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INTRODUCTION

strength-to-weight ratio, high durability, and resistance to deformation and fatigue, making them indispensable in
industries such as aerospace [1-3], automotive [4,5], and sports [6,7]. These fields demand materials that offer
superior performance without compromising weight, and CFRP has emerged as an ideal solution. However, testing CFRP
materials presents unique challenges [8,9]. The composite nature of CFRP, which combines fibers and a polymer matrix,
introduces heterogeneity and complex load transfer mechanisms. CFRP also exhibits anisotropy, meaning its mechanical
properties vary depending on the direction of the load relative to fiber otientation [10-12].
Traditional testing methods, often performed on bulk samples, may not capture the localized behaviors and interactions
within CFRP materials, missing crucial details about fiber-matrix interactions and internal stress distributions [9,13,14]. Such
limitations create a need for specialized approaches to better understand the mechanical performance of CFRP.
Miniature sample testing addresses these challenges by enabling detailed exploration of local properties, especially important
for applications that rely on smaller structural components or require precise characterization of micro-mechanical
responses. Testing smaller samples reveals critical behaviors that might otherwise be obscured in larger-scale tests, offering
a more accurate understanding of how CFRP materials will perform in real-world applications [13,15-17].
In situ mechanical testing techniques, which allow researchers to observe material deformation and response in real time,
are particularly valuable for studying CFRP. Unlike conventional post-test analyses, in situ methods capture dynamic
processes as they occur, providing a deeper and more immediate look at deformation, crack initiation, and fiber-matrix
interactions [18,19]. This ability to observe mechanical behaviors in real time allows for a more nuanced understanding of
how CFRP materials respond to stress, particularly under complex loading conditions.
In light of these advantages, this study aims to investigate the in situ mechanical properties of miniature CFRP samples. By
analyzing these aspects at the micro-level, this research seeks to identify failure mechanisms specific to CFRP that contribute
to its overall mechanical behavior.

C arbon Fiber Reinforced Polymers (CFRP) are widely valued in modern engineering due to their exceptional

MATERIALS AND METHODS

fiber preform with a lay-up sequence of 0°/90°/0°/90°/0° was placed in a closed mold, and a low-viscosity epoxy

resin was injected under pressure to ensure thorough fiber impregnation. The resin pressure was maintained at 5
bar, while vacuum assistance (~0.05 bar) was applied to eliminate any trapped air within the mold prior to injection. The
composite was then cured at an elevated temperature of 100°C for 2 hours to achieve optimal cross-linking and mechanical
properties.
A dog-bone-shaped specimen, measuring 30X12X0.5 mm, and a rectangular bar with dimensions of 2X4X6 mm were cut
from the composite plate using an Accutom-100 cutting machine (Struers, Germany). The cutting parameters were set at a
rotational speed of 3000 RPM and a feed rate of 0.25 mm/s, utilizing a diamond-tipped cutting disc of BOD15 grade.
Two notches were added to the dog-bone specimen to localize stresses and define a region of interest for Digital Image
Cortrelation (DIC) analysis. In situ mechanical testing was conducted using a Deben Microtest 1 kN tensile stage (Deben
Ltd., UK) in combination with an Altami 6C optical microscope (Altami, Russia). The tensile test was performed at a
constant crosshead speed of 0.5 mm/min. Images were captured by the optical microscope at a rate five times faster than
the testing speed, with a resolution of 1024X768 pixels. The post-processing DIC analysis of the acquired images was done
using Matlab-based open-source software [20].
The rectangular bar was used for microstructural analysis. It was sequentially ground using silicon carbide sandpaper with
grit sizes of 320, 500, 800, 1000, and 2000 to achieve a smooth, plane-parallel surface. This was followed by polishing with
coarse polishing cloths (MD-Mol and MD-Pan) using diamond suspensions (DiaDuo-2) with grain sizes of 6, 3, and 1 um.
For the final polishing step, a fine MD-Chem cloth was used with colloidal silica suspension (OPS). Grinding and polishing
were performed using LaboSystem equipment (LaboSystem, Belgium) with consumables from Struers. The final stage of
sample preparation involved rinsing with distilled water and vacuum drying at 40°C for 2 hours.

