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Abstract: The creation of a hierarchical interface between the carbon fiber (CF) and the epoxy
resin matrix of fiber-reinforced polymer (CFRP) composites has become an effective strategy for
introducing multifunctional properties. Although the efficacy of many hierarchical interfaces has been
established in lab-scale, their production is not amenable to high-volume, continuous, cost effective
fiber production, which is required for the large-scale commercialization of composites. This work
investigates the use of commercially available CO2 laser as a means of nano-structuring the surface
of carbon fiber (CF) tows in an incessant throughput procedure. Even though the single carbon
fiber tensile strength measurements showed a decrease up to 68% for the exposed CFs, the electrical
conductivity exhibited an increment up to 18.4%. Furthermore, results on laminates comprised of
irradiated unidirectional CF cloth, demonstrated an enhancement in out of plane electrical conductivity
up to 43%, while preserved the Mode-I interlaminar fracture toughness of the composite, showing the
potential for multifunctionality. This work indicates that the laser-induced graphitization of the CF
surface can act as an interface for fast and cost-effective manufacturing of multifunctional CFRP
composite materials.

Keywords: carbon fibers (CFs); surface roughening; tensile strength; electrical conductivity;
interlaminar fracture toughness; multifunctional fibers; hierarchical structures; laser irradiation;
laser modification

1. Introduction

Composite materials, in particular carbon fiber reinforced polymers (CFRP), consisting of epoxy
resin and carbon fibers (CFs) as reinforcement, are dominating the production of lightweight components
for the aeronautics [1], marine [2], automotive [3], and wind energy [4] markets. This gradual
domination of CFRP over metallic structures in the above industries, is mainly driven by the requirement
for reduced body-mass parts, which leads to decreased fuel consumptions and, in turn, fuel cost
and CO2 emissions. A consequence of this persistent requirement for larger weight reductions,
leads to the need for expanding CFRP’s multifunctionality, to achieve improved system designs.
For instance, external functions such as structural health monitoring [5], energy storage [6], strike light
protection [7], electromagnetic shielding [8], and actuation [9] can now be successfully integrated into
composite structures.

A strong fiber–matrix interface is an important aspect for maximizing the structural performance
of CFRP. Introducing nanostructures on the fiber, such as oriented carbon nanotubes (CNTs) [10–16],
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graphene nanoflakes (GNFs) [17–19], or metal oxide nanowires [20–25] has proven an effective technique
for simultaneously enhancing the interfacial properties of CFRP composites and imparting additional
functionalities (e.g., enhanced electrical conductivity, piezoelectricity, etc.) by creating a hierarchical
structure at the fiber–matrix interface region. Laboratory-scale procedures have fabricated hierarchical
interfaces on fibers with remarkable multifunctional properties; however, these processes are not
amenable to high-volume, continuous fiber manufacturing, which is essential for the commercialization
of nano-engineered CFRP. The challenge lies in successfully integrating these hierarchical reinforcing
structures, to offer scalability and economic sustainability to advance towards commercialization.
One potential route for tackling this challenge is the laser-induced modification of bare CFs, which is
rather unexplored so far.

The utilization of pulsed lasers for the surface modification of CFRP composites in joining
applications has gained increasing attention in the last decade [26–29]. Being a non-contact technique,
laser treatment diminishes mechanical failure and evades tool wear and surface contamination,
which are common problems encountered with mechanical approaches like abrading [30] and blasting
processes [31]. However, reducing the heat-affected zone (HAZ) in CFs induced by the thermal nature
of the laser/material interactions remains an obstacle. Along these lines, ultrafast lasers operating in
the picosecond or femtosecond (fs) pulse duration regimes are the most efficient for CFRP surface
texturing and improving adhesive bonding between CFRP parts in terms of Mode I and II fracture
energy [32–34], since the HAZ and mechanical degradation on the CFs are minimal.

The direct writing of fs-laser-induced periodic surface structures (LIPSSs) on CFs is a single step
process using linearly polarized irradiation and has gained increased attention. It is well-known
that their formation mechanism is attributed to a spatially modulated energy pattern, formed by the
interference of the incident laser irradiation with surface electromagnetic waves [35]. Tensile tests on
single carbon fibers (10 µm diameter) decorated with LIPSS of approximately 150 nm revealed that fs
irradiation preserved the tensile strength of the exposed fibers [36]. Even-though fs-laser processing
seems promising, its adoption in commercial CFRP manufacturing is prohibited by their high cost and
reduced availability for roll to roll processing.

