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Abstract: This study focuses on the development of a pilot-scale sizing line, including its initial
design and installation, operational phases, and optimization of key process parameters. The primary
objective is the identification of critical parameters for achieving a uniform sizing onto the fibres
and the determination of optimal conditions for maximum production efficiency. This investigation
focused on adjusting the furnace desizing temperature for the removal of commercial sizing, adjusting
the drying temperature, as well as optimizing the corresponding residence time of carbon fibres
passing through the furnaces. The highest production rate, reaching 1 m sized carbon fibres per
minute, was achieved by employing a desizing temperature of 550 ◦C, a drying temperature of
250 ◦C, and a residence time of 1 min. Furthermore, a range of sizing solutions was investigated
and formulated, exploring carbon-based nanomaterial types with different surface functionalizations
and concentrations, to evaluate their impact on the surface morphology and mechanical properties
of carbon fibres. In-depth analyses, including scanning electron microscopy and contact angle
goniometry, revealed the achievement of a uniform coating on the carbon fibre surface, leading
to an enhanced affinity between fibres and the polymeric epoxy matrix. The incorporation of
nanomaterials, specifically N2-plasma-functionalized carbon nanotubes and few-layer graphene,
demonstrated notable improvements in the interfacial shear properties (90% increase), verified by
mechanical and push-out tests.

Keywords: sizing; carbon fibre; fibre matrix interface; push-out test

1. Introduction

Carbon-fibre-reinforced polymers (CFRPs) are an essential part of present and fu-
ture materials. They are among the most widely employed materials in several sectors
(e.g., aerospace engineering, automotive industry, leisure and sports industry) due to their
enhanced mechanical and physical properties. This can be mainly attributed to carbon
fibres’ (CFs) highly ordered graphite crystal structure and their ability to absorb and re-
distribute mechanical loads imposed on the composites [1–3]. Some unique properties of
CFRPs include their high specific tensile strength and stiffness, high strength-to-weight
ratio, corrosion and thermal resistance [4,5]. The properties of these composite materials
depend also on the chosen matrix, as well as on the degree of interaction at the interface
between the fibre and matrix [6]. Nowadays, research is focused on the development of
novel CFRPs with improved functionalities and the investigation of matrix-CF-tailored
interactions for optimum adhesion [7].

Despite the outstanding individual characteristics of CFs, several problems arise dur-
ing the manufacturing process of CFRPs (e.g., brittle nature of CFs can lead to difficulties or
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handling concerns). One main issue is the lack of reactive functional groups on the surface
of CFs and the subsequent poor adhesion to the polymer matrix, which negatively affects
the overall performance of composites (e.g., displaying of relatively poor interlaminar shear
strength) and sets limitations on their applications [3,6,8].

Various studies have focused on modifying the CFs’ surface to enhance and improve
the adhesion between CFs and the polymer matrix. These include electrochemical treatment,
plasma treatment, chemical grafting, surface roughness adjustment, the addition of carbon
nanotubes (e.g., CVD/microwave-produced CTNs) or nanoparticles for chemical activation
of the surface, and sizing [4,8,9]. However, not all the above methods can improve the
interface bonding effectively and, in addition, some of these cannot be practically applied
in industrial production, due to many problems such as fibre damage or excessive cost [10].

Sizing treatment is considered to be a simple cost-effective process and, during this
process, a thin, homogenous polymeric layer is formed on the surface of the CFs (in most
cases of commercial carbon fibres, the thickness of this layer is about 100 nm) [11]. The
sizing formula includes one or several polymeric compounds, a coupling agent, a lubricant,
and several additives (plasticizers, adhesion promoters, rheology modifiers, etc.). The
mixture is commonly diluted in water to form an aqueous solution, which can be either an
emulsion or a dispersion, in which CFs are immersed for a short period. Afterwards, CFs
are subjected to mild heat treatment to dry and remove excess solvent [12]. The result of this
process is the formation of a coating on the surface of CFs and thus the modification of the
CF’s surface in terms of physical and chemical characteristics, without causing damage [4].
Lastly, a new trend is observed in current research, which involves the incorporation of
nanomaterials in the sizing agent, such as carbon nanotubes (CNTs) and nanoparticles of
various morphologies and dimensions (e.g., zirconium dioxide, graphene oxide/CNTs),
due to their prominent functional, physicochemical, and mechanical properties [2,13,14].

This study focuses on the design, installation, and operation of a pilot-scale CF sizing
line. The main goal is to study all parameters for applying a uniform coating on the
CFs’ surface under optimum conditions, and subsequently the production of fibres with
enhanced mechanical properties and multifunctionality, through the incorporation of
nanomaterials in sizing solutions.

2. Materials and Methods
2.1. Materials

For this study, a 6k CF (Toray, New York, NY, USA) was used. Physical and mechanical
properties of CFs are presented in Table 1 below:

Table 1. Technical information of Torayca T700S.

