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ABSTRACT
This research investigates the influence of electrochemical surface treatment on the mechanical properties 
of carbon fiber reinforced epoxy composites through systematic parameter optimization and comprehensive  
characterization. The study established optimal treatment conditions using ammonium bicarbonate electrolyte 
at 35°C, achieving enhanced interfacial properties through controlled surface modification. Surface charac-
terization revealed the development of hierarchical surface features with primary grooves (0.5–1 μm width)  
and secondary nano-scale features (50–200 nm), accompanied by a significant increase in surface polarity from 
0.20 to 0.41. XPS analysis demonstrated the successful introduction of oxygen-containing functional groups, 
with hydroxyl, carbonyl, and carboxyl groups showing particular prominence. The modification depth was 
confined to 200–300 nm, preserving the fiber’s core structure. Mechanical testing revealed substantial improve-
ments in composite performance, evidenced by enhanced load transfer efficiency and a transition in failure 
modes. The treatment resulted in improved damage initiation stress (from 985 MPa to 1290 MPa) and initial lin-
ear modulus (from 135.2 GPa to 149.6 GPa). Additionally, the composite compressive modulus increased from 
128.5 ± 3.8 GPa to 142.3 ± 4.2 GPa, representing a 10.7% improvement. Furthermore, surface roughness was 
significantly enhanced, with the arithmetic mean roughness (Ra) increasing from 8.2 ± 0.5 nm to 45.7 ± 2.3 nm.
Keywords: Surface functionalization; Interfacial adhesion; Hierarchical morphology; Structural integrity; 
Damage resistance.

1. INTRODUCTION
Carbon fiber reinforced epoxy (CF/EP) composites have emerged as crucial materials in advanced engineering 
applications, particularly in aerospace, automotive, and high-performance structural components. These mate-
rials combine the exceptional mechanical properties of carbon fibers – including high strength-to-weight ratio, 
superior stiffness, and excellent fatigue resistance – with the versatile processing capabilities and chemical 
resistance of epoxy matrices [1, 2]. The resulting composites offer unprecedented opportunities for designing 
lightweight yet robust structures that meet increasingly demanding performance requirements. Despite their 
remarkable properties, CF/EP composites face a significant challenge that limits their full potential: the inher-
ently weak interfacial bonding between carbon fibers and the epoxy matrix [3–5]. This weakness stems from 
the chemically inert and smooth surface characteristics of carbon fibers, which result in poor adhesion and 
inadequate load transfer between the fiber reinforcement and the polymer matrix [6]. When mechanical loads 
are applied to these composites, the weak interface often becomes the primary failure point, leading to delam-
ination, fiber pull-out, and premature composite failure well below the theoretical maximum strength of the 
constituent materials [7, 8].

To address this critical limitation, various surface modification techniques have been developed to 
enhance the fiber-matrix interface [9]. Among these approaches, electrochemical treatment has emerged as a 
particularly promising method. In contrast to other chemical treatments—which may involve harsh reagents 
leading to uncontrolled etching or environmental concerns—the electrochemical process enables precise tuning 
of oxidation parameters, thus ensuring the selective introduction of oxygen-containing functional groups while 
minimizing damage to the fiber core [10]. This method also allows for a more environmentally benign process, 
as it avoids the use of aggressive chemicals and reduces waste generation [11]. The electrochemical treatment 
process operates through a carefully controlled oxidation mechanism that modifies the fiber surface without 
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compromising its core structural integrity. By applying specific electrical potentials in an electrolyte solution, 
the process generates active sites on the fiber surface, introducing oxygen-containing functional groups such as 
carboxyl, hydroxyl, and carbonyl groups [12]. These functional groups not only enhance chemical compatibil-
ity with the epoxy matrix but also create additional bonding sites for improved interfacial adhesion [13]. Fur-
thermore, alternative surface treatment methods, such as plasma treatment and traditional chemical oxidation, 
have been extensively explored. Plasma treatment modifies the fiber surface via ionized gas species and offers 
the advantage of dry processing with reduced chemical waste; however, it often requires sophisticated equip-
ment and may result in non-uniform surface modifications due to limited penetration depth. Conversely, chem-
ical oxidation typically employs strong oxidizing agents that, if not rigorously controlled, can lead to excessive 
fiber etching and degradation of mechanical properties. In contrast, the electrochemical method presented in 
this study provides a balanced alternative—achieving controlled surface functionalization while preserving 
approximately 96% of the original fiber tensile strength. Moreover, its environmentally benign nature further 
distinguishes it from conventional chemical oxidation techniques.

