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Abstract 

Carbon fibres with three different sizing agents were used to manufacture unidirectional 

composites based on a powder epoxy resin. Powder epoxy processing was investigated as a 

route for fast, cost-effective manufacturing of out-of-autoclave composites compared to more 

time-consuming vacuum infusion technologies. In this work, a heat-activated epoxy powder 

was used as a resin system in low-cost vacuum-bag-only prepregs for thick composite parts 

that are required in the renewable energy industry (e.g. wind turbine blade roots). The 

importance of interfacial bonding between fibres and the matrix is shown and the impact on 

the ultimate mechanical performance of the manufactured composites demonstrated. The 

surface characteristics of the sizing on the carbon fibres were investigated using atomic force 

microscopy (AFM) and Raman spectroscopy. Results showed that the amount of sizing on the 

fibres’ surfaces was inextricably linked with surface roughness and coverage. This in turn 

influenced the mechanical and chemical interlocking phenomena occurring at the fibre/matrix 

interface. The composites’ mechanical performance was evaluated using tensile, flexural and 

interlaminar fracture toughness tests. Fractographic analysis using optical and scanning 

electron microscopy (SEM) was likewise employed to analyse the fracture surfaces of the 

tested/failed composites. Interlaminar fracture toughness testing (DCB Mode-I) revealed that 

the interfacial adhesion differences could alter the fracture resistance of the composites, hence 

emphasizing the importance of the interfacial bonding strength between the polymer matrix 

and the carbon fibres.  
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1. Introduction 

In the last decades, polymers and fibre reinforced polymers (FRPs) have had a significant impact 

in numerous engineering applications by replacing traditional conventional materials such as steel 

or aluminium [1–3]. FRP properties can be customised by varying their form i.e., their laminate ply 

angles, stacking sequence, filler/fibre type and volume fraction [4–6]. Carbon fibres (CF) are one of 

the most extensively used reinforcement materials for the preparation of a large variety of composite 

parts in aerospace, marine and automotive industries when excellent mechanical properties in 

lightweight components are required [7–9]. They present unique advantages in terms of high 

specific strength and stiffness, performance-to-weight ratio, high thermal stability, high 

conductivity, self-lubrication and corrosion resistance [10–12]. In turn, the production of carbon 

fibre reinforced polymers (CFRPs) has generated considerable scientific and industrial attention due 

to their superior properties, which can provide high specific stiffness and strength, good damage 

tolerance and  environmental resilience [13–16]. The matrix, or resin, used in CFRPs greatly affects 

the overall performance, most notably in-plane compression and shear, toughness, interfacial 

properties as well as thermal stability  [17–19]. Low-viscosity thermoset resins such as epoxies and 

polyurethanes are commonly used for FRPs in industry due to their ease of processing. However, 

the manufacturing process has been shown to be a dominant factor in determining interfacial 

adhesion properties and the formation of voids present in a composite [3,20–25], hence governing 

the ultimate mechanical performance of the composite. At present, liquid thermoset processes have 

a number of disadvantages including long injection path lengths (resin infusion), uneven or 

incomplete wetting, and thermal runaway when deployed for processing of thick-section composite 

parts. All these disadvantages can be mitigated by the use of powder-epoxy type processes [26–30]. 

Breakthrough discoveries in the use of powder-epoxies as matrices in FRPs offer promising 

opportunities for new processing methods [26–32]. To this end, investigations were carried out 

by Maguire et al. and Mamalis et al. using numerical models for various processing conditions 

and different physicochemical characterisation techniques, respectively [27–30]. The authors 

demonstrated that composites based on powder-epoxy resins reinforced with glass or carbon 

fibre can effectively deliver new high quality and high performance materials, as a cost-
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effective alternative to manufacturing out-of-autoclave components for marine and wind 

applications. 

It has been recognised that one of the important parameters determining the ultimate 

performance of CFRPs is the interface between the fibre and the matrix [33,34]. Good 

interfacial properties can improve integral mechanical properties of fibre-reinforced 

composites via reducing stress concentrations caused by load transfer from matrix to 

reinforcements [35,36]. However, the matrix is still the main factor in controlling the load 

transfer in composites [37,38] which determines the interfacial and the mechanical properties 

of composites. The interfacial adhesion is governed by both physical and chemical interaction 

phenomena. The former is mainly based on mechanical interlocking, and the latter is based on polar 

and acid-base linking [39,40].  

Recently, Mamalis et al. investigated the effect of fibre straightness for different amounts 

(and types) of sizing on the mechanical performance of different CFRPs [28,30]. The authors 

fabricated unidirectional (UD) carbon fibre composites, with enhanced fibre straightness, based 

on a new powder epoxy technology. They demonstrated that the amount of sizing on the carbon 

fibre surface affected the fibre-fibre interactions between tows and plies which in turn 

improved the degree of fibre straightness. Furthermore, mechanical characterisation of the 

different CFRPs revealed a rather complex interface role, showing a competition between 

chemical and mechanical interlocking phenomena at the fibre/matrix interface. The 

fibre/matrix interface needs to be further investigated in order to deliver high performance UD 

CFRPs based on powder epoxies. Mulvihill et al. [41] studied the fundamental frictional 

behaviour of carbon fibres (same fibres as Mamalis et al. [30]) prior to manufacturing. The 

authors focused on tow-on-tow and tow-on-tool friction interactions, under different loading 

conditions, and subsequently on the effect of the adhesion properties between the fibres and 

the plies. Interestingly, the authors reported that the carbon fibre contact area increased with 

increasing volume of sizing; hence, higher friction forces resulted in higher adhesion strength 

being achieved. Furthermore, they showed that the directionality of the fibre-tows affected the 

friction coefficient, as parallel filaments achieved friction coefficients 1.7 – 3.2 times higher 

than those of perpendicular filaments [41]. The authors, however, stated that a contribution due 

to differences in sizing chemistry could not be ruled out.  

This paper aims to investigate further the mechanical properties of powder epoxy based CFRPs, 

under tensioned conditions, with three different CF sizings i.e., the same carbon fibre family 

(T700SC) but different amount (and type) of sizing agent, as studied by Mamalis et al. [28,30]. 
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Particular attention was paid to the topographical characteristics of the carbon fibre surface in terms 

of sizing roughness and surface coverage and also to the interfacial bonding between fibres and 

matrix. The surface properties of CFs were experimentally characterised using atomic force 

microscopy (AFM) and Raman spectroscopy. The tensile and flexural properties of the different 

CFRPs were measured and compared with the mechanical data published by Mamalis et al. [28,30]. 