TORAYCA T700S

Tensile Strength (MPa) 4.900
Tensile Modulus (GPa) 230

Strain (%) 2.1
Density (g/cm3) 1.80

Filament Diameter (µm) 7 µm

Commercial sizing solution, Hydrosize® HP2-06 (Michelman, Aubange, Belgium), was
used to size the CFs (Table 2), with or without the addition of functionalized nanoparticles
(multiwalled carbon nanotubes—MWCNTs; few-layer graphene—FLG). HP2-06 is an
anionic/nonionic phenoxy aqueous dispersion designed for use as a fibre sizing agent
that enhances compatibility between fibres and matrix, resulting in better mechanical
performance of composites. The addition of nanomaterials can have a positive effect on
those properties, due to incorporation of stiff nanoparticles that create stress concentration
areas and lead to additional energy absorption [15].
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Table 2. Datasheet of Michelman’s Hydrosize® HP2-06.

Physical Properties

pH 6.5–8.5
Emulsifier Charge Amine-dispersed

Percent Non-Volatile (%) 24.5–26.5
Recommended pH Range 6.5–8.5

Brookfield Viscosity Range (cps) <2000
Appearance White emulsion

Functionalized CNTs and FLGs were incorporated in the sizing solutions, which were
provided by Haydale Ltd. (UK) [16]. Haydale performs functionalization of nanomate-
rials by utilizing their patented HDPlas plasma functionalization process. For this case
study, O2, N2, NH3 process gases were dissociated into their compartment parts by ap-
plying an electrical potential that subsequently bombards the nanomaterials, producing
chemical groups at their surface. The effect of plasma functionalization is analysed in the
Supplementary File [17–20].

To assess the fibre–resin affinity, the SR1710/SD8822 structural epoxy system from
Fibremax Composites (Greece) was used (Table 3). SR1710/SD8822 is a two-component
epoxy system that cures at 25 ◦C for 24 h and post-cures at 40 ◦C for an additional 24 h.

Table 3. Datasheet of SR1710 injection/SD8822.

Technical Properties

Modulus of elasticity (GPa) 3.65
Elongation at break (%) 2.2
Flexural Strength (MPa) 115

Charpy impact strength (KJ/m2) 17
Shear Strength (MPa) 53

Glass Transition Temperature (◦C) 67
Tensile Strength (MPa) 70

2.2. Design and Description of Pilot Line

In industry, CF sizing is a continuous process; thus, a pilot-scale continuous sizing line
had to be designed for this study. The core compartments of the line were identified, and
an initial sketch was drawn. IZUMI International, a company with experience in fibre line
manufacturing, was selected for the line construction. The compartments were digitalized
with use of SolidWorks, a CAD desktop system that provides product-level automated
design tools [21]. A model was proposed that included all the core compartments and extra
parts that compose the fibre sizing line (Figure 1). The latter are analysed below.
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For the support frame, on which these compartments were mounted, aluminium was
selected. Aluminium frame, known for its cost-effectiveness, durability, and lightweight
properties, provides an optimal structural foundation for the sizing line. For the line
compartments, stainless steel was the material of choice, serving multiple purposes. Its
corrosion-resistant properties are particularly crucial in areas exposed to the aqueous siz-
ing solution and traversed by the CFs. Additionally, stainless steel facilitates the smooth
movement of CFs through the rollers without causing damage. Inner parts of furnaces
were made of ceramic material. This material was selected for its ability to endure high
temperatures and exhibit a low thermal expansion coefficient, making it well suited for the
demanding conditions inherent in the sizing process. In terms of general design consid-
erations, efforts were made to maintain adequate distances between each compartment.
This design choice was driven by the aim of facilitating easy handling and maintenance
for operators, emphasizing user-friendly principles throughout the engineering of fibre
sizing line.

1. The let-off tension creel’s role is to feed the mounted fibre into the desizing unit and, in
cooperation with the take-up winder, to provide the required tension (analysed below).

2. The desizer furnace is responsible for removal of the already existing sizing on a
commercial fibre. The temperature range is wide and covers temperatures from
300 ◦C up to 600 ◦C, enabling the user to remove every unnecessary coating.

3. The fibre sizing bath consists of bath rollers, sizing bath, squeeze rollers, and an
overhead stirring system. Bath rollers guide the desized fibre through the sizing
bath where a solution (aqueous is the most used for CFs [22]) with users’ desired
composition (solids in various concentrations) coats the fibre. The overhead steering
rotor is submerged in the solution to avoid sedimentation. Subsequently, squeeze
rollers remove the excess solution from the fibre so that a uniform coating is achieved.

4. As the fibre passes through the squeeze rollers and the excess is removed, fibre drying
heater evaporates the remaining solvent and slightly solidifies the coating around the
fibre. The temperature does not exceed 300 ◦C, to ensure that the coating remains
intact. This process ensures that the through-thickness fibre entanglements during
winding are avoided and the fibre preform is diminished (fibre needs to be fully dried
before winding so that it does not retain its cylindrical shape during its unwinding).

5. The feed roller system is used to pull the fibre from the let-off creel. Its speed is
adjusted by the user at the control panel (min 0.2 m/min–max 2 m/min). It is a key
parameter since it affects the production rate and controls the residence time of fibre
in the desizing and drying unit.

