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H I G H L I G H T S G R A P H I C A L A B S T R A C T

• A simplified method is introduced for
assessing the fibre/matrix interface of
FRPs.

• Femtosecond laser processing is pro-
posed for the specimen preparation.

• Nanoindentation fibre push-out testing
is used for the mechanical assessment.

• The method captures the sizing agent
effect on the interface of CFRPs.
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A B S T R A C T

This work proposes a simplified methodology for examining the interface of fibre reinforced composites with
fibre push-out testing. Demonstrated in a carbon fibre (CF) reinforced polymer (CFRP) case study, it examines the
interface of a commercial epoxy with the 31E, 50C, and F0E T700 CFs. Atomic force microscopy, attenuated total
reflection – Fourier transform infrared spectroscopy, and scanning electron microscopy are used to characterise
the fibres, and the CFRP samples are manufactured with wet winding. To create trenches of suitable thickness
within the bulk composite, femtosecond-laser processing is proposed as a localised material subtractive method,
facilitating the fibre push-out testing with the flat nanoindenter tip. The results highlight the influence of the CF
sizing agent on the CFRP interface, and overall, a methodology is defined that simplifies the specimen prepa-
ration for assessing the interface of FRPs. This advancement holds promise for a broader adoption of such tests
from both academia and industry.

1. Introduction

Fibre-reinforced polymer (FRP) composites offer not only high
strength-to-weight ratio, but also exceptional properties such as high
durability, stiffness, damping properties, flexural strength, resistance to
corrosion, wear, and impact [1–3]. These diverse features have led these

materials to find applications in construction, aerospace, automotive,
biomedical, marine, and many other manufacturing industries [2].
Especially carbon fibre reinforced polymers (CFRPs) have advantageous
mechanical, thermal, and chemical properties. Therefore, these mate-
rials are widely used in high-performance aerospace and automotive
applications as substitutes for traditional metallic materials [4–7]. In a
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CFRP material, the fibre provides the strength and the stiffness while the
matrix is mainly responsible for transferring the stresses between the
reinforcing fibres and safeguarding them from a mechanical and/or
environmental damage.

Another attribute that significantly affects the mechanical perfor-
mance of CFRPs is the fibre/matrix interface [8–12]. The interface plays
a critical role in transferring the loads from the matrix to the fibres [13]
and its resulting stress transfer efficiency determines the ultimate bulk
material response [12]. Consequently, there is significant ongoing
research focused on enhancing the interface of CFRPs [14,15]. Methods
being explored include oxidation or plasma treatments of CFs [16–20],
and the use of nanoparticles such as carbon nanotubes (CNTs) [21–25],
graphitic carbon nitride (g-C3N4) [26] or graphene oxide (GO) [8,27] as
coating layers. Additionally, modifications of the fibre’s sizing agents
are also being investigated [28–33].

To validate the benefits of these methodologies, it is important to
employ reliable and robust experimental techniques. Nevertheless, to
date a standard methodology for mechanically assessing the interface of
FRPs has yet to be established [12,34]. For this reason, determining the
interfacial shear strength (IFSS) of fibre-reinforced composites − the
primarily studied parameter characterising the fibre/matrix interface −

remains a challenge. Typically, single fibres are tested and the existing
experimental methods can be divided into twomain categories [13]. The
first category involves tests where the external load is applied to the
fibre such as single fibre pull-out tests (SFPTs) [32,35,36], microbond
tests [37–42], fibre push-out tests [43–45], and fibre push-in tests [46].
The second category involves tests where the external load is applied to
the matrix such as the Broutman test [47], and the single fibre frag-
mentation test (SFFT) [48,49]. Out of these tests, SFPTs, microbond
tests, and fibre push-out tests are commonly used to examine the
interface properties of FRPs [10–12,37,39,50–53].