On the other hand, continuous wave (CW) infrared lasers, such as CO2, are widely commercially for
micromachining applications at moderate prices. However, material–laser interactions are dominated
by heating effects. So far, the irradiation of CFs with commercially available CO2 or Nd:YVO4 laser
beam sources have focused on intense laser conditions suitable for cutting of the CFs rather on inducing
surface texturing [37]. Under Nd: YVO4 laser irradiation conditions, CFs exhibited decrement in the
tensile strength up to 75% and a reduction in stiffness by 17%.

The current work systematically investigates the effect of CO2 laser irradiation on CF tow and
unidirectional carbon cloth under conditions suitable for inducing CF surface texturing without
breaking the fibers. The uniformity and the texturing changes due to laser exposure were examined
through Raman spectroscopy and SEM analysis. The mechanical properties of the irradiated CFs
were examined via single carbon fiber tensile strength tests on CFs and Mode-I interlaminar fracture
toughness measurements on their laminated structures. Electrical conductivity tests on both CF
samples and their CFRP were performed in order to identify any changes in conductive paths that
could potentially be introduced by the laser texturing.

2. Materials and Methods

2.1. Materials

In this work, two different kinds of carbon fibers were used—(i) polyacrylonitrile based (PAN)
carbon fiber (Torayca T700SC, supplied from Toray, Japan) tows consisting of 12,000 fibers, having
a 1.2 wt % sizing (Bisphenol A epoxy + Unsaturated polyester) designed for epoxy and polyester
matrices (denoted as TCF). Each fiber had a diameter about 7 µm. (ii) Unidirectional unwoven carbon
fiber (UD) (Pyrofil TR50S 15K, Mitsubishi Chemical Corporation, Tokyo, Japan) with textile weight
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of 100 g m−2 and a diameter of about 7 µm (denoted as PCF). The conductive silver paint (PELCO
Conductive Silver Paint) used for the electrical conductivity measurements was supplied by Agar
Scientific Ltd. The epoxy resin system selected for the fabrication of CFRP laminates was an IN2
Epoxy infusion resin with an AT30 slow hardener from Easy Composites Ltd. (Easy Composites Ltd.,
Longton, Stoke on Trent, Staffordshire, UK)

2.2. CO2 Irradiation/Activation of the CFs

The laser system used for the investigation of the surface modification of the CFs was a carbon
dioxide (CO2, VersaLASER® VLS2.30, Universal Laser Systems, Inc., Vienna, Austria) laser that emits
infrared radiation at a wavelength of 10.6 microns, operating at a maximum power of 25 W and
maximum scan speed of 126 cm s−1.

2.3. SEM Analysis

The surface morphology of the irradiated CF yarns and delaminated specimens was inspected
with a field emission scanning electron microscope FESEM, (HITACHI SU5000, Tokyo, Japan) operated
at an accelerating voltage of 10 kV (irradiated CF yarns) and 1 kV (delaminated samples). Micrographs
were acquired along CF yarns in order to determine any possible changes of the irradiated areas,
as well as at the interlaminar region of the tested laminates, to identify the mechanism of CFRP
delaminating procedure.

2.4. Raman Characterization

Raman characterization was used to assess the laser induced structural changes and uniformity of
the CFs’ surface “roughening,” using an excitation wavelength of 532 nm (RL532C laser source) at a
Renishaw Invia Qontor system (Renishaw plc, Gloucestershire, Wotton-under-Edge, UK).

2.5. Single Carbon Fiber Tensile Strength Measurements

Tensile tests on single CFs were carried out on a Deben Ltd. Microtester (Deben UK Ltd., London,
UK) with maximum load capacity of 5 N. Ultimate strength and failure strain were calculated according
to ASTM C 1557 – 03 [38]. In order to study the laser irradiation effect on different fibers, single CF
tensile tests were carried out on both T700SC and TR30S CFs. The designated motor-speed was set at
0.1 mm·min−1 and the data acquisition time at 100 ms. The ultimate tensile strength of the fibers was
calculated as follows:

T =
F
A

(1)

where T (Pa) is the ultimate tensile strength, F (N) is the force to failure and A (m2) is the CF’s
cross-sectional area at fracture plane (normal to fiber axis). The CF’s cross-sectional area (A) was
calculated as illustrated below.