6. The take-up winder collects the fibre with a mechanical traverse system, in which the
spindle is driven by a constant-torque motor. High tension is not required for fibre
winding, but a specific ratio between the tension of the feed roller inlet and outlet
needs to be followed. Tension is adjusted by changing the torque on control panel.

7. The power control unit supplies electric current to the whole line.

2.3. Run and Evaluation of Parameters

One of the most important aspects of this study was to pinpoint the parameters that
optimize the process. For this purpose, excessive runs were completed to determine these
optimum conditions (Table 4).

• Desizer framework

Every commercially available carbon fibre is coated with a sizing agent that protects
the fibre from being damaged during transport, facilitates handling during operation, and
has a small effect on the fibre–resin adhesion. To assess the sizing solutions developed
within this work, the already existing sizing had to be removed. The desizing furnace
temperature in combination with the line’s operation speed were investigated. Six different
temperatures for the desizer were chosen for the complete removal of commercial carbon
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fibre sizing, starting from 350 ◦C to 600 ◦C with a step of 50 ◦C, while the line’s operation
speed varied from 0.20 to 1 and 2 m/min.

Table 4. Parameter investigation per station.

Furnaces Sizing Solution Winding System

Desizer Dryer Solid
Concentration

Nanomaterial
Concentration Operation speed

Parameter
Investigation Temperature (◦C) Temperature (◦C) Nanomaterial/Solid

content (% wt) Weight ratio (% wt) Residence time in
furnaces (min)

• Dryer framework

Another important aspect as described in Section 2.2 is the effective drying of resized
fibre. Similarly with the aforementioned method, three different temperatures (200, 250,
300 ◦C) and operation speeds (0.2, 1, 2 m/min) were tested.

• Solid content concentration

The sizing solutions developed within this work were water dispersions with solids
(HP2-06 solids and CNTs and/or FLGs). Based on previous results and the literature
review [23–25], a nanomaterial content of 0.05, 0.1, and 0.25% wt with total solid contents
(HP2-06 solids + CNTs/FLGs) of 1, 2.5, and 5% wt were examined. To produce steady
aqueous solutions with HP2-06 and CNTs/FLGs, the addition of surfactants along with a
sonication process had to take place.

Initially, the goal was to identify the solid concentration (without nanomaterials) that
had the most uniform distribution on the fibre’s surface without any excess.

• Nano-enhanced sizings

As mentioned above, two different nanomaterials were examined, FLGs and CNTs
in different weight ratios (0.05, 0.1, and 0.25% wt) with various modifications (plasma
modification with O2, N2, and NH3), resulting in 18 unique cases. The selection criteria
focused on surface morphology, fibre–resin affinity, and the resulting mechanical properties.

2.4. Characterization Methods
2.4.1. Scanning Electron Microscopy (SEM) and Thermogravimetric Analysis (TGA)

The evaluation of different sizing solution parameters (solid content/nanomaterial
type) on the carbon fibre’s surface was studied using an FEI Quanta 650 FEG SEM (FEI,
Hillsboro, OR, USA), in magnifications up to ×10,000.

The commercial sizing that was removed during the desizing stage was evaluated
also by thermogravimetric analysis using a TGA apparatus (STA 449 F5 Jupiter, Hamburg,
Germany). Instrument calibration for temperature and sensitivity was performed prior to
testing. Two sets of tests were performed with 16 and 24 mg of carbon fibres at a heating
rate of 20 ◦C/min in N2 atmosphere (50 mL/min) from room temperature to 750 ◦C, and
mass change was measured as a function of temperature. The analysis was performed in
accordance with ISO 11358 [26].

2.4.2. Contact Angle Goniometry (CAG)

The modified fibre–matrix affinity was assessed by testing single fibres, aiming to
evaluate the modification’s effectiveness at microscopic level. The fibres were coated with
epoxy resin type SR1710/SD8822. Each isolated fibre was placed on a Plexiglas holder.
Once positioned, the fibres were coated with resin droplets using a micro-pipette and then
examined by optical microscopy through a Zeiss Axio Imager A2 microscope (Carl Zeiss
Microscopy, Ostfildern, Germany). For each specimen, 10 microdroplets were measured
to calculate the average contact angle. Zeiss Axiovision imaging processing program was
utilized to measure the inner contact angles formed between droplets and fibres. The
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measured angle was used as an indicator of improved wettability, with larger angles
indicating enhanced wetting capabilities [27,28].

2.4.3. Mechanical Tests

For the mechanical properties, 3-point bend (3PB), tensile, and push-out tests were
carried out. Regarding 3PB, the specimen was mounted between two supporting pins as
loading pin force was increased progressively in the middle of the specimen, thus causing
it to break. The used device was the SAUTER FH 500 with maximum load of 500 N and
minimum load of 0.1 N. The loading pin’s speed was set at 3 mm/min.

To calculate flexural strength, the following formula was used:

σf = (1.5 × F × L)/(b × d2) (1)

σf: flexural strength (MPa);
F: load at a given point on the load deflection curve (N);
L: support span (mm);
b: width of test beam (mm);
d: depth of tested beam (mm).