Fractographic analysis using optical and scanning electron microscopy (SEM) was likewise 

employed to analyse the fracture surfaces of the tested/failed composites. Furthermore, the Mode-I 

interlaminar fracture toughness of powder epoxy laminates was extensively examined. 

Determination of the crack initiation and propagation characteristics as affected by the interface 

properties were specifically investigated. This research has been carried out as a part of an 

investigation to develop powder epoxy semi-prepreg materials, aimed at, but not limited to, the 

manufacturing of wind/tidal turbine blades using out-of-autoclave processes.    

 

2. Experimental Procedure 

2.1 Materials 

A low melt viscosity multi-purpose powder epoxy resin with density 1.22 g/cm3 at 25oC, 

(Grade EC-CEP-0016, supplied by EireComposites Teo), was used as the base matrix to 

manufacture the composite materials. The glass transition temperature range of the epoxy was 

between ~105oC (storage modulus onset) and ~125oC (tanδ peak)) [30]. Note that all initiators-

reagents were pre-mixed in the powder epoxy. The curing reaction was heat-activated, and the 

supplier recommended a cure temperature between 170oC and 190oC. Commercially available 

continuous tow carbon fibres, T700S-24K, were provided by TORAYCA® (Toray Industries, 

Inc.). Three different types; 50C, F0E and 60E of the T700SC carbon family were used with 

1%, 0.7% and 0.3% sizing agents (by weight), respectively [42,43]. Note that the mechanical 

and physical properties of the carbon fibres are the same. The average diameter of the carbon 

fibres was approximately 7 μm, and typical values of fibre tensile modulus and strength were 

about 230 GPa and 4.9 GPa, respectively, as specified by the manufacturer [42,43]. 

 

2.2 Fabrication of composites  

Composite laminates, consisting of 5 plies (~1 mm thick) and 16-plies (~3 mm thick) 

measuring 450 × 250 mm (length × width) with the carbon fibres in the 0o direction parallel to 

the 450 mm side, were prepared manually by a hand lay-up technique. The thickness of a single 
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cured ply was approximately 0.2 mm. A specially designed tensioning apparatus was adopted 

to apply tension to the carbon fibres during the cure cycle in order to enhance fibre-straightness 

and maintain the fibres in a steady formation, as reported by Mamalis et al. [28,30]. The carbon 

fibres (plies) were loaded in the tensioning apparatus, clamped at both ends and then tension 

was applied uniformly, as can be seen schematically in Fig. 1. It was assumed that the 

maximum force was achieved when the fibres started slipping at both clamped ends. 

Additionally, a newton meter (force-meter) was used to estimate the tension (force) applied on 

the carbon fibres and an approximate value of approx. 3000 N was measured. The epoxy 

powder was distributed evenly on each ply, using a paper strainer with a fine sieve filter, aiming 

towards a 60:40 (carbon: epoxy) final weight ratio of the laminate.  

The curing of the CFRPs was performed under vacuum, and it consisted of 1) a drying stage 

at 50±1oC for ~400 min, 2) a β-stage; at 120±1oC for 60 min, and 3) a curing cycle with a 

ramping rate of 2±0.2°C/min up to 180±1°C, for at least 90 min. Then the laminates were 

allowed to cool to room temperature. Thermocouples (K-type) were placed at the edges and at 

the core of the lay-up to record the temperature profile during the thermal cycle as well as to 

ensure uniform heat distribution along the preformed laminate. The extraction of the testing 

coupons of all composites was conducted using a wet diamond saw. The cutting process was 

adopted to produce high quality smooth edges free from defects and imperfections that in turn 

might affect the final mechanical performance. The fibre volume fraction (FVF) and void 

content of all the processed composites were determined by the acid digestion method and by 

the matrix burn-off technique according to ASTM D3171 (2015) to assess the quality of the 

laminates produced. Additionally, neat epoxy plates were manufactured following the same 

thermal cycle as described for the composites to provide a baseline for comparison. 

 

 
Fig. 1. A representative schematic drawing of the tensioning apparatus employed to manufacture 

CFRPs with enhanced fibre straightness. 



6 

 

 

2.3 Atomic Force Microscopy (AFM) 

AFM experiments were performed to characterise the surfaces of the three different fibre 

types (50C, FOE and 60E) at the nanoscale. All imaging was carried out using tapping mode 

in air at ambient conditions with a Bruker Multimode/Nanoscope IIIa (Bruker, Santa Barbara, 

Ca, USA). RTESPA cantilevers purchased from Bruker were used for all imaging. The 

cantilevers had a nominal spring constant of 40 N/m, nominal resonant frequency of 300 kHz 

and a nominal tip radius of 8 nm. The sizes of the scans were small (1.2 x 1.2 µm2) due to the 

small diameters and surface curvatures of the fibres. All image analysis was carried out using 

the freeware Gwyddion (http://gwyddion.net/) [44]. Height, amplitude and phase images were 

acquired for each fibre type. Additionally, profile plots were obtained showing the surface 

topography of the carbon fibres in greater detail. The profile plots were composed of horizontal 

line scans taken across the AFM images and their exact location was represented by horizontal 

bars on the corresponding height images. The profile plots and arithmetic average surface 

roughness (Ra) values were extracted and calculated, respectively, after the images had 

undergone flattening which reduced any influence from fibre curvature.  

  

2.4 Raman spectroscopy 

Raman spectroscopy was utilised to characterise the surface of the three different carbon 

fibre types (50C, FOE and 60E). The Raman system employed for this study was the LabRAM 

HR Evolution spectrometer supplied from HORIBA Scientific, Ltd. A diode-pumped 

frequency-doubled Nd:YAG laser with a wavelength of 532 nm was used. The 50X objective 

lens of an Olympus BH-2 optical microscope was used both to focus the laser beam on the 

samples and to collect the scattered light (NA=0.5). Note that there was no visible damage on 

the surface of the carbon fibre due to the laser. The grating used was 1800 grooves/mm for a 

window of 300-1900 cm-1. For the detection, an Open Electrode CCD air-cooled camera was 

used to collect the Raman spectra.  Samples, in the form of fibres were placed directly at the 

microscope stage, and the sample zone for the recording of spectra was selected optically. The 

obtained data were post-processed and analysed using Matlab 2015 software.  
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2.5 Tensile testing  

Tensile tests were carried out in accordance with BS EN 2561 (1995) using a minimum of 

12 specimens (dimensions: 250 length x 25 width x 1 mm thickness) for each composite family, 

i.e., 50C, F0E and 60E. End tab plates (100 mm x 50 mm x ~1 mm) of glass fibre reinforced 

epoxy (1581 type) arranged at ±45° were bonded using epoxy adhesive (2014-1 Araldite, 

Huntsman, UK) onto the end region of each specimen which had been previously grit-blasted. 