Recent advances in electrochemical treatment techniques have demonstrated the potential for significant 
improvements in composite mechanical properties. The process can be optimized through careful control of 
parameters such as electrolyte composition, current density, and treatment time [14]. These variables directly 
influence the nature and concentration of surface functional groups, as well as the degree of surface roughen-
ing, ultimately determining the effectiveness of the interface enhancement [15]. Understanding the relationship 
between electrochemical treatment parameters and resulting mechanical properties is crucial for developing 
optimal processing conditions [16]. The surface modification process influences multiple aspects of composite 
behavior, including interlaminar shear strength, compressive properties, and overall structural integrity [17, 18]. 
These properties are intimately linked to the physical and chemical changes induced by the electrochemical 
treatment, necessitating a comprehensive investigation of the structure-property relationships [19, 20].

This research focuses on systematically investigating the effects of electrochemical surface treatment on 
the mechanical properties of CF/EP composites. By employing advanced characterization techniques, including 
scanning electron microscopy, X-ray photoelectron spectroscopy, and mechanical testing methods, we aim to 
establish clear correlations between treatment parameters and performance improvements. The study examines 
both the microscopic changes in surface morphology and chemistry, as well as their macroscopic manifesta-
tions in composite mechanical behavior. The optimization of electrochemical treatment processes represents a 
critical step toward developing next-generation composite materials with enhanced performance characteris-
tics. Through careful control of surface modification parameters, it becomes possible to tailor the fiber-matrix 
interface for specific application requirements while maintaining the inherent advantages of carbon fiber rein-
forcement. This research contributes to the fundamental understanding of interface engineering in composite 
materials and provides practical insights for industrial applications.

2. MATERIALS AND METHODS

2.1. Materials and methods
The carbon fiber utilized in this study was T700-grade polyacrylonitrile (PAN)-based carbon fiber  
(12K, tensile strength 4.9 GPa) supplied by Zhongfu Shenying Carbon Fiber Co., Ltd. (Lianyungang, China). 
The epoxy resin system consisted of a bisphenol-A based epoxy (E-51, epoxy value 0.48–0.54 mol/100g) 
obtained from Nantong Xingchen Chemical Co., Ltd. (Jiangsu, China) and a polyamine hardener (T31, amine 
value 450-500 mgKOH/g) from Shanghai Chengjie Chemical Co., Ltd. The electrolyte solutions were prepared 
using analytical grade ammonium bicarbonate and sulfuric acid from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). All chemical reagents were used as received without further purification.

Prior to electrochemical treatment, the carbon fiber tows were desized by immersion in analytical grade 
acetone (≥99.5% purity, purchased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) at 60°C for 
24 hours to effectively remove the commercial sizing. The fibers were then thoroughly rinsed with deionized 
water and dried at 80°C for 4 hours in a forced-air oven. The epoxy resin and hardener were mixed at a weight 
ratio of 100:31 based on stoichiometric calculations.

2.2. Electrochemical treatment process
The electrochemical treatment was conducted using a custom-designed electrochemical cell equipped with a 
programmable DC power supply (WYK-305D, Nanjing Wanyi Electronic Technology Co., Ltd.). The cell con-
figuration consisted of the carbon fiber tow as the working electrode, a graphite plate (100 mm × 50 mm × 2 mm) 
as the counter electrode, and a saturated calomel electrode as the reference. The electrolyte solution contained  
8 wt% ammonium bicarbonate in deionized water, maintained at 35 ± 1°C using a water bath.
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The treatment process was optimized by varying the current density (0.1–0.5 A/cm2) and treatment 
time (30–300 seconds). The optimal conditions were determined to be 0.2 A/cm2 for 100 seconds, based on 
preliminary experiments evaluating surface modification effectiveness and fiber strength retention. Following 
treatment, the fiber tows were thoroughly rinsed with deionized water and dried at 80°C for 2 hours. Figure 1 
illustrates the overall process flow of this study, which includes fiber pretreatment, electrochemical treatment, 
post-treatment processing, composite fabrication, and mechanical testing.