The tensile strength test was performed according to ASTM D 4018 [29]. The used
specimens were tabbed resin-impregnated and consolidated fibre bundles. A universal
tensile machine TE Forcespeed/Jinan WDW Series (TE Forcespeed Corporation, building
4-B-3, No.5577, Industrial North Road, Jinan, 250109, China) was used with a load cell of
5 kN.

To calculate tensile strength, the following formulas were used:

MUL = W1/L (2)

MUL: mass per unit length (g/m);
W1: mass of the specimen (g);
L: length of the specimen (m).

UTS = P × ρf/MUL (3)

UTS: ultimate tensile strength (MPa);
P: maximum load measured in tensile test (N);
ρf: fibre density (g/cm3);
MUL: mass per unit length (g/m).

2.4.4. Push-Out Test

The interfacial shear strength (IFSS) of resin-embedded fibres was assessed using
single-fibre push-out testing, where the load–displacement curve was measured when a
single fibre was successfully pushed out from a resin matrix disc (of known thickness). To
accurately and repeatably perform single-fibre push-out testing, thin (<55 µm) composite
samples (with fibres embedded perpendicular to the polished surface) were prepared. The
composite’s matrix consisted of a mixture of EPIKOTE™ Resin MGS RIMR 135 resin and
4-aminophenyl disulfide hardener in a ratio of 100 g (resin) to 55.051 g (hardener). The
hardener was initially melted by heating at 80–85 ◦C (SNOL 3/1100 muffle furnace) before
the resin was added. The fibres were then held under tension within silicone rubber moulds
(1-inch diameter, Agar Scientific Ltd., Stansted, UK) before being embedded in the resin
and hardener mixture. The composite mixture was then cured by heating at 130 ◦C for
1.5 h (SNOL 3/1100 muffle furnace). Thin discs (~1 mm) were abrasion-cut from initial
composite and then ground to reduce disc thickness to a few hundred microns, using
#4000 grit SiC abrasive paper. The surface of the thin slices was polished to a mirror finish
(Struers OP-S) and then attached (using wax) onto a GATAN TEM sample disc grinder. The
other surface was used to thin the composite discs to an approximate thickness of 30–50 µm
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(using #4000 grit SiC paper and 1 µm diamond suspension). A final polish (Struers OP-S)
of both surfaces of the composite discs was carried out and then assessed using optical
imaging (Figure 2). The final composite discs were then glued (Loctite Superglue Precision)
to a metal support with 20 µm wide grooves (which provide the necessary depth needed
for pushing out the fibres) produced by femtosecond-laser fabrication (Figure 3).
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testing (f). Magnified images of specific regions are indicated by red frames and lines.

Single-fibre push-out tests were performed using NanoTest Vantage (Micro Materials
Ltd., Wrexham, UK) nanomechanical instrument fitted with a conical diamond indenter
with a maximum tip diameter of 4.39 µm (Figure 3). To more accurately record the applied
load and to precisely aim the indenter tip, both load and cross-hair calibration of the
instrument were performed on regions of the composite disc above grooves and with no
fibres present. Testing was performed by manually choosing ideal single fibres (i.e., with
no damage and within the grooves) using a 400× optical microscope attached to NanoTest
device. Disc thickness was locally measured at each site by recording physical travel
distance from the focus point on the metal support to the surface point on the composite.
Testing was performed under loading and unloading rates of 0.5 mN/s, with a dwell time
of 5 s at the final load.
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The load–displacement curves for each push-out test were analysed to confirm the
successful pushing-out of fibre without significant prior crack formation or damage to the
fibre or disc. Finally, the composite discs were removed from the metal support (using
ethanol) and imaged (JEOL 7000F FEG SEM). Only push-out data corresponding to a
well-centred contact and with intact fibres (i.e., not crushed) were used for subsequent IFSS
calculations (Figure 3).

The IFSS was calculated by examining the load for complete debonding of the fibre–
resin matrix interface (sudden change in displacement with no increase in load) using the
following equation:

τ = F/(π × d × l) (4)

τ: IFSS between fibre and resin (Pa);
F: push-out load (N);
d: diameter of the pushed-out fibre (m);
l: length of the fibre being pushed out (m).

3. Results
3.1. De-Sizing/Drying Temperatures

As mentioned before, the temperature of the furnaces and the residence time of CFs
inside these furnaces are two of the most important factors that the affect efficiency and
productivity of the sizing line, as both parameters impact the effective removal of sizing.
Higher temperatures facilitate the process, but they might have a negative impact on the
fibre’s properties. On the other hand, a longer residence time can accelerate sizing removal,
though it reduces the production rate (lower-speed line results in fewer meters treated
per hour). The parametric study that follows assesses the parameters that ensure effective
desizing temperatures with a higher production rate.