A = π
d2

4
(2)

where d (m) is mean diameter of irradiated fiber. The strain (ε) of the fiber was calculated using the
following formula:

ε =
∆l
l0

(3)

where ∆l (mm) is the elongation of the gauge length and l0 (mm) is the gauge length.

2.6. Laminate Preparation

The CFRP laminates were fabricated following a vacuum-assisted resin transfer molding process
(VARTM). A crucial part of the procedure is the evacuation, or elimination, of the air from the
porous material prior to the resin introduction. VARTM procedure encompasses a number of assets,
when compared to other conventional lamination processes (wet lay-up, prepreg, hot press lamination,
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filament winding, etc.), such as (i) lower tooling costs, (ii) less air voids due to the infusion process,
(iii) room temperature curing, and (iv) capability of large-scale and multipart components fabrication.
All specimens consisted of 16 plies in total ([0/90]7/ [0]2/ [0/90]7), with an average of around 50%–55%
fiber volume fraction. The two plies in the center of each specimen were UD unwoven CF as described
at the materials section. All laminations were conducted on a plain glass plate. Before each lamination,
release wax was placed on the glass plate to ensure easy removal of the laminates from the plate
(Figure 1).
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Figure 1. Photo of the vacuum assisted resin transfer molding process (VARTM).

For the reference sample, seven layers of carbon plain fiber were stacked together possessing
dimensions of 20 cm × 4 cm × 0.3 mm each. Then, the two layers of UD fiber (PFC) of same dimensions
were placed at the interface, and another seven layers of plain-woven fiber cloth were stacked on
the top of them, making eventually a 16-plies laminate sample. The laminated procedure for the
irradiated sample (PCF4.25 W) was the same, with the only difference being that the two intermediate
UD fiber layers had been irradiated and were placed facing each other. Furthermore, post-curing of
all samples was performed inside a vacuum oven at 60 ◦C for 6 h, following the instructions of the
manufacturer of the epoxy resin system. Afterward, the samples were cut with a tile saw machine
to the desirable dimensions (12.5 cm × 2 cm × 3 mm) for accessing the Mode I interlaminar fracture
toughness, according to the ASTM D5528-13 [39].

2.7. Mode-I Interlaminar Fracture Toughness Measurements

Mode I interlaminar fracture toughness was accessed utilizing the double cantilever beam (DCB)
method technique following ASTM D5528-13 guidelines. The geometry and dimensions of a DCB
specimen are illustrated in Figure 2.

A non- sticky vacuum bag membrane, which was 70 mm long and 0.1 mm thick, was introduced
at the sample’s mid-plane to initiate a delamination. It should be noted that the initial pre-crack (a0)
should be around 50 mm with the length of the piano hinges included. A Universal Instron loading
machine (Model 5500R) was used to apply a tensile force at a constant displacement rate of 1 mm/min
to piano hinges attached to the specimen. The applied force (P) and crosshead displacement (δ) were
recorded and the crack length (a) was measured using a travelling USB camera. The crack on the
laminate was calculated with the help of ImageJ software. A small metallic ruler (15 cm total length)
was previously placed on the one clamp of the Instron system in order to act as a scale, as shown in
Figure 3.



Appl. Sci. 2020, 10, 3561 5 of 19
Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 20 

 
Figure 2. Schematic of the specimen for the Mode I test. L represents the length of the specimen, w 
the width, h the thickness and a0 the initial 50 mm pre-crack. The inset photo shows specimens ready 
to be measured. 

A non- sticky vacuum bag membrane, which was 70 mm long and 0.1 mm thick, was introduced 
at the sample’s mid-plane to initiate a delamination. It should be noted that the initial pre-crack (a0) 
should be around 50 mm with the length of the piano hinges included. A Universal Instron loading 
machine (Model 5500R) was used to apply a tensile force at a constant displacement rate of 1 mm/min 
to piano hinges attached to the specimen. The applied force (P) and crosshead displacement (δ) were 
recorded and the crack length (a) was measured using a travelling USB camera. The crack on the 
laminate was calculated with the help of ImageJ software. A small metallic ruler (15 cm total length) 
was previously placed on the one clamp of the Instron system in order to act as a scale, as shown in 
Figure 3.  

