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Abstract  

In the present paper, the mode I fracture toughness properties of a thermoplastic composite 

resin reinforced with glass fibres are experimentally evaluated. The neat resin is initially 

characterized in terms of static and mode I fracture toughness properties. Then three sets of 

panels are manufactured and tested: reference panels made of untreated glass fibres and the 

thermoplastic resin; UV treated glass fibres reinforced thermoplastic panels and plasma 

treated glass fibres reinforced thermoplastic panels. The effect of the treatment on the 

interfacial adhesion strength between fibres and matrix is characterized by a push-out test. 

An overall increase of the interfacial strength leads to an overall decrease of the composite 

mode I fracture toughness evaluated by Double Cantilever Beam (DCB) tests. Optical and 

Scanning Electron Microscopy images of the fracture surfaces are acquired and used to obtain 

a better interpretation of the fracture mechanisms. 

Keywords:  thermoplastics; fracture toughness; UV; atmospheric plasma; push-out test 

 

1. Introduction 

Thermoplastic composites are attracting more and more the attention of the main aerospace 

manufacturers that, now, consider them suitable also for primary structures’ applications 

                                                 
1 Corresponding author; e-mail: gennaro.scarselli@unisalento.it 
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after an initial preference for thermoset composites [1]-[4]. Thermosetting resins are typically 

liquid with a high viscosity at room temperature and need a hardener or heat to consolidate 

[5]. Following consolidation, the crosslinks, chemical bonds between the monomer chains 

within the material, prevent it melting and returning to a liquid state. Overheating of 

thermoset plastics can lead to a deterioration of their mechanical properties without reaching 

a fluid phase. For this reason, thermosetting resins find their applications where heat is an 

important factor. The main benefits of thermoset plastics are: structural integrity; significant 

electrical insulation properties; excellent heat resistance; good corrosion behaviour; low 

thermally conductive; cheaper than thermoplastics for the setup and tooling costs; good 

strength-to-weight ratio; water resistant. Despite these benefits, there are still some 

disadvantages with thermosetting resins: storage usually requires low temperatures; they 

cannot be reshaped or remoulded or easily recycled, despite much recent effort in this area, 

[6]-[8]. Common thermoplastics resins are solid at room temperature but soften after the 

addition of heat [9]: they can eventually reach the fluid phase after crystal melting or 

exceeding the glass transition temperature (Tg). Thermoplastics can be relatively easily 

reheated, recycled and remoulded without significantly affecting the material properties. As 

a result, these materials are used in processes including extrusion, thermoforming, and 

injection moulding. One of the main factors that historically limited their application in the 

aerospace field is that thermoplastics can soften, significantly deform and deteriorate if 

exposed to high temperatures. The main benefits of thermoplastics include: good adhesion to 

metals; recyclability and possibility to be reshaped with reduced impact on material 

properties; high impact resistance and fracture toughness; good electrical insulation; good 

corrosion resistance. The main disadvantage of these materials are: they are not suitable for 

applications where their softening when heated can become a concern; they are typically 
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more expensive than thermosets and manufacturing processes are not yet optimised [10]-

[13]. Recently, a new material thermoplastic resin, Elium®, (a reactive Methylmethacrylate, 

MMA thermoplastic resin) has been introduced. Elium is an acrylic resin liquid which has 

low viscosity at room temperature and can be cured with the addition of an initiator 

(peroxide) without the employment of heat sources. Some recent work based on the use of 

this resin report favourable mechanical performance [14]-[16]. In the present work Elium® 

150 was employed to consolidate glass fibres sized for epoxy resins and the resultant panels 

were tested under various conditions. The Interfacial Shear Strength (IFSS) between a single 

glass fibre and the thermoplastic resin was experimentally evaluated by a push-out test. 