Operation speeds of 0.2, 1, and 2 m/min correspond to 18 s and 1 and 2 min of
residence time. For this purpose, six different temperatures for the desizer were tested,
starting from 350 ◦C to 600 ◦C with a step of 50 and for the three different dryer temperatures
(200/250/300 ◦C). The line’s operation speed was set to the lowest possible, 0.2 m/min,
that correlates with 18 s for the residence time of CFs inside the furnaces. The results from
SEM analysis of these runs are depicted in Figure 4.
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Evidently, temperatures of 350 and 400 ◦C have an effect on the CF’s surface, as can be
observed from Figure 4a,b. The pre-existing polymeric sizing starts to degrade and debond
from the fibre surface. This indicates that the residence time is not long enough or there
is not enough energy derived from heat (due to low temperature) to entirely remove the
coating. The desizing phenomenon intensifies at temperatures of 450 and 500 ◦C, where
it is obvious from Figure 4c,d that a large amount of the thin polymeric film is detached
from the surface, leaving the exposed CF area available for new sizing. However, it is
only at temperatures of 550 and 600 ◦C that the CF surface area is totally exposed, as the
preexisting sizing is completely removed.

To accelerate the desizing process and increase the production rate, lower but efficient
values of residence time were put to test. Additional runs were executed at 550 and 600 ◦C
(Figure 5) in which two values of residence time were tested (18 s and 1 min).
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Regardless of residence time, 600 ◦C is sufficient to efficiently remove all the pre-
existing sizing. At 550 ◦C, 1 min of heating is required, due to some polymeric residues
that may be observed on the CF surface, as proved from the tests performed with 18 s
of residence time. As a conclusion, to achieve the highest production rate of the sizing
line, a desizing temperature of 600 ◦C is required, as the line can operate in 2 m/min.
The results from mechanical tests would determine if 600 ◦C affects the properties of the
fibres. If the mechanical properties decrease, then an operational speed of 1 m/min must
be implemented using 550 ◦C as the desizing temperature.

TGA was used to study the thermal decomposition of the commercially sized and
desized CFs to validate the SEM results.
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In graphs like those presented in Figure 6, where mass change differences are consid-
erably low, it is quite challenging to extract solid quantitative conclusions. In this case, the
graph form is of great interest and is the one that provides all necessary information. As
highlighted in the temperature ranges of 231.7 to 342.3 ◦C for the reference fibres, there is a
steep change in the form of the graph, a sudden drop that is attributed to decomposition,
evaporation, or other chemical reactions. In our case, it is decomposition of the pre-existing
sizing. On the contrary, for the desized fibre, there is no similar phenomenon, besides the
normal negligible mass loss over time, indicating that the pre-existing sizing is removed
during the desizing process, confirming what was already assessed from SEM analysis.
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Finally, an operation speed of 1 or 2 m/min must be taken into consideration for the
effective drying of CFs. As indicated by the desizing investigation, these two operation
speeds will give the highest productivity. The drying furnace can reach temperatures up to
300 ◦C, so test runs at 200; 250 and 300 ◦C at operational speeds of 1 and 2 m/min were
executed. As the fibre exited the furnace, filter papers were used to detect the moisture
level. At 200 ◦C and regardless of operation speed, the filter paper was wet. At 250 ◦C, and
at an operation speed of 1 m/min, the filter paper was dry. Evidently, at 300 ◦C, the carbon
fibre was also completely dry for every operation speed.

To conclude, for a desizing temperature of 550 ◦C and drying temperature of 250 ◦C,
the maximum operation speed was 1 m/min, whereas for a desizing temperature of 600 ◦C
and drying temperature of 300 ◦C, the sizing line could work at full speed, 2 m/min,
without any drawbacks.

3.2. Solid Content Concentration

A uniform distribution of sizing solids onto the CF surface ensures the functionality
of this polymeric layer, which facilitates fibre handling and affects mechanical properties.
Solid excess could potentially hinder the solution’s adhesion to the CF. A thicker layer
would act as an extra layer instead of an interlayer, which would improve the affinity of
the CF with the resin matrix system. Alternatively, a thinner layer might fail to provide
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adequate protection during handling and mechanical reinforcement. Achieving the ideal
solid content concentration in the sizing solution and subsequently on the CF surface
is essential for the utilization of the sizing system. SEM analysis provided information
regarding solid content percentages of 1, 2.5, and 5% wt, aiding in the identification of the
optimal ratio (Figure 7).
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At the 1% wt solid content level, the coating’s performance displayed uniformity
across the total carbon fibre surface. CF stripes were visible, without any local solid excess
spots. In contrast, when the solid content was elevated to 2.5% and 5% wt, it was noticeable
that the desired uniformity was nonexistent. The increase in solid content led to an uneven
distribution and the creation of excess mass, impacting the coating’s ability to uniformly
adhere to the carbon fibre surface. As a result, the 1% wt solid content coating stood out as
the optimal choice, ensuring even distribution and thickness.

3.3. Nanoenhanced Sizings

Based on the findings from Section 3.2, a total solid content concentration of 1% wt
was identified as the optimal choice, demonstrating an ideal layer thickness and uniform
coverage across the CF surface. To study the potential use of nanomaterials in sizing
solutions, CNT- and FLG-sized fibres were examined in terms of surface morphology
through SEM. To define their optimum concentration in sizing solutions, the affinity of
CFs with resin was assessed through CAG and the mechanical performance was assessed
through tensile, 3PB, and push-out testing.