Fibre push-out tests are lately increasingly employed from the
research community to derive the IFSS of polymer matrix composites
(PMCs) or ceramic matrix composites (CMCs) [34,51,53–57]. The main
benefit of fibre push-out testing comparing to other methodologies is its
ability to assess the IFSS in environments with increased fibre proximity.
This approach can provide insights into the material response under
conditions more representative of real-life manufacturing processes.
Additionally, the testing process is relatively straightforward. Typically,
it utilises a nanoindenter equipped with a flat punch indenter tip that
applies the load to individual fibres until the interface failure initiates
and the fibre push-out occurs [58].

The main barrier hindering a broader adoption of these tests in both
industry and academia is the demanding specimen preparation process
that is needed. In most cases, the thickness of the examined specimen
should be less than 100 μm to ensure that debonding occurs along the
fibre/matrix interface instead of fibre breakage [34,59,60]. To achieve
that, the common practice is to hand grind and polish the samples.
However, these manual methods are challenging, and usually result in
premature sample breakage or uneven surfaces that hinder the effective
contact between the fibre and the nanoindentation probe, therefore
preventing the successful testing of the sample [60]. Hence, it is
important to develop methodologies that simplify this process, facili-
tating the production of samples suitable for fibre push-out testing.

To address this gap, this study employs femtosecond (fs) laser

processing to selectively ablate material beneath the sample’s surface,
thereby creating trenches within the bulk composite of suitable thick-
ness for fibre push-out testing. This approach eliminates the requirement
for extensive polishing and hand grinding, tackling the challenges
associated with conventional specimen preparation methods. The
applicability of the method is demonstrated by examining the interface
bond of a thermosetting epoxy resin with three different commercial
Toray T700 CFs. First, the CF surface is characterised using atomic force
microscopy (AFM), attenuated total reflection – Fourier transform
infrared spectroscopy (ATR-FTIR), and scanning electron microscopy
(SEM). Subsequently, the interfaces of the three examined material
systems are evaluated through fibre push-out testing. The results reveal
the influence of the sizing agent on the IFSS, consistent with observa-
tions from the three fibre characterisation methods. In summary, this
work presents and establishes a simplified methodology for examining
the interface of fibre-reinforced composites with fibre push-out testing.
Section 2 outlines the experimental process, section 3 discusses the re-
sults of the study, and section 4 gathers the main conclusions of this
work.

2. Experimental

2.1. Materials

Three different types of commercial T700 CFs supplied by Toray Ltd.,
UK, are utilised in this work, namely, the T700SC-12 K-50C, the T700SC-
12 K-F0E, and the T700GC-12 K-31E CFs with 1 %, 0.7 % and 0.5 %
sizing agents (by weight), respectively [1,61]. The three examined fibres
differ in sizing agents and sizing amounts, while the 50C and F0E CFs
share the same fibre core (T700SC family). The 31E CF has a different
fibre core (T700GS family) and according to the manufacturer it has also
been surface treated [61] (Table 1). Regarding the resin, the material
system used was the Araldite LY 556 epoxy resin combined with the XB
3473 formulated amine hardener provided by Mouldlife Ltd, UK.

2.2. Fibre characterization techniques

To characterise the surface of the CFs with the three different sizing
agents, SEM, AFM, and ATR-FTIR are used. The SEM investigation
focused on examining the effect of the sizing agent and of the sizing
agent content on the surface morphology of the fibres using a JEOL
7900F scanning electron microscope available within the Henry Royce
Institute, the University of Sheffield. Likewise, to examine the surface
morphology at the nanoscale a Bruker Icon atomic force microscope
available within the Henry Royce Institute, the University of Sheffield
was used in the standard tapping mode in air. RTESPA-300 probes were
utilised with an 8 nm tip radius, a 40 N/m spring constant, and 300 kHz
resonant frequency. For each type of CF, several images were taken from
different fibres with a scan rate of 0.498 Hz. The image size was set at 1
μm × 1 μm with a 512 × 512 pixels image resolution and the image
processing took place using the NanoScope Analysis software. Height
and phase images were captured for every fibre type and the average
surface roughness (Ra) was measured using the “Roughness” function of
the software. To minimise the influence of the fibre’s curvature, the
roughness measurements were performed in images that had undergone

Table 1
Examined carbon fibres.