T he CFRP composite plate was fabricated using the resin transfer molding (RTM) technique. In this process, a carbon
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RESULTS AND DISCUSSION

area of the CFRP were carefully examined using scanning electron microscopy. The results of this microstructural

characterization are presented in Fig. 1. Each sub-image (a-¢) highlights distinct features pertinent to the analysis of
fiber alignment, packing, defects, and interfacial regions within the composite.
Fig. 1(a) shows a low-magnification view capturing two layers of the composite structure with different fiber orientations:
90° on the left and 0° on the right. This image provides insights into key structural characteristics of the composite. The
average diameter of the carbon fibers ranges from 5 to 7 um, while the average thickness of each layer is approximately 200
um. A gap of around 30 um is observed between every five layers, as further illustrated in Fig. 1(d). Additionally, a small
void was observed within the layer of longitudinally aligned fibers, close to the interface with the layer of perpendicularly
oriented fibers; this void is marked with a red circle.
A closer examination of the cross-sectional area is provided in Figs. 1(b), 1(c), and 1(e). Labels 1 and 2 identify distinct
regions within the composite. Region 1 corresponds to a high-quality epoxy matrix surrounding the fibers, highlighting
regular fiber packing and circular cross-sections. In contrast, region 2 reveals areas with flaws in the epoxy matrix, indicating
lower matrix quality and visible defects. Furthermore, red and yellow arrows mark possible interfacial gaps and micro- or
nano-scale voids. These voids or gaps could serve as stress concentrators, potentially affecting the mechanical properties of
the composite.
Fig. 1(d) shows the “brook” between the two layers. This feature, attributed to the specific manufacturing technique used,
is designed to ensure uniform impregnation of the fibers by the matrix material. Such structural considerations are critical
for achieving optimal mechanical performance by promoting effective bonding and load transfer between the fibers and
mattix.

I ) rior to conducting the in situ mechanical testing of the samples, the structure and morphology of the cross-sectional

50 um

Figure 1: Micrographs of the cross-sectional morphology of the CFRP composite structure. (a) Low-magnification view showing two
distinct layers with fiber orientations of 90° (left) and 0° (right). A small void near the interface between these layers is marked with a
red circle. (b,c) Higher magnification images of the cross-section, with labels 1 and 2 identifying regions of high-quality and flawed epoxy
matrix, respectively. Red arrows indicate potential interfacial gaps and microvoids. (d) “Brook” feature between layers, designed to
ensure uniform fiber impregnation during manufacturing. (¢) High-magnification view showing nanoscale pores in the epoxy matrix,
indicated by yellow arrows.

The force-displacement curve obtained during in situ tensile testing of the CFRP dog-bone-shaped composite sample is
presented in Fig. 2(a). Several stages can be identified in this curve, each corresponding to distinct processes occurring
during the test. The initial segment of the curve, up to the dashed gray vertical line, represents the movement of the specimen
within the grips, which typically involves adjusting to eliminate slack and establish contact with the sample. Following this,
a small drop in force is observed at the intersection with the dashed green line, indicating the onset of local damage within
the material. This local damage does not compromise the overall structural integrity of the composite; however, it signifies
the beginning of minor matrix or fiber-matrix debonding, which could act as a precursor to further damage under continued
loading.
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Fig. 2(b) illustrates the average strain evolution in the xx; xy, and yy directions. These strain components were calculated by
averaging 2D strain maps derived from DIC analysis throughout the experiment. Notably, the strain components &, and
&y exhibit a peak at frame number 18, with a strain magnitude of approximately 0.015 (1.5 %). This frame, marked as a red
point on the force-displacement curve, signifies a critical point in the test. Beyond this point, the composite begins to
experience a significant reduction in structural integrity due to the accumulation of intense shear and normal strains along
the x direction. These strains promote debonding between composite layers and even partial delamination or layer
disappearance, as observed in Fig. 3(a).

The strain curves also highlight that shear strain, particulatly e, is the primary mechanism affecting the mechanical stability
of the composite. This component shows a steady increase from the beginning of the test, intensifying up to the critical
point, which suggests that shear forces contribute most significantly to the progressive degradation of the material. Figs.
2(c-e) display the strain distributions for &., £, and &, at the critical state marked by the red point on the force-displacement
curve. These strain maps reveal localized areas of high strain concentration, especially in the shear component, further
supporting the role of shear-induced damage in the composite’s failure process.