The tensile tests for composites and polymer specimens were performed in a universal testing 

machine Zwick/Roell, model Z250, with hydraulic grips and MTS 632.85F-14 extensometer, 

at constant cross-head speed of 2 mm/min. The test machine and 250kN load cell were 

calibrated in accordance with ISO 7500-1 (2015) and ASTM E4 (2016) standards. The fitted 

extensometer was calibrated in accordance with ISO 9513 (2012) and ASTM E83 (2016). 

Furthermore, the tensile properties of the neat epoxy were determined according to ASTM 

D638 (2014) standard. Epoxy plates with approximate thickness of ~3 mm were manufactured 

and subsequently cut based on the Type II (dog-bone) specimen. 

 

2.6 Flexural testing  

The flexural properties (strength and modulus) of the composites and the neat epoxy resin 

plates were investigated on a universal testing machine Zwick/Roell, model Z010, using a four-

point bending fixture at a cross-head speed of 1 mm/min, at room temperature, according to 

ASTM D7264 (2007). A 10 kN load cell was used where the calibration and verification of the 

measuring system load cell was based on ISO 7500-1:2015 and ASTM E4-2016 standards. The 

specimen thickness ranged between 3 and 4 mm following a span-to-thickness ratio of 32:1, a 

standard specimen width of 13 mm, and a specimen length of around 20% longer than the 

support span. The diameter of all the loading noses was 4 mm. A linear variable differential 

transducer (LVDT), supplied from RDP Electronics Ltd, was fitted to measure the absolute 

linear displacement (position). A minimum of six samples for each composite or neat epoxy 

type were tested. The relative error of the measurements was estimated to be ~7% based on 

reproducibility of the resulting data. 

 

2.7 Optical Micrographs and Scanning Electron Microscopy 

Microstructural observation of the fabricated composites was carried out by optical 

microscopy (Zeiss Axioskop 2 Plus Ergonomic Trinocular Microscope). Optical microscopy 
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specimens were embedded in transparent phenolic resin, followed by automated grinding and 

polishing. The surface morphology and the failure mechanism of the fractured composites 

(flexural specimens) were examined at the nanoscale using a Hitachi S-4700 field emission 

scanning electron microscope (FE-SEM) with an excitation voltage of 5-20 kV. Prior to 

examination, all the fracture surfaces were cleaned with ethanol to eliminate impurities such as 

dust. Then the CF/epoxy samples were sputter-coated with a thin evaporated layer of gold for 

a period of 5-8 min reaching a thickness of approximately 100 Å to improve conductivity and 

prevent charge build-up by the electrons absorbed by the specimen during the SEM 

examination. The failed flexural specimens were cut along the length of the specimen, polished 

and observed under an optical microscope to indicate the types of failure that occurred and to 

determine the degree to which each failure mode contributed. However, the fracture surface 

could not be observed using SEM without completely separating the two sample halves.  

 

2.8 Double Cantilever Beam (DCB) tests  

To evaluate the interlaminar properties of the prepared laminates, Mode I (GIC) interlaminar 

fracture toughness tests of the three types of laminates were performed. Mode-I DCB tests were 

conducted in accordance to the ASTM D5528-13 standard using an Instron universal testing 

machine (Model 3369) and a 1 kN load cell. The Mode-I tests were carried out at a quasi-static 

cross-head displacement rate of 1 mm/min, and at least five specimens for each fibre type 

composite were tested. A 13 μm PTFE film was inserted in the mid-plane of the laminate; 

between the 8th and 9th plies (18 plies total), at a right angle to form an initial crack with a 

nominal delamination length of 𝑎 ≈ 63 mm from the load line. The manufactured laminates 

were carefully machined to extract testing specimens with dimensions of 150 mm length, 25 

mm width and nominal thickness ~3.3 mm. Prior to testing, a white marker was applied at the 

edges of the specimens, and the samples were speckle patterned to measure the crack growth 

during testing. A tensile load was applied through two loading blocks adhered to the end of 

each specimen, and video extensometry (UVX - Imetrium systems) was applied to record the 

crack initiation and propagation for each test. The camera incorporated into the system was a 

Manta G-146B/G-146C, capable of logging at 17.8 frames per second. The Mode-I 

interlaminar fracture toughness, GIC, was calculated using the modified beam theory according 

to ASTM D5528 standard, taking into account the rotation at the delamination front, as follows: 
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GIC =  3Pδ2b(𝑎+|∆|)       (1) 

 

Where P is the load, δ is the displacement, 𝑏 is the specimen width, 𝑎 is the delamination 

length, and ∆ is the horizontal axis intercept from the linear 𝑎 − 𝐶1 3⁄  curve. The compliance, 𝐶, is the ratio of displacement to corresponding load, 𝛿 𝑃⁄ . The initial value of GIC was obtained 

as the average of GIC values at the 50 mm delamination length. 

 

3 Results and Discussion 

3.1 Surface topography 

Atomic force microscopy was utilised to characterise the surface morphology of the three 

carbon fibres at the nanoscale as well as quantify the surface roughness [36,45–51]. 

Additionally, the topographical characteristics of desized carbon fibres were also investigated 

as a baseline and by means of comparison. The Soxhlet method was used to extract the sizing 

agents from all the carbon fibre surfaces, which was conducted with acetone at 80oC for ~24 h 

with about 1 m fibre in length, for each carbon fibre type. Typical AFM images obtained from 

the desized surface of the carbon fibre can be seen in Fig. 2 where (A) is a height image with 

the respective (B) profile plot, whilst (C) and (D) are amplitude and phase AFM images, 

respectively. The AFM images show very little topography on the desized fibres’ surfaces and 

the calculated average surface roughness 𝑅𝑎 value was to found to be ~2.6 nm indicating a very 

smooth carbon surface. In Fig. 3, typical AFM height images with accompanying profile plots 

for each sized fibre surface are presented. More specifically, Fig. 3(A) presents the surface of 

the 50C fibre, which is dominated by polymeric agglomerates owing to the highest amount of 

sizing agent (1%) on the surface of these fibres. The presence of individual agglomerates can 

be clearly observed in the profile plot in Fig. 3(B) where the maximum height and width values 

were found to be approximately 100 nm and 500 nm, respectively. Furthermore, the 50C fibre 

revealed a relatively rough surface with a calculated 𝑅𝑎value of ~13.3 nm. Fig. 3(C) presents 

a typical height image of the F0E fibre case where there is a large number of agglomerates on 

the surface. The profile plot in Fig. 3(D) indicates that the observed polymeric agglomerates 

generally had lower height values than those of the 50C fibre case. The measured 𝑅𝑎 value of 

the F0E case was ~9.1 nm. The agglomerates were elongated and the maximum height and 

width values were approximately 40 nm and 600 nm, respectively. The height image of the 
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60E fibre (Fig. 3(E)) shows a much smoother and cleaner surface. The profile plot for the 60E 

case was far less distinctive than the respective plots for the 50C and F0E case, as can be seen 

in Fig. 3(F). The agglomerates had maximum height and width values of approximately 30 nm 

and 220 nm, respectively. The surface was significantly smoother than the 50C and F0E fibres 

cases with a 𝑅𝑎 value of ~3.2 nm. A summary of all surface roughness 𝑅𝑎values obtained from 

AFM imaging are presented in Table 1. Note that AFM measurements on the external surface 

of all the sized fibres as well as the desized ones, were performed in multiple locations (4 or 

more) on different fibres. AFM surface measurements indicated that there was a direct 

correlation between the amount of sizing on the external fibre surface and its surface roughness. 