Fibre type Fibre core Sizing type Sizing amount, % Surface treatment

T700SC-12 K-50C T700SC “5″ 1 No
T700SC-12 K-F0E T700SC “F” 0.7 No
T700GC-12 K-31E T700GC “3″ 0.5 Yes
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flattening. To examine the functional groups on the surface of the three
different fibres, an ATR-FTIR analysis took place in the Advanced
Manufacturing Research Centre (AMRC), Sheffield, UK using a Perkin
Elmer Spectrum 2 diamond ATR-FTIR. Five measurements took place for
each fibre with a resolution of 2 cm− 1 and a total of 20 scans and the
spectra were collected from 4000 to 600 cm− 1. To analyse the results
and identify the main functional groups of each fibre, the spectra were
smoothed and baseline corrected.

2.3. Wet winding and oven curing

To manufacture the epoxy CFRP laminates with the three different
CFs, wet winding was employed utilising the AMRC’s 6-axis robotic
filament winding system. The system includes a KUKA KR150 robot arm,
a spring-loaded creel tensioning system and a carriage which mounts the
chucks that hold and rotate the tooling (Fig. 1a, Fig. 1b). The laminates
were wound onto a flat laminate tool, and to facilitate the removal and
improve the surface finish a 350 mm × 350 mm aluminium caul plate
was also mounted onto the tool (Fig. 1c). Following the manufacturer’s
recommendations, the mix ratio used was 100 parts per weight for the
Araldite LY 556 epoxy resin and 23 parts per weight for the XB 3473
hardener and the winding took place with 10 % of the nominal winding
speed and a doctor blade gap of 0.5 mm.

The wound laminates with the three different CFs underwent curing
in a Caltherm oven according to the following program: a ramp at 2 ◦C/
min to 120 ◦C, followed by a 2-hour dwell at 120 ◦C, then a ramp at 1 ◦C/
min to 180 ◦C with a 4-hour dwell at 180 ◦C, and finally a ramp at 3 ◦C/
min to 40 ◦C. Upon completion, the cured CFRP laminates of Fig. 1d
were removed from the tool and were then used for preparing the
specimens suitable for fibre push-out testing.

2.4. Specimen preparation: Initial polishing and fs-laser milling

To prepare the samples for fibre push-out testing, specimens were cut
with a diamond saw at an approximate size of 20 mm × 20 mm. The cut
samples were then cold mounted and the surface vertical to the fibres
was mechanically ground and polished using the Struers LaboPol-30/
LaboForce-50. The applied polishing procedure involved a 1200
grinding paper, followed by grinding disks with diamond suspension of
9 μm and 3 μm respectively, and finally a 1 µm polishing cloth with a
0.04 µm colloidal silica suspension. Upon completion, each sample was
removed from the mounted resin and was then sectioned into two 10
mm × 20 mm samples. To achieve a flat and uniform surface for the fs-
laser milling, the cut edge with the unidirectionally aligned fibres un-
derwent manual polishing using an 800 grit paper followed by a 2400
grit paper and finished with the 1 µm polishing cloth with a 0.04 µm
colloidal silica suspension. To ensure that the samples’ surface was
appropriate for push-out testing the samples were assessed with optical
microscopy and were then sputter coated and mounted on cylindrical
pins.