Subsequently, actions were taken to improve the adhesion between the glass fibres and the 

Elium resin. The main idea behind this work was the following: surface treatments of the 

fibres, aimed at promoting the adhesion with the thermoplastic resin, should increase IFSS 

and, consequently, improve the mechanical performance of the composites, especially using 

fibres optimized for adhesion with epoxy. Numerous scientific papers have confirmed that 

UV and atmospheric plasma increase the free surface energy and, therefore the wettability, 

of the treated surfaces or alter their chemistry in a way that promotes adhesion with other 

polymers or structural adhesives [17]-[19]. But if, on one side, it is well known the effect of 

such treatments on the treated surfaces (polymers, fibres) [20]-[22], on the other side, in the 

technical literature there is a very limited knowledge of the effects on the composites’ 

performance when dry fabrics are treated before the manufacturing process. In [23] the 

authors investigated the effects of low temperature atmospheric oxygen plasma surface 

treatment of basalt fibres on the interlaminar fracture behaviour of basalt/epoxy woven 

composites. The Mode-I fracture toughness of basalt/epoxy woven composite was increased 

by 16%. It was determined that improvement of interlaminar fracture behaviour was caused 
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by enhancement of interfacial adhesion between basalt/epoxy. The contact angle of untreated 

and treated fibres for different durations of treatment were measured. It was determined that 

a treatment time of 10 seconds was optimum, which reduced the contact angle with water by 

almost 50°. From examining the fracture surfaces of double cantilever beam (DCB) 

specimens using SEM it was found that on the untreated specimens, the epoxy was 

completely separated from one side, indicating adhesive failure between the epoxy and fibres 

whereas for the treated specimens the epoxy adhered evenly to each side, indicating failure 

of the matrix itself. In the present paper, glass fabric plies are UV treated and atmospheric 

plasma treated and subsequently are used to manufacture glass reinforced composites with 

Elium. The interfacial adhesion between the glass fibre and the resin, without and with 

treatment, is experimentally characterised by a nanoindentation test that consists in pushing 

out the single fibre from a composite sample. This characterisation allows the comparison 

between the value of the interfacial adhesion in the different cases of interest and the values 

of the composite mechanical performances, in terms of elastic modulus, ultimate tensile 

strength, and mode I fracture toughness. Optical microscope and scanned electron 

microscopy images complete the experimental work allowing a better understanding of the 

fracture mechanisms.         

 

2. Materials and methods 

2.1. Resin characterization 

Elium® 150 produced by Arkema is a liquid thermoplastic resin, that undergoes radical 

polymerization to produce thermoplastic composite matrices. The polymerization is initiated 

by Peroxide compounds (Luperox®). According to the Technical Data Sheet, typical infusion 

open time and peak time with 3% Luperox® EZ-FLO, for 200 grams of resin, are 
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respectively: 25 min and 40 min at 20 C. The infusion open time is the amount of time 

during which the viscosity of the resin is low enough to inject the resin. Temperature and 

peroxide ratio will affect the open and peak times. The recommended peroxide ratio is from 

1,5% (slow reactivity) to 3% (higher reactivity). Neat resin samples have been obtained using 

a specific mould designed for the two types of tests needed for the resin’s characterization. 

In the present work, the static (modulus of elasticity and Ultimate Tensile Strength) and the 

mode I fracture toughness characteristics of the resin have been experimentally measured by 

tensile tests and a single notched specimen, respectively. The fracture properties of the neat 

resin are of paramount importance to understand the fracture behaviour of the composite.  

2.2. Characterization  

X-ray photoelectron spectroscopy analysis was performed using the Kratos Axis Ultra DLD 

spectrometer, operating with the Al Kα X-ray source and 1486.58 eV. Casa XPS Software 

was used to analyse the high-resolution C1s spectrum to attain the 4 Gaussian peaks which 

correspond to 4 carbon-related components. Scanning electron microscope (SEM, FEI 

Quanta 3D) equipped with a field emission gun was used to observe the surface morphology 

of the untreated and surface treated glass fibres.  