Thus, this could essentially affect interface interactions between the fibre and the matrix.  

 

 

Fig. 2. Typical AFM (A) height images with the respective (B) profile plot, (C) amplitude and (D) phase 

images for the desized carbon fibre. The area of each line scan in the profile plots is represented by the 

horizontal bars in the corresponding height image. 
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Fig. 3. AFM height images and respective profile plots for the three fibre types. The area of each line 

scan in the profile plots is represented by the horizontal bars in the corresponding height image. Note 

that (A) and (B) present a typical height image and profile plot of the 50C fibre, respectively; (C) height 

image and (D) profile plot of the F0E fibre case while (E) and (F) show a height image and profile plot 

of the 60E fibre, respectively. 

 

Table 1 Summary of AFM surface roughness 𝑹𝒂 measurements. 

Carbon fibre (T7000SC) 𝑹𝒂   (nm) 

Desized CF 2.6 ± 0.2 

50C CF 13.3 ± 2.2  

F0E CF 9.1 ± 0.9 

60E CF  3.2 ± 1.3 

 

Fig. 4 shows AFM amplitude and phase images for each sized fibre type. Amplitude images 

can be used to gain a better understanding of surface morphology by displaying clear edge 
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detection although they cannot provide quantitative data in the z-direction. Phase images use 

colour contrast to display any differences in the phase angle during imaging. The phase angle 

is determined by the viscoelastic properties of a sample’s surface, and therefore, can provide 

information regarding the composition of materials within a sample [52]. However, colour 

contrast in phase images can also be influenced by topography [53]. In this study, phase images 

were used to provide qualitative information regarding the composition of materials on the 

fibres surfaces. The amplitude image of the 50C fibre (Fig. 4(A)) clearly shows the presence 

of visible polymeric agglomerates on the fibre surface. Their size and shape varied 

significantly, some were rounded whilst others had much straighter edges. The phase image of 

the 50C fibres in Fig. 4(B) showed distinctive contrast differences in some areas. However, 

these areas were located where the surface had the largest height values, thus indicating that 

the variations in phase angle were caused by surface topography only. There was very little 

contrast in areas without varying topography, demonstrating that the viscoelastic properties of 

the surface were mostly homogenous [53]. In Fig. 4(C), the amplitude image of the F0E fibre 

shows that the elongated polymeric agglomerates varied in size and also formed distinct 

longitudinal lines (streaks) across the fibre surface, originating from the manufacturing process. 

These lines were mostly orientated at angles of 45˚, although, this value varied in the upper 

right corner of the image. The phase image of the F0E fibre (Fig. 4(D)) showed contrast only 

where variation in topography was observed. There was little contrast elsewhere on the surface, 

which suggested the viscoelastic properties were mostly homogenous. The amplitude image of 

the 60E fibre (Fig. 4(E)) shows that agglomerates were sparsely arranged on the surface. A 

small proportion of the surface had a denser arrangement of agglomerates, such as the bottom 

left corner of the image. All contrast in the phase image for the 60E fibre (Fig. 4(F)) was located 

in the denser areas of agglomerates, suggesting the contrast was due to topography alone and 

the viscoelastic properties of the surface were fairly homogenous. It is well established that the 

interfacial bond strength between fibres/matrix depends to a great extent on the carbon fibre 

surface [48,54]. Comparison of the AFM images of the carbon fibres demonstrated that the 

sizing agent amount appeared to greatly affect the external fibre surface topography. In turn, 

the increased surface roughness due to the sizing agent on the carbon fibres is believed to 

enhance the mechanical interlocking phenomena (as well as the chemical interlocking) between 

fibre and matrix, by favourably improving interfacial bonding. 
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Fig. 4. Typically AFM amplitude and phase images for the three fibres types. (A) and (B) depict 

amplitude and phase images of the 50C fibre, respectively. (C) presents an amplitude image and (D) 

shows a phase image of the F0E fibre case. (E) and (F) refers to the amplitude and phase images of the 

60E fibre, respectively. 

 

3.2 Raman analysis 

Raman spectroscopy has been utilised extensively to a wide range of carbon materials from 

graphitic [55,56] to amorphous carbon materials [57,58] and it can be used to characterise their 

nanostructure [59]. Raman spectroscopy can detect signals from a few microns in depth in 

materials and the obtained Raman spectra show characteristics of the state of graphitisation of 

the material. In addition, it can also be used as a technique for studying the variation of 

microstructures across carbon fibres i.e., crystallites and the disordered density in the carbon 

fibres [59]. Reproducible spectra were obtained for the three carbon fibres, with distinct, active 
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Raman bands from literature identified using a 532 nm incident laser. While these carbon fibres 

have the same fibre core (T700SC family), they have been coated with different amounts (and 

types) of epoxy resin [30,42,43] and in turn differences in the obtained spectra are expected. 