2.3. Composite fabrication
Composite specimens were fabricated using a vacuum-assisted resin transfer molding (VARTM) process.  
The treated carbon fiber tows were arranged unidirectionally in a steel mold with dimensions of 250 mm ×  
25 mm × 2 mm. The epoxy resin mixture was degassed under vacuum for 30 minutes before injection into 
the mold at 0.1 MPa pressure. The curing cycle consisted of 2 hours at 80°C followed by 4 hours at 150°C for 
post-curing, with heating and cooling rates of 2°C/min.

2.4. Mechanical testing
Single fiber tensile tests were conducted according to ASTM D3379 using a universal testing machine (WDW-
20, Jinan Shijin Group Co., Ltd.). Individual fibers were extracted from the tows and mounted on paper frames 
with a gauge length of 25 mm. Tests were performed at a crosshead speed of 0.5 mm/min with a minimum of 
30 specimens per condition.

Interlaminar shear strength (ILSS) was measured using the short-beam shear test method follow-
ing ASTM D2344. Test specimens with dimensions of 20 mm × 6 mm × 2 mm were loaded in three-point  
bending with a span-to-thickness ratio of 4:1. Tests were conducted at a crosshead speed of 1.0 mm/min.  
Compressive strength was evaluated according to ASTM D695 using rectangular specimens (12.7 mm ×  
12.7 mm × 25.4 mm) at a loading rate of 1.3 mm/min. All mechanical tests were performed at room temperature 
(23 ± 2°C) and relative humidity of 50 ± 5%. At least five specimens were tested for each condition to ensure 
statistical significance of the results.

Tensile properties of the composite specimens were evaluated in accordance with ASTM D3039.  
Rectangular specimens (with dimensions of 250 mm × 25 mm × 2 mm) were prepared from both untreated and 
treated composites. Tests were performed using a universal testing machine at a crosshead speed of 1.0 mm/min. 
The tensile strength, tensile modulus, and elongation at break were recorded.

3. RESULTS AND DISCUSSION

3.1. Electrochemical treatment optimization
The optimization of electrochemical treatment parameters plays a crucial role in achieving enhanced interfa-
cial properties while maintaining fiber integrity. Our investigation focused on understanding the relationships 
between treatment conditions and surface modification effectiveness through systematic parameter variation. 
The electrochemical oxidation process demonstrated significant dependence on both current density and treat-
ment time. Figure 2 presents the correlation between treatment parameters and the resulting oxygen content on 
the fiber surface, as measured by XPS analysis. The surface oxygen concentration exhibited a non-linear rela-
tionship with treatment intensity, defined as the product of current density and treatment time [21].

The influence of current density on surface modification was investigated across the range of 0.1– 
0.3 A/cm2. Figure 3 illustrates the relationship between current density and fiber tensile strength retention.  

Figure 1: Schematic diagram of the process flow for the electrochemical treatment and composite fabrication of carbon  
fiber reinforced epoxy composites.



ZHENG, W.; WANG, W.; WANG, Y., revista Matéria, v.30, 2025

A critical threshold was identified at 0.2 A/cm2, above which significant fiber degradation occurred [22]. Surface 
oxygen content increased rapidly with current density up to 0.2 A/cm2, beyond which the rate of increase dimin-
ished while fiber damage accelerated.

The electrochemical treatment process demonstrated significant dependence on both current density and 
treatment time. To optimize these parameters, we conducted systematic experiments by varying the current 
density from 0.1 to 0.5 A/cm2 and treatment time from 30 to 300 seconds. Figure 1 shows the evolution of 
surface oxygen content as a function of treatment time for current densities of 0.1, 0.2, and 0.3 A/cm2. Figure 2 
illustrates the effect of current density on fiber tensile strength retention. Based on these quantitative analyses, 

Figure 2: Surface oxygen content evolution as a function of treatment time for different current densities (0.1, 0.2, and  
0.3 A/cm2) during electrochemical oxidation of carbon fibers. The data demonstrates the rapid initial increase in surface 
oxygen content followed by saturation behavior, with higher current densities leading to increased oxidation rates.