2.3. Thermoplastic composite samples manufacturing  

A unidirectional glass fibres roll, provided by Cristex Composite Materials, was used, 

Article: U-E-996 g/m² - 600 mm. Table 1 presents the fabric description, reported according 

to the technical data sheet provide by the supplier. UV treatment and atmospheric air plasma 

treatments were performed on the glass fibres following the optimized treatment parameters 

from a previous study from the authors [17], as mentioned in Tables 2 and 3. The UV and 

plasma treatments were carried out in Henkel and at UCD, respectively, using the equipment 
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represented in the Figure 1a. The glass fibres plies were subjected to UV treatment for 2 

minutes over each of the two faces of the ply. The atmospheric plasma treatment was 

optimised in terms of intensity, speed and distance of the plies from the nozzle with the main 

objective of avoiding the burning of the plies’ stitching and any visible damage of the fibres. 

Because of the relatively quick vanishing of the plasma treatment effect over the plies, the 

samples were covered in aluminium foil paper and then immediately moved for the 

composite fabrication. The composite samples were prepared using the vacuum assisted resin 

infusion as represented in Figure 1b. Laboratory experience showed that, for such a resin, 

great attention should be paid to two factors that can affect the manufacturing outcomes: 1) 

the vacuum’s stability inside the bag, that was checked by a vacuum checker once the bag’s 

preparation was completed; 2) the external temperature that if less than 15 C would result 

in curing issues. According to the test standards, the panels for the mode-I fracture toughness 

tests were made of eight plies; the ones for the flexural modulus and ultimate tensile strength 

evaluation were made of four plies. The curing cycle of the panel was carried out leaving the 

vacuum bag sealed in the oven at 40 C for 24 hours. Three types of panels were 

manufactured: untreated glass unidirectional composites for reference purpose; UV treated 

and plasma treated composites.  

Table 1: Technical data of the unidirectional glass fabric provided by the supplier: ARTICLE 

CONSTRUCTION (in accordance with EN 13473-1) 

 

Layer  Construction  Areal Weight  Tolerance  Material  

3  0 898 g/m²  ± 5%  E-glass 2.400 TEX  

2  90  40 g/m²  ± 5%  E-glass 200 TEX  

1  90 41 g/m²  ± 5%  E-glass 68 TEX  

Stitching  17 g/m² ± 3 g/m² PES (Polyester) 110 dtex 

 

Table 2: plasma system parameters 

Voltage set-up value [%] 95 

Plasma voltage [V] 309 
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Plasma current [A] 14 

Plasma power [kHz] 20 

Plasma cycle time [%] 100 

Height [mm] 12.5 

Speed [mm/sec] 100 

 

Table 3: UV lamp treatment parameters 

Wavelength Irradiance 

UVV (395-445 nm) 1590 mW/cm2 

UVA (320-390 nm) 1180 mW/cm2 

UVB (280-320 nm) 267 mW/cm2 

UVC (250-260 nm) 36 mW/cm2 

 

 
 

(a) (b) 

Figure 1: (a) UV (top) and atmospheric plasma (bottom) equipment [17]; (b) vacuum assisted resin infusion 

carried out to manufacture the samples 

2.4. Push-out tests 

Push-out tests, using a nanoindenter available at the University of Limerick, were performed 

to evaluate the interfacial adhesion strength between fibre and matrix, IFSS, defined as the 

maximum shear force per unit area at the interface between the fibre and matrix as the fibre 

is pushed out of the matrix. This mechanical parameter is of key importance for the 
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composites’ performance and, the nanoindentation test being very challenging and 

expensive, commonly short beam tests are carried out to obtain an estimate of IFSS. To obtain 

the samples for the push out tests the following steps are followed (the sample preparation 

process is explained in detail in [24]): unidirectional composite panels were cut to a 

dimension of 20 mm × 20 mm and mounted in epoxy. The surface was prepared to a mirror 

finish using a planar wet grinder and polishing media with particle size of 0.3 µm. Using a 

low speed diamond saw, the samples were cut into 2 mm slices with fibre orientation 

perpendicular to the cut face. The slices were ground and polished to a thickness of less than 