The fs-laser subtractive process took place with a Thermo Scientific
Laser PFIB located within the Henry Royce Institute, The University of
Manchester. The system has been more fully described in [62] and
consists of a femtosecond laser mounted so that the laser ablation point,
electron imaging, and focused ion beam are all coincident within the
SEM chamber. Overall, the ultra-short pulses utilised during fs-laser
milling primarily ablate the material minimising the thermal conduc-
tion, thereby resulting in a nominal heat-affected zone (HAZ) [34,63]. In
this work, the laser milling took place with a laser wavelength of 515
nm, a pulse duration of ~ 300 fs and an energy of 10 µJ. The pulse was
fired with a frequency of 60 kHz, and to mill the trench the beam was
rastered over an area of 100 µm by 50 µm with a pitch in x and y of 1 µm
(95 % overlap for the measured ablated spot diameter of 20 µm). The

Fig. 1. Panels manufacturing schematic: a) 6-axis robotic filament winding system, b) wet winding bath set up c) flat laminate tool with a 350 mm × 350 mm caul
plate, and d) cured laminates with the three different fibres.
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pulse was allowed to fire 20 times in each location before moving on to
the next step of the raster for a total time laser processing of 10 s per
trench.

Fig. 2 shows the resultant trenches with their openings measuring ~
120 µm by 70 µm and their depth estimated around 80 µm. The target
thickness of the resulting testing region varied from 30 μm to 45 μm
(Fig. 2). Thicker regions could lead to fibre fracture or matrix damage,
and regions < 30 μm could induce bending stresses on the material,
while the target thickness used resulted in successful fibre push-outs. To
ensure a consistent thickness for the tested region, the laser ablation was
carried out at 12◦ incidence to account for the inherent taper of the laser
milling process. Additionally, to successfully test the milled region with
the nanoindenter the bulk material proximal to the trenches was marked
on the top surface (Fig. 2b). Finally, as expected, no apparent thermal
damage was observed in the vicinity of the trenches.

2.5. Single fibre push-out tests

After creating the trenches, the fibre/matrix interface of the exam-
ined samples was assessed with fibre push-out tests. The tests were
performed in the Nanocharacterisation Laboratory, part of the Royce
Institute based at The University of Manchester. A Bruker Hysitron
Ti980 (Bruker Hysitron, Minneapolis, MN, USA) nanoindenter was used
equipped with a flat punch indenter tip of a 4 μm diameter and a 60◦

conical angle. The fibres were tested at a displacement rate of 24 nm/s
and an indentation depth of 5.5 μm. The test’s main output is the value
of the apparent IFSS, which is calculated by

Apparent IFSS =
Fmax

πDfLe
(1)

where Fmax is the maximum load that occurs in debonding. Le is the
embedded fibre length which equals the thickness of the material left
above the trench (Fig. 2c), while Df stands for the fibre diameter that is
measured with SEM after the performed tests. It should be noted that this

method evaluates the apparent IFSS rather than the true local IFSS. The
apparent IFSS includes an unknown frictional contribution, as the
calculation is based solely on the maximum applied force at the moment
of debonding, without accounting for the non-uniform interfacial shear
that occurs along the embedded fibre length.

3. Results and discussion

3.1. Fibre characterisation: SEM, AFM, and ATR-FTIR

3.1.1. SEM
Fig. 3 shows the surface morphology of representative CFs of each

examined fibre type as captured with SEM. The results show that the
different sizing agent/sizing agent content alters the CF surface
morphology. First, bumps are noticed in the 50C CF where a 1 % sizing
agent is used (Fig. 3a), which are attributed to the aggregated polymeric
sizing [2]. On the other hand, linear marks are evident on the surface of
the F0E CF with a 0.7 % sizing content (Fig. 3b). These marks result from
the manufacturing method that is used for the F0E CFs [2]. Finally, the
31E CF shows the most uniform surface due to the smaller amount of
sizing agent that it has − equal to 0.5 % (Fig. 3c).

3.1.2. AFM
To provide a greater detail on the SEM observations, an AFM

investigation takes place where the surface morphology of the examined
fibres is assessed in the nanoscale and their surface roughness is also
quantified. Fig. 4 shows representative AFM height and phase images of
the three different fibre types. The height images indicate that the sur-
face of the 50C fibres – the fibres with the highest amount of sizing agent
– is dominated by the polymeric agglomerates of the sizing agent
(Fig. 4a). Likewise, but to a lesser extent, the F0E CFs also have
numerous agglomerates on their surface (Fig. 4b), while the 31E CFs
with the lowest amount of sizing agent display a more uniform surface in
their height images (Fig. 4c).