Figure 3: Effect of current density on carbon fiber tensile strength retention after electrochemical treatment for 100 seconds. 
The graph illustrates the critical threshold at 0.2 A/cm2 where significant strength degradation begins to occur.
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we selected 0.2 A/cm2 for 100 seconds as the optimal condition, since it maximized surface oxygen introduc-
tion while retaining approximately 96% of the original fiber strength [23, 24]. Treatment conditions exceeding 
this window led to excessive fiber etching and strength reduction, while insufficient treatment failed to achieve 
the desired surface modification. This subsection demonstrates the systematic optimization of electrochemical 
treatment parameters, establishing the relationships between processing conditions and resulting fiber properties 
[25]. The findings provide a foundation for controlled surface modification while preserving fiber mechanical 
properties.

3.2. Surface morphology analysis
Surface roughness measurements were performed using atomic force microscopy on at least five distinct regions 
per sample to ensure reproducibility and reliable statistical analysis of the roughness parameters (Figure 4a–c). 
The electrochemical treatment process induced significant modifications to the carbon fiber surface morphology, 
which were systematically characterized using scanning electron microscopy and surface roughness measure-
ments. These morphological changes play a crucial role in enhancing mechanical interlocking between the fiber 
and matrix [26, 27]. SEM revealed distinct surface texture modifications following electrochemical treatment. 
The treated fibers exhibit a controlled pattern of surface etching, characterized by uniform micro-pits and stria-
tions oriented parallel to the fiber axis. The formation of this multi-scale roughness can be explained as follows: 
the initial anodic oxidation creates localized micro-pitting due to non-uniform etching rates, which forms the 
primary grooves. As the process continues, differential oxidation kinetics lead to the development of secondary 
nano-scale features, further enhancing the hierarchical structure (50–200 nm features). This combination of 
micro- and nano-scale roughness contributes significantly to mechanical interlocking with the epoxy matrix. 
This multi-scale roughness is particularly beneficial for mechanical interlocking with the epoxy matrix [28]. 

Figure 4: Comparative SEM analysis of carbon fiber surfaces showing: (a) untreated fiber surface demonstrating characteristic 
smoothness, (b) electrochemically treated fiber surface exhibiting uniform micro-pit formation, (c) high-magnification view 
revealing hierarchical surface texture, and (d) cross-sectional analysis confirming shallow modification depth with preserved 
core structure.
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Table 1: Surface roughness parameters for untreated and electrochemically treated carbon fibers, measured by atomic force 
microscopy.

SURFACE ROUGHNESS PARAMETERS UNTREATED FIBER TREATED FIBER (0.2 A/cm2, 100s)
Arithmetic Mean Roughness (Ra) 8.2 ± 0.5 nm 45.7 ± 2.3 nm

Root Mean Square Roughness (Rq) 10.5 ± 0.6 nm 52.4 ± 2.8 nm
Maximum Peak Height (Rp) 15.3 ± 1.1 nm 68.9 ± 3.5 nm
Maximum Valley Depth (Rv) 14.8 ± 1.0 nm 71.2 ± 3.7 nm
Maximum Height Profile (Rt) 30.1 ± 1.8 nm 140.1 ± 5.2 nm

Surface Area Ratio (Sdr) 1.05 ± 0.02 1.38 ± 0.04

Cross-sectional analysis (Figure 4d) confirms that the surface modification is confined to a shallow depth of 
approximately 200–300 nm, preserving the fiber’s core structure.

Quantitative analysis of surface roughness using atomic force microscopy revealed significant changes in 
surface topography parameters. Table 1 summarizes the key roughness metrics before and after treatment under 
optimized conditions. Notably, the arithmetic mean roughness (Ra) increased from 8.2 ± 0.5 nm for untreated 
fibers to 45.7 ± 2.3 nm for treated fibers, corresponding to an approximate 457% increase. Similar significant 
improvements were observed in other roughness parameters (Rq, Rp, Rv, and Rt), underscoring the effective 
surface modification achieved by the electrochemical treatment. The morphological evolution from untreated 
to treated states demonstrates the controlled nature of the electrochemical process [29]. While untreated fibers 
exhibit characteristic smooth surfaces with occasional manufacturing striations, treated fibers show uniform 
surface modification without evidence of excessive etching or fiber damage [30]. The preservation of the funda-
mental fiber structure, combined with the introduction of beneficial surface features, confirms the effectiveness 
of the optimized treatment parameters [31]. The systematic analysis of surface morphology changes provides 
crucial insights into the mechanism of interface enhancement through electrochemical treatment, establishing 
clear correlations between processing conditions and resulting surface characteristics [32].