Despite the onset of significant damage, the composite retains a residual load-bearing capacity even after reaching the critical
point, as indicated by the continued rise in the force-displacement curve. This observation suggests that, while the
composite’s structural integrity is compromised, it can still withstand additional loading to some extent, highlighting a degree
of damage tolerance inherent in the material design.
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Figure 2: Mechanical analysis of the CFRP dog-bone sample under in situ tensile testing. (a) Force-displacement curve illustrating
multiple stages of the tensile test. The initial segment up to the dashed gray line represents specimen adjustment within the grips. A
small drop in force at the green dashed line indicates the onset of localized damage within the composite. The red point marks the
critical moment, where peaks of shear and normal strains in the x direction are observed, signifying the start of significant structural
degradation. (b) Evolution of average strain components &, &y, and &, over time (direct correlation with frames captured during
experiment), calculated from DIC-based 2D strain maps. (c-¢) Strain distribution maps for &, €y, and &, at the critical point, showing
localized areas of high strain concentration, which contributes to progressive damage within the composite.

The microstructure characterization after in situ tension of the dog-bone-shaped specimen is depicted in Fig. 3. A general
macroscale view of the specimen cross-section is illustrated in Fig. 3(a). It is observed that several layers of the composite
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were completely destroyed and partially removed from the specimen. A high-magnification SEM image of the sample,
focusing on the surface and edge details of the notches, is shown in Fig. 3(b). The two enlarged insets on the left and right,
outlined by dashed yellow boxes, highlight regions with highest strain concentrations of the sample.

The sample revealed prominent damage along the central region, where fibers and matrix material have separated, indicating
delamination and matrix cracking as a result of mechanical stress. Key features observed include:

. Delamination: The vertical splitting along the fiber direction suggests debonding between layers, a common failure
mode in fiber-reinforced composites under tensile loading. This separation indicates a loss of cohesion between the fiber
and matrix, likely due to shear stresses and fiber pull-out during testing.

. Matrix Cracking: Fine, irregular cracks are visible within the matrix material, especially around the central region of
the fracture. These cracks are indicative of the brittle nature of the epoxy matrix, which can lead to rapid failure once the
matrix is overstressed.

. Fiber Pull-out and Shear Failure: In certain regions, fibers appear to have been pulled out or misaligned, which
suggests fiber-matrix interface failure and shear forces at play. These features highlight areas where the composite has
experienced concentrated stress, leading to localized fiber breakage or slippage.

Figure 3: The structure characterization of the dog-bone-shaped specimen after in situ tension: (a) macroscale view of the specimen
cross-section; (b) fracture locations.
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CONCLUSIONS

important insights into how this material behaves under mechanical stress. Initial imaging of the composite structure

revealed key aspects of fiber alignment, density, and bonding with the epoxy matrix, as well as minor defects that
could act as stress points and influence the material’s performance.
During testing, different stages of stress response at the force-displacement curve were identified. Early in the process, a
minor force drop suggested the onset of localized damage within the composite, likely involving small-scale cracking or
separation between the fibers and matrix. While this initial damage did not compromise the material’s overall structure, it
marked the start of weakening at the interface between the matrix and fibers.
Further analysis highlichted an increase in shear and normal strains in x direction, which both reached a peak at a critical
point during the test. This strain build-up led to progressive damage, such as layer separation and internal cracking, driven
largely by shear forces. Observations after the test showed clear signs of delamination, matrix cracking, and fiber pull-out,
all of which are typical failure modes in fiber-reinforced composites under load.
Despite the damage, the composite was able to bear additional load beyond the critical point, showing some degree of
resilience. Overall, this study illustrates the complexity of failure mechanisms in CFRP materials, highlighting the role of
shear forces and interface integrity in their structural performance. These findings provide a foundation for improving
CFRP composites in applications that demand strength and durability, offering insights for optimizing material design and
manufacturing.
In future work, modeling will extend insights gained from in situ tensile testing of CFRP composites, focusing on damage
progression at the fiber-matrix interface and within the matrix itself. The model will use a cohesive zone approach to
simulate initial interfacial damage and finite element analysis (FEA) to track shear and normal strain peaks in the x-direction,
which drive progressive failures like delamination, matrix cracking, and fiber pull-out. Additionally, the model will assess
the composite’s post-critical load-bearing capacity, replicating its resilience despite progressive damage. This integrated
approach will validate experimental force-displacement curves, offering valuable guidance for optimizing CFRP design for
enhanced durability.

T he in situ tensile testing of the CFRP composite sample, along with detailed microstructural analysis, provided
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