Fig. 2. Created trenches within the bulk composite using fs-laser processing: a) trenches, b) material marks indicating the testing region, c) thickness measurement,
and d) surface quality within the created trench (upside down figure).
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These results are corroborated by surface roughness measurements,
which revealed an average surface roughness of 2.82 nm for the 50C
CFs, 2.65 nm for the F0E CFs, and 0.98 nm for the 31E CFs. To obtain
these values, up to three different regions were examined for each fibre
type. As discussed in section 2.2, the analysis was conducted on images
that had undergone flattening to minimise the influence of the fibre’s
curvature and accurately measure the roughness due to the nano-
structures along the fibre surface. Overall, the results highlight signifi-
cant differences in the surface morphology and roughness of the
examined fibres. Interestingly, as shown by the fibre push-out tests,
these variations have a substantial impact on the mechanical and
chemical interlocking of the fibres with the examined epoxy resin.
Specifically, a stronger interface bond was formed with the 50C and F0E
CFs compared to the 31E CFs (Fig. 11).

Finally, the AFM phase images also indicate the disparities in the
surface morphology. Utilising color contrast, these images depict vari-
ations in phase angle across each sample’s surface. These phase angle
discrepancies are indicative of the sample’s viscoelastic properties,
highlighting the differences that exist within the material composition

[1]. However, it’s worth noting that these variations are also influenced
by the sample’s surface morphology. Indeed, differences in phase images
among the three fibre types are noticed in regions where the surface
morphology is altered in this work (Fig. 4). Therefore, the analysis
suggests uniform viscoelastic properties across the surface of the
examined fibres, given the minimal contrast elsewhere in the images
[1].

3.1.3. ATR-FTIR
To detect the functional groups on the surface of the examined fibres,

ATR-FTIR is used, and the accumulated transmittance spectra are pre-
sented in Fig. 5. A consistent finding across the three examined fibre
types are the peaks at 2166 cm− 1 and 2114 cm− 1. These peaks are
attributed to the existence of azides (R-N3) and alkyne (RC≡CR′) func-
tional groups respectively [2]. Azides are particularly important as
curing agents for epoxy resin systems, as they can undergo conversion
into primary amines (RNH2) [2]. The latter are widely recognized as
effective hardeners. For instance, as discussed in section 2.1, the XB
3473 hardener utilised in this study is also a formulated amine hardener.

Fig. 4. Representative AFM height (top) and phase (bottom) images for the three examined fibre types: a) 50C, b) F0E, c) 31E.

Fig. 3. Representative SEM imaging of the three examined carbon fibre types: a) 50C, b) F0E, and c) 31E.
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Additionally, the peaks found at 1713 cm− 1 (50C& 31E) and 1698 cm− 1

(F0E) reveal the presence of carboxylic acid (RCOOH) and of ketone
groups in the three examined fibres, while the 1230 cm− 1 peak together
with the bands at 917 cm− 1 (50C), 938 cm− 1 (F0E), and 930 cm− 1 (31E)
are indicative of stretching vibrations in epoxy compounds (RCOOR’)
[2].

Contrary to these consistent findings, bands in the 3700–3200 cm− 1

spectral region are noticed in the 50C and F0E fibres with strong peaks at
around 3660 cm− 1. These bands correspond to the stretching of the
hydroxyl groups (ROH) [2], and are not present in the 31E fibre
(Fig. 5c). Additionally, N–H vibrations are identified at 3500–2300
cm− 1 with stronger adsorption in the 50C and F0E fibres than in the 31E
fibre. Interestingly, previous studies have found that a higher presence
of N groups can enhance the crosslinking density in epoxy resin systems
due to their significant functionality [2,64]. Likewise, the 1504 cm− 1

peak, noted only in the 50C and F0E fibres, indicates the presence of
aromatic nitro compounds (RNO2). The active hydrogen that is present
in these compounds can also enhance the crosslinking that occurs in
these fibres.