200 µm. The thin slice was mounted on a custom-made sample holder containing 75 µm 

grooves. The interfacial shear strength (IFSS), for the different composite systems, is then 

measured using single fibre push-out tests [25][26] conducted using an Agilent G200 

nanoindenter with a 5 µm flat end diamond indenter. The positioning accuracy of this system 

is ±1 µm using an optical microscope. The test was performed with a displacement rate of 50 

nm/s. A typical load-displacement curve is shown in Figure 2. Fibre push out is deemed to 

occur when there is a large displacement jump (see Figure 2). Since the nanoindenter is 

operated in pseudo-displacement control mode (load control at a controlled displacement 

rate), a constant load is reported at fibre push out. A load reduction at fibre pushout has been 

observed in previous studies utilising displacement control [27][28]. Optical microscopy was 

carried out post-test to confirm that the fibres were pushed out. In order to achieve statistical 

significance, more than 15 fibres were pushed out from each sample. The interfacial shear 

strength is obtained from the indentation load-displacement curve as: 

𝐼𝐹𝑆𝑆 =  
P𝑚𝑎𝑥

2𝜋𝑟𝑡
               (1) 

where Pmax is the maximum load, r is the radius of the fibre being pushed out, determined 

from the optical microscopy, and t is the thickness of the sample, measured by a micrometre.  
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It is useful to remark that different methods, in addition to the push-out tests, can be used to 

evaluate the IFSS at a microscale, mesoscale and macroscale level [29][30], Single Fibre 

Fragmentation, Iosipescu and Short Beam Test: in the technical literature there is still debate 

about which test provides the best measure of IFSS. It is outside the scope of this manuscript 

to provide a conclusive answer on this matter: in this work the nanoindentation data are used 

to compare the interfacial strength between fibre and matrix for treated and untreated 

composites and its relative effect on their mechanical performance, so the discussion about 

the absolute reliability of the nanoindentation measurement is not relevant.      

 

 

 
a) b) 

Figure 2: a) Typical load-displacement curve for untreated glass/elium composite system; b) (top) the 

nanoindenter used at University of Limerick for the nanoindentation tests and (bottom) a picture of a glass 

fibre pushed out from the sample 

2.5. Three point bend tests 

Composite samples (untreated, UV and plasma treated) were tested under three point bending 

to evaluate the flexural modulus and flexural strength according to the ISO Standard [31]. At 

least five samples (with the following dimensions: thickness = 2 mm; width = 15 mm; length 

= 60 mm) for each test were used successfully: the distance between the two supports is fixed 
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by the Standard at 40 mm (see Figure 3). The test is considered successful when the failure 

falls in the category of the acceptable failures according to [31].  

 

 

Figure 3: three points bending experimental set-up  

2.6. DCB tests 

Mode-I fracture toughness was experimentally evaluated using a Double Cantilever Beam 

(DCB) test according to the ISO 15024 [32]. The sample’s geometry and the experimental 

set-up needed for the DCB tests are shown in Figure 4. The samples were manufactured 

including a Teflon™ film simulating a crack in the middle of the stack sequence of plies 

according to the Standard. Samples of the recommended dimensions were cut from the panel, 

load blocks were attached using an adhesive (see Figure 4) and the tests were carried out. A 

constant displacement rate of 2 mm/min was used. During fracture propagation, a high 

resolution digital camera was used to monitor the length of the crack. The camera was 

synchronised with the load and displacement measurements based on the start time of the 

test. A 5 mm long pre-crack from the crack starter was generated by loading the samples 

under an opening mode. Five replicate tests were conducted in each case. The fractured 

Sample  
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surfaces were imaged by an optical microscope and by a Scanning Electron Microscope 

(SEM) to examine the failure mechanisms.  