 
Figure 3. Representative snapshot during the Mode-I test. 

For clearer observation of the crack growth, the samples were painted with white color. The 
recorded values were then used to calculate the GIc values along the DCB specimen using the 
modified beam theory (MBT) method. The beam theory expression for the strain energy release rate 
of a perfectly built-in (that is, clamped at the delamination front) double cantilever beam is as follows: 

Figure 2. Schematic of the specimen for the Mode I test. L represents the length of the specimen, w the
width, h the thickness and a0 the initial 50 mm pre-crack. The inset photo shows specimens ready to
be measured.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 20 

 
Figure 2. Schematic of the specimen for the Mode I test. L represents the length of the specimen, w 
the width, h the thickness and a0 the initial 50 mm pre-crack. The inset photo shows specimens ready 
to be measured. 

A non- sticky vacuum bag membrane, which was 70 mm long and 0.1 mm thick, was introduced 
at the sample’s mid-plane to initiate a delamination. It should be noted that the initial pre-crack (a0) 
should be around 50 mm with the length of the piano hinges included. A Universal Instron loading 
machine (Model 5500R) was used to apply a tensile force at a constant displacement rate of 1 mm/min 
to piano hinges attached to the specimen. The applied force (P) and crosshead displacement (δ) were 
recorded and the crack length (a) was measured using a travelling USB camera. The crack on the 
laminate was calculated with the help of ImageJ software. A small metallic ruler (15 cm total length) 
was previously placed on the one clamp of the Instron system in order to act as a scale, as shown in 
Figure 3.  

 
Figure 3. Representative snapshot during the Mode-I test. 

For clearer observation of the crack growth, the samples were painted with white color. The 
recorded values were then used to calculate the GIc values along the DCB specimen using the 
modified beam theory (MBT) method. The beam theory expression for the strain energy release rate 
of a perfectly built-in (that is, clamped at the delamination front) double cantilever beam is as follows: 

Figure 3. Representative snapshot during the Mode-I test.

For clearer observation of the crack growth, the samples were painted with white color.
The recorded values were then used to calculate the GIc values along the DCB specimen using
the modified beam theory (MBT) method. The beam theory expression for the strain energy release rate
of a perfectly built-in (that is, clamped at the delamination front) double cantilever beam is as follows:

GIc =
3 P δ
2 b a

(4)

where P = load (N), δ = load point displacement (mm), b = specimen width (mm), and a = delamination
length (mm).

Nevertheless, this approach undervalues the compliance (C = δ/P) as the beam is not perfectly
constructed. A way to correct this consequence, is to apply somewhat longer delamination length of
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a + |∆| and a correction factor (F) for values of compliance over 0.4. This method of calculating GIc is
known as corrected beam theory (CBT). All propagation values were calculated according to

GIc =
3 P δ

2 b (a+ |∆|)
F (5)

where GIc = Mode-I interlaminar fracture toughness (J m−2), P = load (N), δ = load point displacement
(mm), b = specimen width (mm), a = delamination length (mm), |∆| = increase in delamination length
without underestimating the compliance (mm), and F = correction factor.

2.8. Electrical Conductivity Measurements

Electrical conductivity tests were performed on both irradiated CF yarns and CFRP, utilizing a
two probe Keithley 2611B (Keithley Instruments, Cleveland, Ohio, United States) source meter. For the
CF yarns, conductive silver paste was laid at the CF yarn’s edges, and conductive copper tape was
positioned over the silver paste, thus creating a uniform connection between the probes and the CF
yarn. For the CFRP specimen, two different out of plane measurements were performed in order
to examine the electrical conductivity of the fabricated laminates: (i) out of plane through volume
conductivity and (ii) out of plane through thickness conductivity. The different probe contacts for each
case are depicted in Figure 4. For the calculation of the electrical conductivity, the following equation
was used:

σ = G
L
A

(6)

where σ is the electrical conductivity (S/cm), L is the length between the two contacts, G is the
conductance (S), and A is the cross-sectional area (cm2).
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volume conductivity. (b) Out of plane through thickness conductivity.