Altogether, similarly to previous studies [2,65–67], the FTIR analysis
of this work highlights the slight differences in the functional groups of
the examined fibre types. These variations could impact the bonding
with the tested resin. Finally, when these findings are considered
alongside the SEM and AFM observations, they could explain the
enhanced adhesion of the resin with the 50C and F0E carbon fibres
compared to the 31E fibre (Fig. 11).

3.2. Single fibre push-out tests

Fig. 6 shows a typical load displacement curve of the performed fibre
push-out tests. The maximum load, Fmax, is where the push-out takes
place. After the push-out, with a further increase of the indentation
depth the load decreases until reaching a point where the conical tip
contacts the surrounding matrix, resulting in the subsequent load

Fig. 5. FTIR spectra of the examined carbon fibres: a) 50C, b) F0E, c) 31E.

Fig. 6. Typical load–displacement curve of a successful fibre push-out test.

Fig. 7. Tested fibres before and after the performed fibre push-out tests, as captured by the optical microscope of the nanoindenter.
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increase observed in the graph. Altogether, 9–20 fibres were tested in
each sample and a visual representation of the fibres before and after
testing − as captured by the optical microscope of the nanoindenter − is
first shown in Fig. 7.

To verify the success of each test, the tested samples are further
investigated with SEM and examples of successful and unsuccessful tests
are presented in Fig. 8. The main reason behind the unsuccessful tests of
Fig. 8 is the misalignment between the testing probe and the fibres. On
the other hand, a properly centered tip results in successful fibre push-
out and a more detailed observation of the resulting failure modes is
shown in Fig. 9. Fig. 9a and Fig. 9b clearly illustrate the event of fibre/
matrix debonding that takes place on these tests. Opposite to that, fibre
damage is evident in Fig. 9c, attributed to the misalignment of the
testing probe with the examined fibres. To further demonstrate the event
of fibre push-out in the examined samples, Fig. 9d and Fig. 9e present
typical SEM images of pushed-out fibres within the examined trench.

Taken together, the analysis shows that the specimen preparation
process followed in this work consists of an efficient method for pre-
paring samples suitable for fibre push-out testing. As discussed, the main
outcome of these tests is the value of the apparent IFSS which is the
predominately examined property for characterising the fibre/matrix
interface in composites [12]. To calculate this value for each tested fibre,
the maximum load Fmax is derived from the load displacement curve and
the fibre diameter Df is measured with SEM. Examples of this process are
shown in Fig. 10, and after applying the values of each tested fibre in Eq.
(1), the average IFSS is calculated for the three reinforced samples with
the different CFs.

Fig. 11 shows that the strongest interface bond is observed in the 50C
sample, achieving an apparent IFSS of 85.5 ± 10.8 MPa. A 4.35 %
decrease is noticed at the F0E sample, resulting in an apparent IFSS of

Fig. 8. Examples of successful and unsuccessful push-out tests in the exam-
ined samples.

Fig. 9. a, b) successful fibre push-out tests showcasing the resulting fibre/matrix debonding, c) unsuccessful tests resulting in fibre damage due to the misalignment
of the indenter tip & d, e) pushed-out fibres within the examined trench as captured with SEM.