Fig. 5 shows the Raman spectra for the three different types of carbon fibre i.e., 60E (0.3%), 

F0E (0.7%) and 50C (1%), used in this study. Two main characteristic peaks, namely D and G, 

can be observed at approximately 1380 cm-1 and 1580 cm-1, respectively [60]. More 

specifically, the D band peak represents structural defects (amorphous graphite), while the G 

band peak referred to integral graphite structure (crystal boundaries) of the graphite crystallites 

on the fibre surface [60–62]. The ratio of the intensities of the D and G peaks corresponds to 

the ratio of the defect density to the crystalline graphite [61,63]. However, the shape of the 

carbon fibre spectrum may change depending upon the excitation wavelengths [59]. The 

intensities of the latter peaks were calculated by applying a Lorentzian fit over the Raman 

spectrum for each peak. Then, the peak intensity ratio of the two bands ID/IG was calculated for 

each fibre case. A higher value of ID/IG indicates a higher defects density on the carbon fibre 

surface [45]. The 50C, F0E, and 60E fibres exhibited ID/IG ratios of approx. 0.96, 0.94 and 

1.02, respectively. The 60E fibre shows greater surface defects than the F0E and the 50C coated 

carbon fibres. The highest amount of applied epoxy-type sizing [28,30,43] on the 50C carbon 

fibres has reduced the amount of detectable defects. Similar findings were obtained for the F0E 

case (i.e. the amount of sizing has reduced the amount of detectable defects compared to 60E) 

but more prominent surface defects were detected than the 50C carbon fibre case which carries 

the highest amount of sizing. More surface defects were detectable in 60E compared with the 

other cases. Note again that the amount of sizing agent on the carbon fibre surfaces decreased 

in order of the following sequence of treatments 50C>F0E>60E. The latter trend was indicated 

by absorbance decreasing in the same order, which was indicated by a decreasing number of 

counts (Fig. 5), supporting the AFM topography measurements (Figs. 3 and 4) as well as with 

the FTIR results reported by Mamalis et al. [30]. The varying surface coverage due to the 

different thicknesses (amounts) of the applied polymer coatings on the three fibres have 

affected the Raman signal intensities, and this will in turn indicated different defects at the 

carbon surface. In summary, the carbon fibre surface is always the same; it is the surface 

coverage of the sizing that affects the Raman signal coming from the carbon fibre surface. 

Furthermore, it should be noted that another technique to study these type of defects would be 

Tip-Enhanced Raman Scattering (TERS), which would allow a direct correlation of the surface 

topography with the local density of defects measured via Raman spectra  at a higher spatial 

resolution [63]. However, this is beyond the scope of this current work. 
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Fig. 5. Raman spectra of the three different carbon fibre types i.e., 50C (black), F0E (red) and 60E 

(blue).   

 

3.3 Tensile properties  

One of the most fundamental parameters that controls the properties of fibre/epoxy composites 

is the fibre content. Stiffness and strength as well as other properties, depend essentially on the 

fibre content and orientation [30]. Thus, the fibre volume fraction (FVF) and the consolidation 

quality, in terms of uniformity and void content of the produced laminates, were measured by 

acid digestion and matrix burn-off methods in accordance to ASTM D3171 (2015). Fig. 6 

shows a summary of the results obtained from the fibre volume fraction and void content 

(volume) calculations by applying these two techniques. Overall, the average FVF and void 

content values were calculated to be 58±3% and 1.1±0.2%, respectively, for all examined 

composites. Note that three or more laminates (and a minimum of three tests) for each of the 

three composite cases were examined in order to inspect the consistency of the fabrication 

process. It is clear from Fig. 6 that the slight FVF variations observed between the same 

families of composites indicated good material uniformity and reproducibility. Furthermore, 

the characteristically low and invariable void contents (Fig. 6), highlights the excellent 

consolidation quality and absence of voids for all tested composites. 
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Fig. 6. Average fibre volume fraction (FVF) and void content calculations for all manufactured 

composite cases by applying matrix burn-off and acid digestion methods according to ASTM D3171 

(2015). Note that three or more laminates (and a minimum of three tests) for each composite family was 

examined.   

 

In what follows, the tensile properties of the three UD composites and the neat (powder) 

epoxy, are presented in Table 2. The tensile tests of the composites were performed according 

to BS EN 2561 (1995) while the pure epoxy plates were tested in accordance with ASTM D638 

(2014). The neat (powder) epoxy tensile properties served as a common reference line (matrix). 

The average tensile modulus and strength of the epoxy plates (dog-bones) were ∼3GPa and 

~73 MPa, respectively, as displayed in Table 2. Clearly, the 50C-epoxy matrix laminates 

present higher tensile strength and modulus than those of the F0E-epoxy and the 60E-epoxy 

where the differences in strength and modulus between the latter two composites were not 

significant. The obtained results suggest that the higher degree of straightness for the 50C 

composite (𝑓50𝐶,𝑡𝑒𝑛𝑠𝑖𝑜𝑛 ≈0.95 > 𝑓𝐹0𝐸,𝑡𝑒𝑛𝑠𝑖𝑜𝑛 ≈0.92 > 𝑓60𝐸,𝑡𝑒𝑛𝑠𝑖𝑜𝑛 ≈0.89, where 𝑓 is the 

direction parameter [30]) and the fact that the 50C fibre consisted of the largest amount of 

sizing, resulted in an improvement of the interfacial adhesion strength between the 

components, thus the best tensile performance. It is worth pointing out that according to 



17 

 

Mulvihill et al. [41], fibre-fibre and tow-on-tow friction contributions should be also taken into 

account as the fibre type with the highest sizing amount i.e., the 50C case, revealed the highest 

friction coefficient; thus, the highest interface strength was expected. As such, the interfacial 

bonding between the carbon fibres and the powder epoxy were clearly affected by the fibre 

straightness, and friction forces [41] which are closely related to the amount of sizing on the 

fibres’ surface (although differences in sizing chemistry may also affect the bond strength). 

Note that the tensile results obtained for the composites in this investigation were similar to 

property data of the Toray composite cases as reported by the manufacturer’s datasheet [42] 

and presented in Table 2.  

 

Table 2 Mean tensile properties in the longitudinal direction for the three types of CFRPs (and 

neat epoxy) and the Toray composites with FVF of 60% [42]. Note that over 6 tests were 

performed for each composite case and the tensile results of the fabricated composites were 

normalised to 58% FVF for means of comparison.   

Material Strength (MPa) Modulus 

(GPa) 

50C CF/epoxy 2600±120 132±4.1 

F0E CF/epoxy 2310±100 124±2.8 

60E CF/epoxy 2172±105 119±3.1 

Toray CF/epoxy [42] 2550 135 

Powder epoxy 73.1±2.9 3.0±0.5 

 

3.4 Flexural properties  

0° flexural tests of the three different UD composite cases (all manufactured under tension 

conditions) and the neat (powder) epoxy plates were performed, and the results are plotted in 

Fig. 7. To properly evaluate the flexural performance of the composites, the fibre volume 

fractions are needed. The FVF was found to be 58±3% for all examined composites. In Fig. 