3. Results and Discussion

3.1. CO2 Irradiation of the CFs

The following five laser powers were selected for the irradiation of the samples: 3.75 W, 4.25 W,
4.75 W, 7.5 W and 10 W, in order to examine the effect of the fluence on CF’s surface. The dimensions
of the CF yarns were selected at length = 6 cm and width = 0.6 cm. The fluence (in J cm−2) of the laser
beam was calculated as follows:

Fluence =
power

scan speed ∗ PPI ∗ area
(7)
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where PPI represents the pulses per inch used for the irradiation of the samples (1000 PPI) and “area”
indicates the laser beam’s focused spot size area [40–42]. The laser beam’s spot size area was assumed
as a rectangle, having as its length the diameter of the spot size per pulse (76 µm) and as width the
CF’s diameter (7 µm). The scan speed of the laser was fixed at 48.5 cm s−1 during the irradiation.
The estimated laser fluences for the experimental irradiation conditions are presented in Table 1.
Figure 5 presents theoretical calculations of the variation of laser fluence as a function of laser speed
for various laser beam powers. It is evident that when the scan speed of the laser system decreases,
the fluence levels of the beam increase (Figure 5a). At the fixed scan speed value of 48.5 cm s−1, used in
this work, an increase in laser power is accompanied by a simultaneous increase in laser fluence
(Figure 5b).

Table 1. Fluence calculation of all irradiated samples.

Sample Scan Speed (cm/s) Power (W) PPI Fluence (J/cm2)

TCF3.75 W 48.5 3.75 1000 37

TCF4.25 W 48.5 4.25 1000 42

TCF4.75 W 48.5 4.75 1000 47

TCF7.5 W 48.5 7.5 1000 74

TCF10 W 48.5 10 1000 99

PCF4.25 W 48.5 4.25 1000 42
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Figure 5. (a) Fluence, scan speed, and power correlation contour map. (b) Relationship between fluence
and scan speed at different laser beam powers.

3.2. SEM Analysis

SEM micrographs of the CFs before (Figure 6a,b) and after laser irradiation (Figure 6c–p) were
acquired in order to observe the differences on the morphology of the exposed surface as a function
of different fluences (more detailed SEM micrographs can be found in Section S1). Additional SEM
micrographs of PCF UD cloths and TCF tows are provided in Figures S1–S16). Five laser powers were
selected (3.75 W, 4.25 W, 4.75 W, 7.5 W, and 10 W), with corresponding fluences of 37 J/cm2, 42 J/cm2,
47 J/cm2, 74 J/cm2, and 99 J/cm2, respectively. At the fluence of 37 J/cm2, there is an insignificant
“roughening” of the CF surface; however, the presence of small particles was clearly visible when
operating the SEM system at 15 kV, indicating that they were quite conductive (Figures 6d and S10).
As the fluence was increased to 42 J/cm2, the density of the particles increased substantially and at
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47 J/cm2 the “roughening” of the CF surface became apparent (Figures 6f,h, S11 and S12), through
the development of nanosized “vertical fins.” When the fluence surpassed the value of ~50 J/cm2,
CF destruction was observed (fibers were cut) (Figure 6i–l). A closer look at the destructed area
revealed the formation of 200–300 nm cauliflower-liked graphitic structures (Figures 6j,l, S13 and
S14—green dashed circular areas), indicating that an engraving phenomenon took place prior to the
cutting, creating significant modulations on the CFs. In addition, Figures 6l and S14 reveal the removal
of skin layers from the surface of the fiber (blue highlighted dashed area), suggesting that the laser
beam actually etched the CFs’ surface layer by layer.
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The fluences of the experimental work in this paper were selected below the threshold value
of 50 J/cm2, where no broken fibers were detected. However, at the fluence of 47 J/cm2 a noticeable
expansion on the CFs’ diameter was noted, which was an indication for the thermal loading within
the bulk of the fiber. It is worth noting that due to the non-uniform flatness of a woven carbon cloth
(e.g., warp and weft directions have different heights) the focal spot size was varying generating
substantial heterogeneity on the irradiated areas. In order to assure the uniformity of the irradiated area
a Unidirectional (PCF) cloth was selected (Figures 6m–p, S1–S7, S15, and S16) for Mode-I experiments
(more SEM micrographs of PCF samples can be found in the supporting information, Section S1,
Figures S1–S7).