Fig. 10. Measuring the fibre diameter of the pushed-out fibres: a) meso level, b) detail.
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81.8 ± 9.6 MPa, while the weakest bond is found when the resin is
reinforced with the T700GS – 31E CF reaching an apparent IFSS of 36.5
± 11 MPa (Table 2). Although the number of fibres tested varies across
the groups (Table 2), previous studies have demonstrated that as few as
5 successful tests can produce reliable IFSS results [12]. Consequently,
the number of successful push-out tests in each group provides a sta-
tistically sound basis for confidence in the obtained values. Moreover,
the similar standard deviations across the three groups suggest consis-
tent data dispersion. Finally, to validate the statistical significance of the
observed IFSS change, an analysis of variance (ANOVA) is conducted at
a 99 % confidence level (p-value< 0.01). Indeed, for the three examined
groups of fibres, the null hypothesis is rejected (p-value < 0.00001),
indicating a 99 % confidence that the observed IFSS change accurately
represents a genuine alteration in the interface properties of the exam-
ined resin when reinforced with the three different CFs (Table 2).

It should be noted that the IFSS results of Fig. 11 are consistent with
the SEM, AFM, and ATR-FTIR findings of this work. SEM and AFM
revealed a less uniform surface on the 50C and F0E fibres. This was
attributed to the higher sizing agent content that these fibres have
compared to the 31E fibres. As previously highlighted, this less uniform
surface favors their bonding with the examined resin material system.
Likewise, ATR-FTIR captured slight differences in the chemical distri-
bution of the functional groups on the surface of the three fibre types. As
discussed in section 3.1.1, these variations also suggest a stronger
bonding affinity of the 50C and F0E fibres compared to the 31E fibres.
These observations are directly reflected in the IFSS values, which show
that the higher sizing content of the 50C and F0E fibres enhances their
interfacial adhesion with the examined resin (Fig. 11). Finally, the lower
IFSS values for the 31E fibres may also be influenced by their distinct

surface treatment and core material, likely contributing to an overall
weaker interface bond.

4. Conclusions

The fibre/matrix interface significantly influences the mechanical
performance of fibre-reinforced composites, prompting ongoing
research on interface enhancement methods. Nevertheless, to date, a
standardised approach for mechanically evaluating the interface of FRPs
has not been established, making the determination of interfacial shear
strength challenging. This work addresses this gap by proposing a
simplified approach that employs femtosecond laser processing for
specimen preparation and nanoindentation fibre push-out testing for
mechanical assessment. The novelty of this study lies in the use of
femtosecond laser processing to create trenches suitable for fibre push-
out testing (<50 μm thick), eliminating the need for extensive polish-
ing and significantly streamlining the testing process. The method’s
applicability was demonstrated by examining the interface bond of an
epoxy resin system with three different commercially available carbon
fibres.

The results indicate that the method effectively captures the influ-
ence of the sizing agent on the fibre/matrix interface bond. While we
acknowledge that the method requires specific instrumentation, it
significantly reduces preparation time compared to conventional spec-
imen preparation methods, offering a more efficient approach for fibre
push-out testing. Moreover, with the growing availability of stand-alone
femtosecond laser milling tools and the increasing use of integrated
SEM/nanoindentation systems for such tests, the applicability of the
proposed method is expected to expand further. Consequently, by
simplifying the specimen preparation and testing process, this
advancement can serve as a major incentive for the research community.
It could enable a more widespread adoption of fibre push-out tests
within both academia and industry, thereby augmenting the volume of
research conducted in the field of composites interface.
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Table 2
Average IFSS, standard deviation, and number of tested fibres per group and summary of the ANOVA analysis for the three examined fibre types.

Fibre type Apparent IFSS (MPa) Successfully tested fibres / total number of tests

T700SC-12 K-50C 85.5 ± 10.8 19/20
T700SC-12 K-F0E 81.8 ± 9.6 11/15
T700GC-12 K-31E 36.5 ± 11 9/9

Analysis of Variance (ANOVA) summary

Source Degrees of freedom (DF) Sum of squares (SS) Mean Square (MS) F-stat P-value

Between groups 2 15828.5109 7914.2555
71.21719 < 0.00001Within groups 36 4000.6241 111.1284

Total 38 19829.135 ​

Fig. 11. Apparent IFSS of the LY 556 epoxy resin when reinforced with the
three examined CFs.
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