7(A), the measured flexural strengths for the 50C (~1180 MPa) and F0E (~1068 MPa) cases 

are higher than that for the 60E composite (~960 MPa). Note that the flexural strength results 

of the unreinforced epoxy specimens were not plotted in Fig. 7, as the flexure tests were 

optimised for testing composites materials (ASTM D7264) and not rigid plastics. During the 

flexural tests of the epoxy plates, it was found that they yielded too easily to the limit of the 

test deflection range. Fig. 7(B) shows the results obtained for the flexural moduli for the T700S 
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family of composites and for the neat epoxy plates. The flexural modulus was calculated to be 

~117 GPa for the 50C case, ~105 GPa for the F0E case, and ~98 GPa for the 60E case. It is 

clear that the 50C composites obtained the highest modulus and strength of the three 

composites in agreement with the obtained 0o tensile tests. Considering that all three types of 

fibres have similar mechanical properties [42], the same matrix, as well as approx. similar FVF, 

the differences observed in the flexural properties were attributed to the different sizing agents 

i.e., amount (and type). This resulted in varying degrees of interfacial bonding between the 

fibres and matrix, for each composite case. Additionally, as reported by Mamalis et al. [30], 

the resulted varying degree of fibre straightness (50C>F0E>60E) due to the tensioning 

conditions applied to the three fibre types, during their cure cycle, with respect to the amount 

of sizing, was most likely to influence the fibre-fibre and tow-tow interactions in the 

composites, and so also the interfacial bond strength between fibres and matrix. It has to be 

noted that the friction forces between the fibres and the tows may also play an important role 

by improving the adhesion strength of the system as reported by Mulvihill et al. [41]. 

Historically, interfacial bond strength has been shown to drastically influence the ultimate 

flexural performance of UD composites [30,64]. Thus, in our cases, the 0-degree flexural 

strength and stiffness increased with the thickness of the sizing agent (as the latter increased 

fibre straightness, and this caused better stress transfer to the fibres). Note that the flexural 

strength of the Toray [42] composite (data provided from the respective manufacturers) was 

higher than all the examined composite cases in this study, while the flexural modulus was 

found to be in the same range. This suggests that the differences observed in the flexural 

properties between the presented cases and the TORAYCA® composite, were most likely due 

to a) the different matrices used between the datasheet (with different cure temperatures) and 

the present experiments, b) the different lay-up techniques adopted and c) the low compressive 

strength of the composites, as reported by Murray et al. [65]. 
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Fig. 7. Longitudinal flexural (A) strength and (B) modulus results for the T700S composite family, 

manufactured under tensioning conditions, as well as the modulus for the neat (powder) epoxy. The 

flexural results are average values from around 12 tests for each case. The obtained results were 

normalised at ∼58% FVF for means of comparison. Note that the flexural results for the Toray 

composite (FVF ~60%) were provided from the manufacturers as a means of comparison [42]. Error 

bars indicate the experimental standard deviation.   

 

3.5 Flexural fracture characteristics 

A fractographic analysis was performed on the cross sections of the flexural test specimens 

to scrutinise the effect of different sizings on the CF surfaces (and so, interfacial bonding 

variations) on the failure mechanisms of the different composite cases. Fig. 8 shows typical 

optical microscopy and SEM images of the flexure fracture surfaces, for the three composite 

cases, respectively. In Fig. 8 (A) – (C), the fibres were oriented in a parallel manner to the cross 
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section plane, whereas in the SEM images of (D) – (F), the fibres were oriented perpendicularly 

to the cross section plane of the specimens. In all cases, the first layers of CFs, which were 

directly subjected to the applied load, were completely crushed and broken down. There were 

no signs of delamination in the F0E and 60E specimens, and the layers were well connected to 

each other after failure. This seemed to confirm strong interfacial bonding between the 

reinforcing fibres and epoxy matrix. However, the failure behaviour of the 50C case, presented 

in Fig. 8(A), was characterised by fibre breakage in the upper layers as well as some matrix 

cracking. In addition, a few minor delaminations were observed, albeit at the higher flexural 

load imposed on this composite family, as seen in Fig. 7(A). The higher flexural load required 

for the fracture of the 50C specimen during the 4-point bending test deteriorates the interfacial 

bonding between the carbon fibres and matrix leading to partial delamination in the structure. 

Furthermore, failure in the form of matrix cracking, was attributed to the higher elastic modulus 

of the 50C composite due to its higher amount of sizing agent, which enables the 

matrix/interface to bear higher loads compared to the other composites. It should be noted that 

in the 50C and F0E cases, and less prominently in the 60E case, the compressed region was 

raised due to kinking, causing a local increase in cross sectional area, peaking at the fracture 

surface.  

Similar failure patterns across the surfaces of the specimens can be observed in the SEM 

images in Fig. 8 (D) – (F). A clear demarcation of tension and compression regions can be 

identified with the neutral axis separating these two regions. The rough area indicates tensile 

fracture while the smooth area refers to compressive fracture. The flexural failure has 

originated on the compression surface due to the lower strength of CFRP in compression 

relative to tension and the stress concentration generated by the two loading blocks of the test 

fixture. In Fig. 8 (D) – (F), it is clear that crack propagation started from the upper surface, 

growing towards the neutral axis. At this stage the crack moved into a field of decreasing 

compressive stress and increasing interlaminar shear stress, which in turn stopped the 

compressive fracture. An increase in tensile strain due to delamination in the opposite face 

initiated rapid failure towards the neutral zone, concurrently [66,67]. As the moduli for 

compression and tension are similar [65], the neutral axis would have originally been located 

in the middle of the specimen’s thickness during elastic deformation, in all cases. However, 

due to the significantly inferior compressive strength, as plastic deformation and crack growth 

occurred in the compressive region, this neutral axis of bending likely shifted towards the 

tensioned region. Images of the failed flexural samples prior to separation confirmed that 
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approximately 60 – 70% of failure was in compression. Shear failure occurred in the 60E case 

at the neutral axis where shear stresses were dominant while minor delamination occurred in 

the compressed region for the 50C case. These are common failure types which have been well 

reported in literature for tested composites under bending mode [68,69]. While little distinction 

between cases can be observed at low magnifications for the tensioned region, higher 

magnification images show the effects of fibres sizings (and fibre straightness) on failure in 

tension. 

 

                        

Fig. 8. Cross sectional microscopy images of (A) 50C, (B) F0E and (C) 60E fractured specimens, with 

fibre running horizontally. SEM images of the fracture surfaces after four-point bending for (D) 50C, 

(E) F0E and (F) 60E with fibres running transverse to the plane of the image. Note tensile failures on 

the lower part of the SEM images, with compressive failures above the neutral axis. 

 

Moreover, high-magnification SEM images of the distinct tensioned regions were captured 

to determine variations between the three composite cases. By visual comparison of the 

tensioned regions in Fig. 9, in all CFRP cases, carbon fibres were covered by epoxy, indicating 
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good wettability and subsequently good interfacial bonding properties. However, in Fig. 9(B), 

a fibre pull-out fracture can be observed, characteristic of adhesion failure, illustrating lower 

compatibility of the sized fibre with the matrix system in comparison with the other CFRP 

cases, where cracks were seen to propagate in the epoxy matrix resulting in cohesive failure. 