3.3.1. Surface Morphology Assessment

In the case of CNTs, this investigation focused on assessing layer uniformity and
nanomaterial agglomeration and distribution across the CF’s surface. On the other hand,
due to the unique dimensions of FLGs, SEM analysis was primarily focused on uniformity,
as conventional metrics of agglomeration and distribution cannot be applied. Analysis was
performed on samples with 0.25% wt CNTs or FLGs out of the three weight ratios under
investigation (0.05, 0.1, 0.25% wt) and all three possible functionalizations (O2, NH3, N2),
resulting in studying six different cases.

Taking into consideration Figure 8, the addition of CNTs in the sizing solutions does
not appear to have a negative impact on the sizing layer uniformity, with no observation of
sizing pile-up, the presence of boundaries, or delamination of the sizing layer following
the CNT and FLG sizing treatments. This suggests that the sizing layer is uniformly
distributed across the surface with no unsized or excessively sized spots. However, some
potential drawbacks that can be derived from SEM analysis are related to the formation
of agglomerates, especially for the cases of O2 and NH3 plasma-functionalized CNTs
deposited on fibres. The nanomaterial distribution on the fibre surface is inconsistent,
displaying specific localized areas with varying nanomaterial concentrations, alongside
spots with minimal or absent nanomaterial presence.
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Addressing these drawbacks demands extensive further study. Specifically, under-
standing the interactions among the three different plasma-functionalized particles and
the sizing solution is crucial, offering insights into mitigating the inconsistent distribution
on the fibre surface and the formation of agglomerates. Initial enhancements could be
achieved by investigating the duration for which a stable solution can be maintained during
the preparation of the sizing solution, without the occurrence of agglomerates or sediment
formation. Mechanical tests would determine whether these drawbacks have a significant
effect on the properties of the fibres. FLGs appeared to exhibit a highly uniform distribution
without spots of inconsistency.

3.3.2. Fibre–Resin Affinity

The importance of affinity in composites made of carbon fibre and resin is critical as
it signifies the strength of the bond between them, significantly impacting the material’s
performance and durability. Good affinity facilitates load transfer and enhances mechanical
properties. It also contributes to the material’s resistance to environmental factors, thermal
cycling, and fatigue [26].

Table 5 represents the average contact angle as measured in the Zeiss Axiovision 4.9
imaging processing software (Figure 9). It can be observed that the desized fibre exhibits a
contact angle of 46.1◦, while the contact angle for all the different functionalizations seems
to be smaller, resulting in better wettability. The greatest decrease is observed for samples
with N2 functionalization for both CNTs and FLGs, with contact angle reductions of 7.6%
and 13.4%, respectively.

Table 5. Affinity results.

Desized Michelman CNT-Sized Fibres FLG-Sized Fibres

Contact
Angle (◦)

O2 N2 NH3 O2 N2 NH3
46.1 ± 2.3 43.2 ± 2.1 43 ± 4.5 42.6 ± 1.8 43.8 ± 0.8 43 ± 2.3 39.9 ± 2.8 44.9 ± 1.4
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The contact angle results for CNT-sized fibres are in agreement with Section 3.3.2,
where fewer agglomerates are observed for the case of CNT-N2-sized fibres, indicating a
potential correlation between fibre–resin affinity and nanomaterial agglomerates.

3.3.3. Mechanical Performance
Three-Point-Bend and Tensile Results

Initially, samples were subjected to tensile and 3PB tests to assess any potential impact
of the sizing process and its steps (e.g., desizing, drying, winding) on the mechanical
properties of fibres. For example, desizing is a process step performed at relatively high
temperatures (600 ◦C); thus, it is important to investigate its effect on fibre performance
and compare it with data retrieved from the literature. Tensile strength is a property that is
mostly dependent on the Young’s modulus of the material. Despite sizing not altering the
Young’s modulus of the fibre, it can promote the fibre–matrix adhesion, which is another
parameter that contributes to a material’s tensile strength [28,30]. A potential increase in
the tensile strength could be related to the latter, especially in the case with nano-enhanced
sizing, indicating some cases with improved properties.

A correlation of the results from mechanical tests with those from morphology and
affinity assessments is the validation mechanism and decision tool to promote the cases for
push-out testing. The push-out test is the optimal method to define the interfacial shear
strength of sized fibres, a property which is highly related to the fibre–matrix adhesion.

Upon comparing the results presented in Table 6 for desized fibres and Michelman-
sized fibres, it is evident that the latter outperformed in both tensile and 3PB strength. This
improvement can be attributed to the sizing’s ability to neatly rearrange the fibres and
reduce disorientation [31,32].
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Table 6. Results regarding the mechanical properties of the different sizing solutions.