3.3. Surface chemistry characterization
The surface chemical composition and functional group distribution were comprehensively analyzed using 
complementary spectroscopic techniques to understand the chemical modifications induced by electro-
chemical treatment. X-ray photoelectron spectroscopy revealed significant changes in surface elemental  
composition following electrochemical treatment. Figure 5 presents the XPS survey spectra and high-resolu-
tion C1s spectra for both untreated and treated fibers. The overall oxygen content increased substantially from  
7.2 at% in untreated fibers to 22.5 at % in treated specimens under optimized conditions.

Deconvolution of the C1s spectra revealed the evolution of carbon-oxygen bonding configurations.  
The relative proportion of C–C/C–H bonds decreased from 85% to 65%, while C–O, C=O, and O=C=O  
functionalities increased significantly. Table 2 presents the quantitative distribution of carbon-oxygen species 
before and after treatment.

High-resolution XPS analysis identified specific functional groups introduced by the treatment process. 
The most prominent increases were observed in hydroxyl (–OH), carbonyl (C=O), and carboxyl (–COOH) 
groups, with their relative concentrations shown in Figure 6. These oxygen-containing functionalities are par-
ticularly beneficial for chemical bonding with epoxy matrices. Complementary vibrational spectroscopy anal-
yses corroborated the XPS findings. FTIR spectra exhibited characteristic absorption bands at 1720 cm−1 (C=O 
stretching), 1250 cm−1 (C–O stretching), and 3400 cm−1 (O–H stretching), confirming the presence of oxy-
gen-containing functional groups [33, 34]. Raman spectroscopy revealed changes in the D/G band intensity ratio 
from 0.85 to 1.2, indicating increased surface disorder following treatment [35]. The comprehensive surface 
chemistry characterization demonstrates the successful introduction of oxygen-containing functional groups 
through electrochemical treatment, providing chemical anchoring sites for enhanced interfacial bonding with 
epoxy matrices [35].

The surface energy characteristics and wettability behavior of carbon fibers were systematically  
evaluated to understand the impact of electrochemical treatment on fiber-matrix interactions. These properties 
directly influence the interfacial adhesion and composite performance [36]. The surface energy components 
were calculated using the Owens-Wendt method based on contact angle measurements. Table 3 summarizes 
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Figure 5: XPS analysis of carbon fiber surfaces showing: (a) survey spectra comparing untreated and treated fibers, and  
(b) high-resolution C1s spectra with peak deconvolution illustrating the evolution of carbon-oxygen functionalities.

Table 2: Quantitative analysis of carbon-oxygen species distribution from XPS C1s peak deconvo-lution for untreated and 
treated carbon fibers.

BOND TYPE BINDING ENERGY (EV) UNTREATED FIBER (%) TREATED FIBER (%)
C–C/C–H (sp2) 284.6 ± 0.1 85.3 ± 1.8 65.2 ± 1.5

C–O 286.4 ± 0.1 8.7 ± 0.5 18.4 ± 0.8
C=O 287.5 ± 0.1 4.2 ± 0.3 10.8 ± 0.6

O=C=O 288.8 ± 0.1 1.8 ± 0.2 5.6 ± 0.4
π–π* Shake-up 291.2 ± 0.2 0.0 ± 0.1 0.0 ± 0.1

Total Oxygen-containing 
Groups

– 14.7 ± 0.7 34.8 ± 1.2

Figure 6: Distribution of oxygen-containing functional groups on treated carbon fiber surfaces as determined by high-
resolution XPS analysis, showing relative concentrations of hydroxyl, carbonyl, and carboxyl groups.
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the dispersive (γᵈ) and polar (γᵖ) components of surface energy for both untreated and treated fibers [37]. The 
total surface energy increased from 42.3 mJ/m2 to 68.7 mJ/m2, with a particularly notable increase in the polar 
component from 8.5 mJ/m2 to 28.4 mJ/m2.