The surface fracture characteristics observed in F0E composite case are in agreement with the 

sizing compatibility of the F0E carbon type as specified from the manufacturers and reported 

in literature [30]. Arguably, if the interface bonding between fibre and resin was not strong 

enough, the crack in the composite specimens would propagate along the interface. However, 

the observed cracks in laminates with very strong interfaces propagated preferentially in the 

vertical direction. The tensioned surface of the 60E composite showed that the matrix was fully 

covering the fibres, similar to previous cases, but with a more severe disorientation of fibres 

owing to the lower degree of fibre straightness compared to other cases [30], as displayed in 

Fig. 9(C). In summary, the fractographic analyses of the three composite cases enabled better 

understanding of a) the nature of the failure of the specimens, b) the effect of different sizing 

agents on interfacial interactions (bond strength) and c) the load distribution between the epoxy 

matrix and the reinforcement for each case. 
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Fig. 9. High-magnification SEM images of the fracture surface of the (A) 50C, (B) F0E and (C) 60E 

tested/failed CFRPs, after four-point bending.  

 

3.6 Interlaminar fracture  toughness  

The interlaminar fracture toughness was determined as the Mode-I critical strain energy 

release rate (per unit area) i.e., GIC. The crack length and apparent GIC values were obtained 
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from the high-speed image sequences of each DCB test, which were recorded at approx.1000 

frames per second. The symmetry of both cantilever beams (loading blocks) was maintained 

during the test. Typical load–displacement curves of the interlaminar fracture tests for the three 

different carbon fibre-reinforced epoxy composites are shown in Fig. 8. The stiffness of each 

specimen is represented by the slope of the load-displacement curves for each composite. For 

all composite cases, the load increased linearly until it reached a maximum value where the 

crack initiated (at around 63 mm), and then a gradual decrease of the load followed as the crack 

further propagated. Characteristic stick-slip behaviour in all composite cases was observed 

which was possibly due to variations in local material topology, such as resin-rich or fibre-rich 

regions along the longitudinal direction, slight misalignment of the fibres or the presence of 

voids, as well as the fracture of bridged fibres or fibre bundles. It is worth noting that material 

variations cannot be completely avoided, although care was taken during the fabrication 

process (hand lay-up technique) to minimise them. In all cases (Fig. 10), the load slightly drops 

at several points after the peak load, corresponding to a stable and slow crack propagation 

mechanism. The curves consist of repetitive small load drops followed by a gradual increase 

of the load (Fig. 10). In the majority of the cases, delamination propagated in a stable and gentle 

manner for a short distance, and then it was halted. After sufficient continued loading, the crack 

reinitiated. Therefore, the crack propagated in a series of small jumps accompanying the slight 

load drops. The curves, in Fig. 10, show that the load needed to initiate delamination was 

greater for the 50C CFRP case, than for 60E and F0E composite cases. The highest critical load 

that was observed for the 50C case was about +15% and +30% higher than the 60E and F0E 

composites, respectively. Note that all composites revealed a smooth (gentle) stick-slip 

behaviour but at different load magnitudes. Detailed examination of the tested samples revealed 

that the crack propagated in the main delamination plane without any side cracking and 

branching. Furthermore, the stiffness for the composite cases was observed to decrease in the 

order (50C>60E>F0E) which was attributed to the varying degrees of interfacial bonding 

between the fibres and the (powder) epoxy owing to the different amount (and type) of sizing 

agent on the surface of the fibres. It may be observed that in almost all tested samples an initial 

non-linear region was observed (Fig. 10). The latter was due to the initial take-up portion of 

load introduced and the simultaneous opening of the pre-crack area of specimens prior to crack 

initiation. 

The results of the Mode-I DCB tests for all different types of composites are summarised in 

Fig. 11. The GIC values refer to averages obtained from the strain energy released during crack 



25 

 

initiation and propagation according to ASTM D5528 (MBT). The overall Mode-I interlaminar 

fracture toughness values of the 50C composite (GIC ≈ 1610 J/m2) were higher than those of 

the 60E (GIC ≈ 1310 J/m2) and F0E (GIC ≈ 1120 J/m2) cases, which means that the ability of 

the 50C composite to contain a crack and resist fracture was superior to those of the 60E and 

F0E composites. A related point is that the F0E sizing is designed for vinyl ester resins and it 

is also compatible with epoxy systems as specified by the manufacturers [43] and reported in 

previous studies [70]. The latter argument was also reported by Mamalis et al. where the 

distribution of functional groups on the F0E carbon surface, using Fourier transform infrared 

spectroscopy (FTIR), was found to be slight different compared to 50C and 60E  indicating a 

different polymeric blend presented on the surface of the F0E carbon fibres [30]. In turn, 

different chemical interlocking phenomena were expected for the F0E case compared to the 

50C and 60E ones, with respect to the amount of sizing and the degree of fibre straightness. 

The latter was evident for the F0E composites during DCB tests where the fracture energy 

released was substantial lower than the other cases indicating weaker interfacial bonding. This 

was also revealed in the previous work of Mamalis et al. [30] where the FOE composite case 

achieved the lowest transverse flexural strength pointing out the relatively weak bond strength 

between fibre/matrix, even though the amount of sizing for FOE carbon type was significant 

higher than the 60E carbon fibres.  

 

 

Fig. 10. Representative (Mode-I DCB) load-displacement curves of the CFRPs reinforced with three 

different types of carbon fibres.  
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Fig. 11. Comparison of Mode-I fracture toughness results for the three different CFRP cases. The 

average values were calculated from over ∼7 tests for each composite case. Error bars indicate the 

experimental standard deviation.  

 

From each load-displacement curve, the critical load (N) and displacement (mm) can be 

determined for a number of crack lengths. In turn, these values were substituted into Eq. (1) to 

determine the Mode-I interlaminar fracture toughness, GIC. In Fig. 12(A), the calculated GIC 

values were plotted as functions of the delamination growth i.e., as a resistance curve (R-

curve). The R-curves shown in Fig. 12 are representative examples for the three composites 

cases (as portrayed in Fig. 10) and do not correspond to the values seen in the bars in Fig. 11, 

which represent the average fracture energy measured for over ~7 samples for each composite 

type. As expected, the largest Mode-I fracture toughness was observed in 50C case compared 

to the other composite i.e., F0E and 60E, in terms of their critical load. The Mode-I fracture 

toughnesses reported here are average strain energies released during initiation (GIC-I) and 

propagation (GIC-P), with the onset of nonlinearity being used to evaluate the GIC-I values. The 

GIC-P values (fracture resistance) were calculated by averaging all GIC-R values of all the 

recorded points when the delamination length was increased from ~63mm to ~88 mm. A 

comparison of the GIC-I and GIC-P values obtained for the three CFRPs are presented in Fig. 