3.3. Raman Characterization

Raman characterization was performed on CFs in order to elucidate the induced structural changes
upon laser irradiation and assess the uniformity of the modified CF surfaces. All spectra (Figure 7)
contained prominent vibrational modes near 1343 cm−1, 1582 cm−1, and 2685 cm−1, which correspond
to the D, G, and the 2D bands, respectively [17,43,44]. The D band is associated with the presence of
defects such as vacancies and strain in graphitic networks. The G band is representative of in plane
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sp2 bonding and originates from first-order Raman scattering, whereas the 2D band results from a
double resonance Raman process. The shoulder peak in the G band (D′), is a band indicative of finite
graphite crystals and graphene edges. Figure 8 shows the correlation between the fluence (J/cm2)
and the ID/IG intensity ratio of the irradiated samples. It is apparent that as the fluence increased to
higher levels, the ID/IG ratio increased as well, indicating the existence of more defective structures,
which correlated well with the increased “roughening” at higher fluences observed from the SEM
analysis. More specifically, at a fluence of 37 J/cm2 (3.75 W) the ratio was calculated as ~ 0.94, at a fluence
of 42 J/cm2 (4.25 W) as ~1.02, and at a fluence of 47 J/cm2 (4.75 W) as ~1.10 for TCF fibers. However,
PCF fiber (Unidirectional cloth) at 42 J/cm2 exhibited a larger intensity ratio (~1.12), when compared
to TCF exposed at the same fluence and was comparable to TCF exposed to a fluence of 47 J/cm2.
More Raman spectra of the PCF irradiated samples as a function of different laser powers can be
found in the supporting information, Section S2. Raman characterization of the PCF UD cloths are
presented in Figure S17. The intensity of the 2D band gradually increased with increasing fluence,
showing a very well-defined sharp band at the higher fluence samples (TCF4.75 W and PCF4.25 W)
implying a high degree of graphitization. It is insinuated, that the TCFs seem to require relatively
larger fluence (by 5 J/cm2) to achieve a high degree of surface graphitization, when compared to the
PCFs. This difference can be attributed to either different graphitization responses of the fibers upon
irradiation or to the thick sizing agent of TCF (T700SC: 1.1% of sizing agents) [45], which is acting as a
shield to the laser irradiation, requiring higher fluence values to achieve the desirable “roughening”
of the CFs’ surface. Another notable observation on the Raman spectra of irradiated PCF samples
(Figure S17) was, at fluencies equal to or higher than 44 J/cm2 (4.5 W), the D and G bands broadened
resembling those of non-irradiated bPCF fibers, whereas the 2D band was still present. The reason for
the broadening of D and G bands can be attributed to the increased structural disorder in the graphite
crystalline structure induced by the higher laser power irradiation [36,46].Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 20 
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3.4. Single Carbon Fiber Tensile Strength Measurements

Single fiber tensile strength tests were carried out to investigate the effect of laser irradiation on
the CFs’ tensile properties (Figure 9). Every specimen’s gauge length was chosen at 20 mm, following
the methodology described in Section 2.5. Tensile strength values were calculated using Equation (1).
The tensile strengths of non-exposed CFs bTCF and bPCF were estimated as 3.2 ± 0.32 GPa and
3.19 ± 0.36 GPa respectively. For the range of investigated fluences (37–47 J/cm2; power: 3.75–4.75 W),
a decrease up to 61% was observed on the tensile strength of the irradiated CFs (2.14 − 1.25 ± 0.38 GPa),
when compared to reference CFs (bTCF and bPCF) (Table 2). It can be assumed that the deterioration
of the CFs’ tensile strength, was caused by the high temperatures, that were generated by the CO2

photothermal effect. By definition, fluence is the energy delivered by the laser beam per unit area,
which means that when the fluence was increased to higher levels, the induced thermal loading on
CFs increased as well, causing greater deterioration of the CFs’ tensile strength. However, even at low
fluences, the thermal loading was high enough to impose harmful effects to the mechanical integrity of
them. PCF4.25 W displayed a lower decrement in the tensile strength (−33%) compared to TCF4.25 W

(−58%), and this can be attributed to the different turbostatic nature of the original non-exposed
fibers; however, the Raman ID/IG did not show any significant difference (bTCF: 0.85; bPCF: 0.88).
SEM analysis revealed that bTCF (Figure 6a,b, Figure S9) possessed an extremely smooth surface when
compared to bPCF (Figure 6m,n, Figure S15), where graphitic stripes were observed (originating from
the drawing process of the fiber).
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Figure 9. Single carbon fiber tensile strength for all irradiated samples.