3.4. Mechanical properties
The mechanical performance of electrochemically treated carbon fibers and their composites was systemati-
cally evaluated to establish the relationships between surface modification and structural properties. The tensile 
properties of individual carbon fibers were assessed to determine the impact of electrochemical treatment on 
fiber integrity. Figure 7 presents the distribution of single fiber tensile strength values for untreated and treated 
specimens. Under optimized treatment conditions (0.2 A/cm2, 100s), the mean tensile strength showed minimal 
reduction from 4.9 ± 0.3 GPa to 4.7 ± 0.4 GPa, representing a preservation of approximately 96% of the original 
strength.

The interfacial shear strength (IFSS) between fiber and matrix showed substantial enhancement follow-
ing surface treatment. Table 4 demonstrates the improvement in IFSS from 45.3 ± 2.8 MPa for untreated fiber 
composites to 72.6 ± 3.2 MPa for treated fiber composites, representing a 60% increase. This enhancement is 

Table 3: Surface energy components and total surface energy values for untreated and treated carbon fibers, calculated using 
the Owens-Wendt method.

SURFACE ENERGY PARAMETERS UNTREATED FIBER TREATED FIBER (0.2 A/cm2, 100s)
Dispersive Component (γᵈ) (mJ/m2) 33.8 ± 1.2 40.3 ± 1.5

Polar Component (γᵖ) (mJ/m2) 8.5 ± 0.5 28.4 ± 1.3
Total Surface Energy (γ) (mJ/m2) 42.3 ± 1.4 68.7 ± 2.0

Contact Angle – Water (°) 72.5 ± 2.3 45.8 ± 1.8
Contact Angle – Diiodomethane (°) 48.3 ± 1.5 32.6 ± 1.2

Surface Polarity (γᵖ/γ) 0.20 ± 0.02 0.41 ± 0.03

Figure 7: Distribution of single fiber tensile strength values for untreated and electrochemically treated carbon fibers, 
showing retention of fiber strength under optimized treatment conditions.
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attributed to the combined effects of mechanical interlocking from increased surface roughness and chemical 
bonding through introduced functional groups [38]. The observed transition from interfacial failure in untreated 
composites to matrix cohesive failure in treated composites can be attributed to the hierarchical morphology 
induced by the electrochemical treatment. The primary micro-grooves provide macroscopic mechanical inter-
locking, while the secondary nano-scale features further enhance the interfacial contact area. Together, these 
features facilitate improved stress transfer and reduce localized stress concentrations at the fiber-matrix interface 
[39, 40]. Furthermore, the introduction of oxygen-containing functional groups enhances chemical adhesion, 
resulting in a more uniform load distribution across the composite [41]. Consequently, the failure mechanism 
shifts from debonding at the interface to failure within the matrix itself, as the interface becomes more robust.

In addition to CF/EP composites, several recent studies have reported on the surface modification of 
other synthetic fiber reinforced composites such as glass fiber and aramid fiber systems [42, 43]. These studies 
indicate that controlled surface treatments can similarly enhance interfacial adhesion and mechanical perfor-
mance. Although a direct quantitative comparison is beyond the scope of the present study, our findings indicate 
that the electrochemical treatment method not only improves interfacial shear strength by 60% and compressive 
properties significantly but also preserves fiber integrity better than some reported plasma and chemical oxida-
tion treatments. This suggests that our approach offers a promising balance between treatment efficacy, process 
controllability, and environmental friendliness. Our work distinguishes itself by systematically optimizing elec-
trochemical treatment parameters to achieve a hierarchical surface morphology that not only increases the inter-
facial shear strength by 60% but also significantly improves compressive properties without compromising the 
fiber strength. This comparison highlights the potential of electrochemical treatment as a versatile and effective 
approach for a range of synthetic fiber composites.

Tensile testing was conducted on composite specimens fabricated from both untreated and electrochem-
ically treated fibers. The untreated composite exhibited a tensile strength of 1100 ± 30 MPa, a tensile modulus 
of 70 ± 2 GPa, and an elongation at break of 1.8 ± 0.1%. In contrast, the treated composite showed enhanced 
performance with a tensile strength of 1250 ± 35 MPa, a tensile modulus of 80 ± 2 GPa, and an elongation at 
break of 2.0 ± 0.1%. These improvements are attributed to the enhanced interfacial bonding provided by the 
electrochemical treatment. Furthermore, fractographic analysis of the fracture surfaces revealed that untreated 
composites predominantly exhibited extensive fiber pull-out and interfacial debonding [44–46]. Conversely, 
treated composites displayed more uniform, cohesive fracture patterns with reduced fiber pull-out, indicating 
a more robust fiber–matrix adhesion. These observations corroborate the improvements observed in the tensile 
properties.