Desized
Fibres

Michelman-
Sized
Fibres

CNT-Sized Fibres

O2 N2 NH3
Weight

ratio (%) 0.05 0.1 0.25 0.05 0.1 0.25 0.05 0.1 0.25

3PB
(Mpa) 31.3 ± 3 37.1 ± 4.3 35.6 ± 4.5 36.1 ± 5 37.9 ± 3.8 41.8 ± 3.7 44.5 ± 3 34.2 ± 3.5 36.6 ± 2.4 39.1 ± 3.3 37.9 ± 2
Tensile
(Mpa) 262 ± 31 391 ± 49 317 ± 34 271 ± 24 334 ± 33 430 ± 27 434 ± 12 376 ± 44 333 ± 27 380 ± 32 388 ± 47

FLG-sized Fibres

O2 N2 NH3
Weight

ratio (%) 0.05 0.1 0.25 0.05 0.1 0.25 0.05 0.1 0.25

3PB
(Mpa) 41.3 ± 2.7 43.1 ± 6.6 41.9 ± 3.6 43 ± 4.1 45.1 ± 2.8 41.3 ± 3.1 33.6 ± 3 42.2 ± 3.9 34.2 ± 2.6
Tensile
(Mpa) 343 ± 27 391 ± 49 421 ± 61 391 ± 34 444 ± 39 354 ± 40 441 ± 156 336 ± 41 351 ± 15

In the 3PB test among the three different plasma functionalizations and weight ratios,
0.1% N2-CNT-sized fibres and 0.1% N2-FLG-sized fibres stood out with the best results,
44.5 ± 3 MPa and 45.1 ± 2.8 MPa accordingly. On the other hand, the desized fibres
exhibited the lowest strength, 31.3 ± 3 MPa, as expected.

In the tensile test, and in agreement with the 3PB data, 0.1% N2-CNT-sized fibres
and 0.1% N2-FLG-sized fibres exhibited the highest tensile strengths of 434 ± 12 MPa and
444 ± 39 MPa, respectively. The desized fibres showed again the lowest tensile strength,
measuring at 262 ± 31 MPa.

O2-CNT-sized fibres and NH3-CNT-sized fibres exhibited less favourable or similar
results to Michelman-sized fibres. This can be attributed to the presence of CNT agglomer-
ates on the fibre surface which can suspend the beneficial effect of CNTs on the fibre–matrix
adhesion. These agglomerates pose challenges for interfacial properties and may potentially
introduce stress concentration points during loading, which can impact the mechanical
performance [33].

Evidently, 0.1% N2-CNT-sized fibres and 0.1% N2-FLG-sized fibres consistently yielded
superior results in both the 3-point bend and tensile tests, while maintaining a uniform
coating. These results are in agreement with those from SEM analysis where agglomeration
was observed for O2-CNT-sized fibres and NH3-CNT-sized fibres, and the CAG findings
where the optimum affinity was with N2-CNT-sized fibres and N2-FLG-sized fibres.

The enhanced performance of N2-functionalized nanoparticles can be attributed to
their chemical affinity with the sizing solution. As shown in Table 2, HP206 is amine-
dispersed, while N2 functionalization introduces C-N bonds, as confirmed by XPS results
(see Supplementary File). The incorporation of C-N bonds contributes to a stronger chemi-
cal affinity compared to O2 functionalization, which introduces C-O bonds. Although NH3
functionalization also introduces C-N bonds, the quantity is considerably lower than in
N2 functionalization (area of C-N bond in C1s scan: 4.1% for NH3 FLG compared to 4.7%
for N2 FLGs and 0.49% for NH3 CNTs compared to 1.78% for N2 CNTs). This variation
accounts for the superior overall properties associated with N2 functionalization.

Based on these results, 0.1% N2-CNT-sized fibres and 0.1% N2-FLG-sized fibres were
examined under push-out tests to determine their influence on the interfacial shear proper-
ties of composites.

Push-Out Test Results

Three groups of composites were produced for IFSS evaluation, consisting of pristine,
0.1% N2-CNT-sized fibres, and 0.1% N2-FLG-sized fibres embedded within resin matrices.
The reported IFSS measurements in Table 7 correspond to data from undisturbed push-out
tests (i.e., fibres pushed out smoothly in one go and without damage to the fibres). A clear
increase in IFSS can be seen following the FLG N2 and CNT N2 sizing treatments of the
fibres, with an increase from 50.3 ± 5.5 MPa (pristine) to 70.7 ± 2.9 MPa and 95.4 ± 7.6 MPa,
respectively. As compared with the pristine fibres, this constitutes an IFSS increase of 40.6%
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and 89.7% for the respective treated fibres. Figure 10 illustrates example hysteresis data
of each composite type during the single-fibre push-out testing. Both treated fibres are
found to exhibit significantly greater loading rates (gradient before the push-out event),
thus reaching the push-out load at approximately half the normalised depth as the pristine
fibre. This demonstrates the more efficient transfer of load between the indenter and the
fibre interface, leading to a more minimal deflection of the resin matrix during loading. The
most significant enhancement is found with the CNT N2 treatment, which is observed to
have the best structural rigidity and IFSS within this study.

Table 7. Average IFSS measurements of the pristine, FLG-N2-sized, and CNT-N2-sized carbon fibres.