Table 2. Tensile strength and electrical conductivity (σ) of all irradiated samples.

Sample Tensile Strength (GPa) Electrical Conductivity
σ (S/cm)

bTCF 3.21 ± 0.22 220 ± 11

TCF3.75 W 1.59 ± 0.21 222 ± 15

TCF4.25 W 1.34 ± 0.19 257 ± 13

TCF4.75 W 1.25 ± 0.23 261 ± 17

bPCF 3.19 ± 0.26 180 ± 12

PCF4.25 W 2.14 ± 0.28 199 ± 14

3.5. Electrical Conductivity Measurements on Activated CF Yarns

The electrical conductivity of CF yarns prior and after the laser beam irradiation is illustrated in
Figure 10. The electrical conductivity of both specimens (TCF, PCF) was calculated using Equation (6)
as described on Section 2.7 at materials and methods. bTCF and bPCF exhibited a conductivity of
approximately 220 S·cm−1 and 180 S cm−1 respectively, which increased after irradiation. The highest
electrical conductivity value was observed for TCF4.75 W = 260 S·cm−1, displaying an increase of
approximately 18.4%. Overall, irradiated specimens displayed an increase in conductivity with
increasing laser fluence when compared to control non-exposed samples (bTCF and bPCF) (Table 2).
This enhancement in electrical conductivity can be attributed to the microstructure of polyacrylonitrile
based CFs (PAN CFs), which possess a turbostratic nature consists of graphitic, arbitrarily folded
sheets, and amorphous carbon [47,48]. Upon CO2 laser irradiation, due to heating nature of the
irradiation, the amorphous carbon can be transformed to graphitic, enhancing the CFs’ electrical
conductivity [49–53].
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Figure 10. Electrical conductivity (σ) of all irradiated yarns.

3.6. Mode-I Interlaminar Fracture Toughness Measurements

The interlaminar fracture toughness was determined in terms of the Mode-I strain energy release
rate, in propagation (GIc,PROP). The GIc load versus displacement representative curves for both
reference and PCF4.25 W samples are shown in Figure 11. For the calculation of the strain energy release
rate, Equation (5) was used. All the values summarized in Table 3 were based on Mode-I fracture with
a pre-crack of 50 mm. The comparative values obtained from GIc tests are illustrated in Figure 12a.
From the results, it can be seen that the fabricated laminates preserved their interlaminar fracture
toughness, as the GIc,PROP strain energy release rate values were almost similar—1268 ± 56 J m−2

and 1254 ± 80 J m−2 for reference and PCF4.25 W sample, respectively. Furthermore, the propagation
resistance curves (R-curves) in Figure 12b, display representative curves of Mode I interlaminar fracture
toughness as a function of the delamination length observed for both the reference and PCF4.25 W

sample. The experimental data showed that the values of GIc were gradually increased within the crack
growth phase between 50–60 mm and reached steady-state fracture toughness values at delamination
length values above 60 mm.
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Figure 11. GIc load (N) versus displacement (mm) representative curve for reference and
PCF4.25 W samples.
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Figure 12. (a) Average GIc mode-I interlaminar fracture toughness. (b) Propagation R-curves for both
reference and PCF4.25 W samples.

3.7. Fractography of the Tested Samples

Fractography analysis of the tested Mode I samples confirmed the interlaminar fracture toughness
results that have been reported earlier (Table 3). PCF4.25 W samples that exhibited almost the same
interlaminar fracture toughness as the reference samples presented a similar interlaminar region, as it
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can be seen clearly by the SEM photos (Figure 13). More specifically, there were some individual CFs on
both samples that were pulled out from the polymer matrix (Figure 13a,c), as seen by the CF imprints
that were created by the pull-out forces. Furthermore, it could be observed that some fibers broke
during the tests. An important observation was that the bridging effect between the epoxy resin and
the CFs did not deteriorate during the laser activation of the samples, as there were not any differences
in the SEM micrographs (Figure 13b,d). In summary, the fractography analysis confirmed the Mode-I
results as no obvious differences in the interlaminar region of the tested laminates were observed.
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3.8. Electrical Conductivity of the Fabricated CFRP