The compressive response of composite specimens revealed significant improvements in both strength 
and failure mode characteristics. Table 5 summarizes the key compressive properties, showing an increase in 
compressive strength from 1250 ± 45 MPa to 1580 ± 52 MPa for treated fiber composites. Additionally, the com-
pressive modulus increased from 128.5 ± 3.8 GPa to 142.3 ± 4.2 GPa, which is a 10.7% improvement, clearly 
demonstrating the enhanced stiffness of the composite following treatment. The failure mode transitioned from 
predominant interfacial debonding in untreated specimens to a more distributed damage pattern in treated spec-

Table 4: Interfacial shear strength results from microdroplet testing, demonstrating significant enhancement in fiber-matrix 
adhesion following electrochemical treatment.

PARAMETER UNTREATED COMPOSITE TREATED COMPOSITE
Mean IFSS (MPa) 45.3 ± 2.8 72.6 ± 3.2

Median IFSS (MPa) 44.8 71.9
Standard Deviation (MPa) 5.2 6.1

Coefficient of Variation (%) 11.5 8.4
Number of Samples 42 42

Weibull Modulus 8.9 12.3
FAILURE MODE DISTRIBUTION

FAILURE TYPE UNTREATED (%) TREATED (%)
Interface Failure 85 ± 3 25 ± 2

Matrix Cohesive Failure 10 ± 2 65 ± 3
Mixed Mode Failure 5 ± 1 10 ± 2



ZHENG, W.; WANG, W.; WANG, Y., revista Matéria, v.30, 2025

imens, indicating enhanced load transfer efficiency [47]. Microscopic examination of failed specimens revealed 
that treated composites exhibited more localized kink band formation with smaller band angles (15° vs 23° 
for untreated specimens), indicating better constraint of fiber rotation during compressive loading [48]. This 
enhanced stability under compression is particularly significant for structural applications where buckling resis-
tance is critical.

4. CONCLUSION
This study has demonstrated the successful optimization of electrochemical surface treatment for carbon fiber 
reinforced epoxy composites, establishing clear relationships between processing parameters and resulting 
mechanical properties. In addition to the enhanced compressive and interfacial properties, the tensile properties 
of the composites were significantly improved, as evidenced by higher tensile strength, modulus, and elongation 
at break, along with favorable fractographic features indicative of enhanced fiber–matrix bonding. Under opti-
mized conditions of 0.2 A/cm2 current density and 100-second treatment time, the process achieved a significant 
increase in surface oxygen content from 7.2 to 22.5 atomic percent while maintaining 96% of the original fiber 
tensile strength (4.7 ± 0.4 GPa compared to 4.9 ± 0.3 GPa for untreated fibers). The treatment induced controlled 
surface morphological modifications, increasing the arithmetic mean roughness (Ra) from 8.2 nm to 45.7 nm, 
and substantially enhanced surface energy from 42.3 mJ/m2 to 68.7 mJ/m2. These surface modifications resulted 
in a 60% improvement in interfacial shear strength from 45.3 ± 2.8 MPa to 72.6 ± 3.2 MPa, accompanied by a 
transition in failure modes from 85% interfacial failure in untreated specimens to 65% matrix cohesive failure 
in treated specimens. Compressive properties showed notable enhancement, with strength increasing from 1250 
MPa to 1580 MPa and modulus improving from 128.5 GPa to 142.3 GPa. The comprehensive characterization 
of surface chemistry revealed the successful introduction of oxygen-containing functional groups, with the total 
oxygen-containing groups increasing from 14.7% to 34.8%, providing both chemical bonding and mechanical 
interlocking mechanisms for enhanced interfacial adhesion. These results demonstrate that optimized electro-
chemical treatment offers a practical and effective approach for enhancing the mechanical performance of car-
bon fiber reinforced epoxy composites while maintaining structural integrity of the reinforcement.
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