Treatment IFSS (MPa)

Pristine 50.3 ± 5.5
FLG-N2-Sized 70.7 ± 2.9
CNT-N2-Sized 95.4 ± 7.6

Fibers 2024, 12, x FOR PEER REVIEW 16 of 19 
 

Push-Out Test Results 
Three groups of composites were produced for IFSS evaluation, consisting of pristine, 

0.1% N2-CNT-sized fibres, and 0.1% N2-FLG-sized fibres embedded within resin matrices. 
The reported IFSS measurements in Table 7 correspond to data from undisturbed push-
out tests (i.e., fibres pushed out smoothly in one go and without damage to the fibres). A 
clear increase in IFSS can be seen following the FLG N2 and CNT N2 sizing treatments of 
the fibres, with an increase from 50.3 ± 5.5 MPa (pristine) to 70.7 ± 2.9 MPa and 95.4 ± 7.6 
MPa, respectively. As compared with the pristine fibres, this constitutes an IFSS increase 
of 40.6% and 89.7% for the respective treated fibres. Figure 10 illustrates example hystere-
sis data of each composite type during the single-fibre push-out testing. Both treated fibres 
are found to exhibit significantly greater loading rates (gradient before the push-out 
event), thus reaching the push-out load at approximately half the normalised depth as the 
pristine fibre. This demonstrates the more efficient transfer of load between the indenter 
and the fibre interface, leading to a more minimal deflection of the resin matrix during 
loading. The most significant enhancement is found with the CNT N2 treatment, which is 
observed to have the best structural rigidity and IFSS within this study. 

Table 7. Average IFSS measurements of the pristine, FLG-N2-sized, and CNT-N2-sized carbon fi-
bres. 

Treatment IFSS (MPa) 
Pristine 50.3 ± 5.5 

FLG-N2-Sized 70.7 ± 2.9 
CNT-N2-Sized 95.4 ± 7.6 

 
Figure 10. Normalised depth against indentation load during single-fibre push-out testing of pris-
tine, FLG-N2-sized, and CNT-N2-sized fibres embedded in resin. The length of the fibre (l) and the 
average diameter of the fibre (d) are also provided for each sample. 

  

Figure 10. Normalised depth against indentation load during single-fibre push-out testing of pristine,
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4. Conclusions

In this study, a pilot-scale sizing line for carbon fibres was designed and installed,
serving as an established tool for extensive investigation. Various operational parameters
were thoroughly explored to optimize the line’s performance and productivity. A key
parameter was the necessity of desizing temperature for commercial fibres. This research
demonstrated that a desizing temperature of 600 ◦C was essential to achieve maximum
productivity, ensuring complete removal of the pre-existing sizing agents and enabling the
line to operate at its peak efficiency.

Detailed surface morphology analysis, conducted through SEM, confirmed the signifi-
cance of maintaining a 1% solid content in the coating solution. This specific concentration
was identified as the optimum choice, ensuring uniformity and appropriate film thickness
on the carbon fibre surface. This study then focused on the integration of nanomateri-
als, such as carbon nanotubes and few-layer graphene, aiming to enhance mechanical
performance. This research highlighted the importance of good affinity between these
nanomaterials and the fibres through contact angle tests, a critical factor influencing the
strength and durability of the resulting composites.
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The mechanical tests indicated improved and desirable properties for the treated fibres,
emphasizing the effectiveness of optimized parameters. This study further employed push-
out tests, revealing substantial improvements in the interfacial shear strength of 89.7%
for 0.1% N2-CNT-sized fibres and 40.6% for 0.1% N2-FLG-sized fibres, as compared to
the reference fibres, thereby demonstrating enhanced bonding between fibres and the
surrounding matrix.

The improved chemical affinity of the sizing solution (amine-dispersed) with N2-
functionalized CNTs/FLGs is attributed to the addition of C-N bonds, surpassing both
(a) the C-O bonds introduced by O2 plasma functionalization and (b) the quantity of C-N
bonds in NH3 plasma functionalization.

In conclusion, the outcomes of this research underline the significant potential for
tailoring sizing solutions to match specific requirements. By utilizing the pilot-scale siz-
ing line, besides the scientific finding this study reveals, a practical tool for developing
customized sizing solutions is also provided. These findings encourage the exploration of
tailored sizing solutions, contributing to the advancement of understanding in this complex
domain, enabling innovative applications in the field of composite materials.
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bath; Figure S5: Samples after ultrasonication with Thielsen sonication probe at 72 h; Figure S6: FLG
unfunctionalized; Figure S7: FLG NH3; Figure S8: FLG N2; Figure S9: FLG O2; Figure S10: CNT
unfunctionalised; Figure S11: CNT NH3; Figure S12: CNT N2; Figure S13: CNT O2; Table S1: Table of
surfactants that were tested; Table S2: Samples prepared for step 1; Table S3: Samples prepared for
step 2; Table S4: XPS element survey results of unfunctionalised and functionalised nanomaterials;
Table S5: XPS high-resolution data peak assignment FLG materials; Table S6: XPS high-resolution
data peak assignment CNT materials.
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