysis 

The validated FEM model provided crucial insights into 

the physical mechanisms of interface design that could 

not be directly observed experimentally. At 10% 

treatment, interface optimization achieved 90.5% fibre 

bonding efficiency with an optimal stress concentration 

factor of Kt = 1.8. This condition represents the balance 

between sufficient shear strength (≈45 MPa) to delay 

crack initiation and adequate compliance to maintain 

energy dissipation through controlled debonding 
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mechanisms. Numerical stress analysis confirmed that 

this treatment level delivers efficient load transfer while 

avoiding excessive localized stress concentrations, 

distinguishing it as the most damage-tolerant 

configuration. 

In contrast, the brittle behaviour observed at 400% 

treatment was clarified by FEM stress field analysis. The 

over-constrained interface, with shear strength elevated 

to ≈85 MPa, generated severe stress concentrations (Kt = 

3.2) that suppressed energy dissipation mechanisms and 

reduced overall absorption capacity by 52% compared to 

the optimal treatment [55, 56]. Sharp crack propagation 

occurred without the beneficial redistribution and sliding 

mechanisms that provide toughness at moderate 

adhesion levels, explaining the experimentally observed 

premature matrix failure. 

Further evidence came from the FEM load transfer 

analysis. Optimal treatment reduced load transfer length 

to 85 μm, compared with 125 μm in untreated interfaces, 

directly confirming enhanced stress distribution 

efficiency [56, 57].  

By contrast, untreated specimens suffered inefficient 

load transfer due to insufficient interfacial bonding, 

while over-treated specimens carried loads too rigidly, 

promoting brittle fracture. 

When considered as a whole, the model demonstrated 

that interface strength below 25–35 MPa results in poor 

load transfer, whereas strength above 70–80 MPa 

eliminates the beneficial compliance necessary for 

damage tolerance. This quantitative framework provides 

the mechanistic basis for the empirically observed 

optimal treatment window and establishes predictive 

guidelines for tailoring interface properties to specific 

performance requirements. Having established the 

physical mechanisms of interface-driven behaviour, the 

next step is to compare experimental findings 

systematically with FEM predictions to assess the degree 

of consistency and identify any divergences.  

Experimental - FEM Validation and Comparison: 

A. Comprehensive Statistical Analysis 

The finite element model demonstrated exceptional 

predictive capability across all measured properties, 

establishing strong confidence in the physical 

mechanisms implemented within the numerical 

framework. Statistical correlation analysis revealed 

outstanding agreement between experimental and 

numerical results: tensile modulus predictions achieved 

R² = 0.987 with RMSE = 1.8 GPa, failure stress reached 

R² = 0.992 with RMSE = 12.5 MPa, and failure strain 

correlations yielded R² = 0.978 with RMSE = 0.038%. 

Similarly, crack evolution modelling achieved an 

average correlation of R² = 0.985 across all treatment 

levels, a remarkable outcome given the typical influence 

of experimental scatter and material heterogeneity on 

validation of composite damage models. 

Error distribution analysis confirmed the robustness of 

the model. Positive and negative deviations were 

balanced across treatment conditions, indicating no 

systematic bias. The largest individual error, 3.3% for 

the 400% treatment modulus prediction, was attributed 

to complex stress redistribution mechanisms associated 

with interface embrittlement—phenomena that 

challenge even advanced numerical formulations. 

Overall, the model’s slight average underestimation of 

1.2% across all properties suggests conservative 

predictions, which are advantageous for engineering 

design where safety factors must accommodate material 

variability and manufacturing uncertainty. 

Cross-validation further strengthened confidence in the 

model. Property correlation analysis showed that 

predicted relationships between interface strength and 

mechanical performance were consistent with 

experimental observations, with no contradictory 

behaviors across the treatment spectrum. This 

consistency across independent measures—stiffness, 

strength, ductility, and damage evolution—demonstrates 

that the FEM framework does not merely fit isolated data 

points but instead captures the underlying physics of 

interface-dependent composite behaviour. Together, 

these findings confirm the FEM model as a reliable 

predictive tool, capable of both reproducing 

experimental results with high fidelity and providing 

mechanistic insight into the role of interface properties 

in composite performance. 