12(B), respectively. Note that the average and standard deviation values of GIC-I and GIC-P were 

obtained from the experimental results of around 7 samples for each CFRP case. Additionally, 
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the results demonstrated that the overall magnitude of the GIC-P tends to increase compared 

with GI-I and different trends of improved fracture toughness are observed for all composites. 

It is clear that the interlaminar fracture toughness properties of the three composite cases 

were connected to the different interfacial bonding between the fibres and matrix in each 

composite owing to the varying amount (and type) of sizing agents as well as the varying degree 

of fibre straightness as reported by Mamalis et al. [30]. Friction contributions related to fibre-

fibre and tow-on-tow interactions must also be taken into account according to Mulvihill et al. 

[41], as they can effectively alter the adhesion strength of the involved constituents. 

Additionally, Fig. 11 shows typical high frame rate images of the three different composite 

cases from the Mode-I test. The composites were characterised by distinctive delamination 

features. This reflected the initiation and propagation mechanisms of the samples, which in 

turn determined the resistance to fracture. The fibre bridging was visible with the naked eye in 

all composite cases but to a different degree, as can be seen in Fig 13. Furthermore, it was 

observed that the debonded length of the bridging filaments became longer as the crack opening 

increased. More specifically, for the 50C case (Fig. 13(A)), the region behind the crack 

opening, over which the fibres were bridging, is not very large in comparison with the 60E and 

F0E cases. Hence, the 50C fibres broke almost immediately after the crack opening, indicating 

strong interfacial bonding for the 50C CFRP in agreement with the GIC, tensile and flexural 

results. Additionally, Fig. 13(C) shows a photograph of a delaminating DCB specimen of the 

F0E case highlighting the fibre bridging in the wake of the delamination front. In this composite 

case, the observed extensive fibre bridging at the wake of crack front was responsible for a 

weak fracture resistance due to a weaker interface bond [71,72]. Fibre bridging due to 

interfacial debonding occurred not only at the main plane of delamination, but also at 

neighbouring fibre layers and interlayers, allowing increased matrix deformation [71–73]. No 

fracture of the bridging fibres was observed at the end of the DCB tests, which in turn clearly 

distinguished F0E composite from the other two. This system had the potential of unlimited 

fibre bridging, as the low interface bond strength caused fibres to continuously peel away from 

the matrix during increasing crack opening [74]. The 60E case (Fig. 13(B) was seen to follow 

an intermediate behaviour where the visible fibre bridging was most likely occur due to the 

weak interface bonding compared to 50C case (but higher than the F0E case), the higher fibre 

misalignment compared to the other tensioned composites [30] and lower amount of polymeric 

coating on the fibre surface. It worthwhile noting, that the fibre bridging phenomenon is 

recognised as beneficial to the GIC of CFRPs, although in this paper its effect was subordinate 
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to the enhanced interface bonding due to the sizing amount, high degree of fibre straightness 

and frictions contributions. This is to say, the 50C case revealed the best interlaminar fracture 

resistance performance due to the highest amount of sizing, highest degree of fibre straightness 

[30] among the tensioned composite cases (and highest friction forces between the CFs [41]) 

which in turn resulted in a better interface bond performance.         

 

 

Fig. 12. (A) Representative R-curves for each composite case. (B) comparison of GIC-I and GIC-P 

(average) values of the different types of carbon fibre composites.  
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Fig. 13. Typical high-speed images of the crack tip zone in detail for the (A) 50C, (B) 60E and (C) F0E 

composite cases. Note that the scale bar depicts a width of 1.5 mm.   

 

4. Conclusions  

In this study, unidirectional FRPs made from reinforced carbon fibres with three types of 

sizing agents (50C, F0E and 60E) were manufactured, under controlled tensioning conditions. 

AFM and Raman spectroscopy measurements were performed to characterise the surface 

topography and coverage of the three carbon fibre sizings. The results demonstrated that the 

different amounts (and types) of sizing agents significantly changed the carbon fibres’ surface 

morphologies and subsequently the interfacial interactions. More specifically, it was shown 

that the surface roughness of the carbon fibres increased with increasing amounts of sizing, 

enhancing not only chemical but mechanical interlocking phenomena with the powder epoxy.  

Friction contributions between fibre-fibre and tow-on-tow interactions would also have 

contributed to improved interfacial performance, (in addition to the higher amount of sizing 

and the higher degree of fibre straightness) resulting in higher adhesion strength and better 

bonding. The highest amount of sizing (~1%) was applied on the surface of the 50C fibres, 

producing the roughest surface profile, the strongest interfacial bonding between fibre/matrix, 

and the best mechanical properties of the composite types tested. A comparison of the tensile 
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strength and tensile modulus values between the different composites revealed that both 

properties were highest for the 50C composite case. The latter was due to its stronger interfacial 

bonding and higher degree of fibre straightness in agreement with the results reported by 

Mamalis et al. [30]. Additionally, the tensile performance of the neat (powder) epoxy were 

evaluated as a reference baseline. Similarly to the tensile results, 0o flexural tests revealed that 

the 50C case was characterised by superior performance, both in strength and modulus 

compared to the F0E and 60E cases. Furthermore, it was shown from fractographic analysis 

that slight differences existed in the flexural fracture surfaces of the three composites. 

However, the fracture mechanisms for each composite case, under 4-point bending mode, were 

different in each case, and rather complex. Delaminations and shear failure were observed in 

the 50C case in the compressed region, unlike the other cases. The effect of varying interfacial 

bonding on the interlaminar mechanical properties of CFRPs was investigated with respect to 

the sizing amount and the degree of fibre straightness. Friction contributions were also taken 

into consideration in accordance with Mulvihill et al. [41] as they can effectively enhance 

adhesion strength of the between fibres, tows and interlayers. The experimental results of DCB 

tests demonstrated that the Mode-I interlaminar fracture toughness of the 50C composites was 

the highest compared with the other cases due to the stronger bond strength between the fibre 

and the matrix and so between the inter-plies. The crack propagation paths of the three 

composites presented different propagation modes with distinct characteristics, providing 

useful information regarding the relationship between the improved interlaminar fracture 

toughness and interfacial bond strength in association with the varying degree of fibre 

straightness in the CFRPs. The above results may have important implications for the use of 

powder epoxy composites that enables a new generation of low-cost out-of-autoclave processes 

to be deployed and manufacturing costs to be reduced.  
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