The out-of-plane electrical conductivity on both through thickness and volume direction (Figure 14)
was calculated utilizing Equation (6), as described at Section 2.7. The calculated conductivity values
are quoted in Table 3 for both reference and PCF4.25 W laminates. There was an increase of about
43% on the out of plane volume electrical conductivity of the irradiated sample, exhibiting a value of
4.9 × 10−2 S/cm when compared to the reference sample, which had a conductivity of 3.4 × 10−2 S/cm.
When comparing the out-of-plane thickness conductivity of the laminates, an enhancement of 18% was
observed on PCF4.25 W sample. The improvement on the electrical conductivity on both thickness and
volume directions can be attributed to the improved conduction paths afforded by the enhanced surface
graphitic structure on the surface of the fibers and interlaminar region of the composite structure.
It should be noted that the results are in good agreement with the enhancement in the electrical
conductivity of the TCF and PCF CFs (Figure 10, Table 2)
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Figure 14. Out of plane electrical conductivity (σ) of the fabricated composite structures.

Table 3. Mode I interlaminar fracture toughness and electrical conductivity of the fabricated laminates.

Mode-I GIc (J m−2)
Electrical Conductivity σ (S/cm)

Through Volume Through Thickness

reference 1268 ± 56 3.4 10−2
± 3.5 10−3 5.1 10−3

± 2.8 10−4

PCF4.25 W 1254 ± 80 4.9 10−2
± 3.8 10−3 6.0 10−3

± 3.5 10−4

4. Conclusions

In summary, the activation of the CFs’ surface by a CO2 laser beam was investigated for the first
time as a novel and simple route to enhance the out-of-plane electrical conductivity of fabricated
CFRP without simultaneously deteriorating their interlaminar mechanical properties. Irradiated CF
yarns were tested prior to the fabrication of the laminated structures, both in terms of tensile strength
and electrical conductivity, to examine the impact of the laser irradiation to the CFs themselves.
Our results showed that even though there was a decrease in the tensile strength of the irradiated CFs,
the electrical conductivity was actually enhanced (up to 18.4%), due to a combination of (i) the laser
induced graphitic nanostructuring on the CFs’ surface and (ii) laser induced thermal transformation of
amorphous to graphitic carbon in the bulk of the fiber. Furthermore, the results of Mode-I interlaminar
fracture toughness on the fabricated composites, showed that the interlaminar region was not affected
by this decrement in the tensile strength of CFs, as the values of toughness were almost the same.
Fractography analysis further established that the CF/epoxy bridging effect was not affected by the
laser induced graphitic texturing. Moreover, the out-of-plane electrical conductivity on both through
thickness and volume directions was enhanced by 18% and 43% respectively. This improvement on the
electrical conductivity of the irradiated laminates is associated with improved conductive paths created
within and between the CFs upon irradiation. Overall, the results demonstrate that CO2 irradiation
is a promising route for enhancing the electrical conductivity of the laminated structures without
sacrificing the Mode-I interlaminar fracture toughness. However, one limitation is the preservation of
tensile strength in single CFs, associated with the high temperatures generated in the bulk of the fiber.
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Our work demonstrates that controlled CO2 laser irradiation at reduced laser fluences is an effective
route to graphitize the surface of CFs and enhance the bulk composite electrical conductivity needed
for large-scale, multifunctional structural applications. The laser induced surface modification of CFs
is a straight-forward one step scalable method, when compared to conventional CVD or solution-based
methods employed to modify CFs; it eliminates complicating time-consuming processing steps; hence,
it is economically viable and can be easily commercialized using widely available CO2 lasers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/10/3561/s1.
Figure S1 PCF sample irradiated at 2.5 W (25 J/cm−2); Figure S2: PCF sample irradiated at 3.75 W (37 J/cm−2);
Figure S3. PCF sample irradiated at 4 W (39 J/cm−2); Figure S4. PCF sample irradiated at 4.25 W (42 J/cm−2);
Figure S5. PCF sample irradiated at 4.5 W (44 J/ cm−2); Figure S6. PCF sample irradiated at 4.75 W (47 J/cm−2);
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