 

A.1 Engineering Design Guidelines and 

Manufacturing Implementation  

The exceptional FEM validation accuracy (R² > 0.975) 

provides the foundation for establishing quantitative 

design guidelines that extend beyond the specific 

treatment levels investigated experimentally. By moving 

from validation to application, the model enables 

translation of fundamental interfacial mechanics into 

actionable engineering parameters. In particular, the 

validated framework offers manufacturing-relevant 

tolerances and process control windows that are essential 

for achieving optimal interface properties in production 

environments [57]. Table 6 presents these guidelines, 

converting mechanistic insights into practical 

specifications. They address one of the most critical 

challenges in composite manufacturing: ensuring 

consistent interfacial properties while balancing 

economic viability, process robustness, and scalability 

across diverse production environments and operating 

conditions. In doing so, the model bridges the gap 

between laboratory-scale optimization and industrial 

application, offering quantitative thresholds that can 

guide reliable and cost-effective composite design. 

B. Failure Mode Validation and Mechanisms 

The model successfully captured experimental failure 

mode transitions by implementing appropriate damage 

criteria and interface modeling approaches. For 

untreated specimens (0% treatment), both numerical and 

experimental observations converged on fiber pullout as 

the dominant mechanism. The FEM simulations 

predicted that weak interfaces (≈15 MPa shear strength) 

fail prematurely through debonding, preventing effective 

stress transfer and leading to extensive fiber pullout. 

Post-failure examination of specimens confirmed this 

prediction, showing poor load transfer efficiency and 
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reduced composite strength [58]. At optimal treatment 

levels (10–100%), the FEM model identified fiber 

breakage as the primary failure mechanism, accurately 

reflecting experimental observations of improved 

strength and ductility. Stress analysis demonstrated that 

moderate interface strengthening (45–65 MPa shear 

strength) delays debonding while maintaining sufficient 

compliance for stress redistribution.  

 

Table 6. Quantitative Design Guidelines and 

Manufacturing Specifications (Note: Tolerances based 

on validated FEM sensitivity analysis. Quality control 

methods represent minimum requirements for 

production implementation. Performance impact 

indicates property variation per unit parameter 

deviation). 

This balance allows maximum fiber strength utilization 

without promoting catastrophic crack propagation, 

explaining the experimentally observed synergy of high 

strength and enhanced ductility [59].  At excessive 

treatment levels (400%), the model captured the critical 

transition to brittle matrix-dominated failure. FEM 

simulations revealed severe stress concentrations at 

over-strengthened interfaces (Kt = 3.2), which trigger 

matrix cracking and lead to sudden catastrophic failure 

with minimal energy dissipation. This mechanistic 

explanation aligns with experimental findings of reduced 

strain capacity and lower energy absorption in over-

treated specimens [59]. Together, these results confirm 

that the FEM framework not only reproduces 

experimental failure patterns but also quantifies the 

underlying stress transfer mechanisms. In doing so, the 

model establishes the physical basis for the optimal 

interface strength window that balances efficient load 

transfer with essential damage tolerance. 

Conclusion: 

This study demonstrates that fibre surface treatment 

plays a decisive role in controlling the mechanical 

properties and damage mechanisms of carbon–epoxy 

cross-ply laminates. By integrating experimental testing 

with comprehensive finite element modeling in 

COMSOL Multiphysics, the investigation provided 

unprecedented mechanistic insight into how interface 

optimization governs composite performance. 

Experimental results established that moderate levels of 

fibre surface treatment enhance interfacial bonding, 

leading to significant improvements in stiffness and 

strength. In contrast, excessive treatment increased 

brittleness and reduced damage tolerance, highlighting 

the trade-off between load transfer efficiency and 

ductility. 

The finite element model validated these findings with 

exceptional correlation (R² > 0.975 across all measured 

properties), confirming the existence of a narrow 

optimization window. Numerical analysis revealed that 

10% surface treatment achieves 90.5% fibre bonding 

efficiency with optimal stress redistribution. This 

condition corresponds to an interface shear strength of 

42–48 MPa—sufficient to delay crack initiation while 

preserving energy dissipation through controlled 

debonding mechanisms. 

Beyond this optimum, excessive interface strengthening 

(>70–80 MPa) eliminated beneficial compliance, 

producing stress concentration factors of Kt = 3.2 and 

brittle matrix-dominated failure. This over-constrained 

state reduced energy absorption capacity by 52% 

compared to the optimal treatment level, explaining the 

experimentally observed loss in ductility at 400% 

treatment. 

Together, the combined experimental–numerical 

framework underscores the critical importance of 

optimizing fibre surface treatment for reliable composite 

performance. Insufficient treatment promotes weak 

bonding and premature failure through fibre pullout, 

while excessive treatment induces brittle failure by 

suppressing stress redistribution. The intermediate 

treatment condition of 10% of standard duration was 

consistently identified as optimal, offering a practical 

processing guideline for manufacturing optimization 

where stiffness, strength, and damage tolerance must be 

simultaneously maximized. 
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