 

 
a) DCB sample geometry b) DCB experimental set-up 

Figure 4: Double Cantilever Beam (DCB) tests 

 

 

3. Results and discussions 

3.1. Static characterization of Elium Arkema resin 

Three test samples of resin were tested to evaluate the bulk resin elastic modulus, UTS and 

elongation at break according to the relevant Standard [33]. The results are presented in Table 

4. Subsequently, a sharp pre-crack was added to the “V” notch specimen using a sharp blade 

and single edge notch three-point bending tests were conducted to evaluate the Mode I 

fracture toughness of the bulk resin systems, according to ASTMD 5045-14 [34].  The testing 

was carried out at room temperature at a crosshead displacement of 1 mm/min. Three samples 

were tested. The three point bend specimen thickness (B) is 5 mm, the specimen width W = 

2B, and the pre-crack length ‘a’ is such that 0.45 < 
𝑎

𝑊
 < 0.55. The length of the specimen is 

selected, L = 2.2W, and the span follows the relation, S = 4W.  Figure 5 shows the single edge 

notch three-point bend test specimens and samples during testing. 

F

F

Aluminium 
load block

Teflon 
patch

Crack length 
measurement scale 
marked on white ink 

Glass Elium
composite
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Figure 5: Elium resin samples for single edge notch test and the three point bend test 

The mode-I fracture energy, GIC in J/m2 is calculated using the equation:  

𝐺𝐼𝐶 =
(1 − ν2)𝐾𝐼𝐶

2

𝐸
                            (2) 

where, ν is the Poisson’s ratio of the resin, and E is the tensile modulus of the resin: the 

tensile modulus and the Poisson’s ratio of the resin are 2.59 GPa (experimentally evaluated) 

and 0.32 (taken from the existing literature), respectively. The plane strain fracture energy, 

KIC is calculated using the following equation (3).  

𝐾𝑄 = (
𝑃𝑄

𝐵𝑊
1
2

) 𝑓(𝑥)                  (3) 

Here, KQ is the conditional or trial KIC value with the unit as MPa m1/2. PQ is the maximum 

load value in kN, B is the specimen thickness in cm, W is the specimen width in cm, and a is 

the crack length in cm. In equation (3) x = a/W and f(x) is calculated using equation (4), 

𝑓(𝑥) = 6𝑥
1
2

(1.99 − 𝑥(1 − 𝑥)(2.15 − 3.93𝑥 + 2.7𝑥2))

(1 + 2𝑥)(1 − 𝑥)
3
2

                (4) 

The Mode I fracture energy, GIC, of the Elium resin is found experimentally from the three-

point bending tests to be 815 ± 19 J/m2. The corresponding plane strain fracture toughness, 

KIC, is 1.53 ± 0.01 MPa.m1/2. These values confirm the excellent fracture behaviour of the 
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Elium thermoplastic resin which are more than twice the typical values of a thermoset resin 

[35].  

Table 4: measured static properties of the Elium 150 thermoplastic resin 

E, GPa UTS, MPa elongation at break (%) GIc, J/m2 KIc, MPam1/2 

2.59 ± 0.06 55.0 ± 1.6  2.9 ± 0.4 815.16 ± 18.91 1.53 ± 0.01 

3.2. Push-out tests results on untreated, UV treated and plasma treated samples 

The IFSS results are summarised in Figure 6. For the untreated system the IFSS was found 

to be 18.3 ± 1.5 MPa and increased by 51% (27.6 ± 4.5 MPa) and 47% (26.9 ± 4.5 MPa), 

following UV and plasma treatment, respectively. The number of samples studied for the 

nanoindentation test was 20 for the untreated, UV treated and plasma treated samples.  

 

Figure 6: The effect of fibre surface treatment on the IFSS of glass elium composite 

The first observation is that the standard deviation for the treated samples is much higher 

than for the untreated ones: reasonably, the treatments of the plies under the UV lamp and 

atmospheric plasma induced a not perfectly homogenous effect on all the fibres’ surfaces and 

this turned into a significant scatter of the properties. A possible improvement of the 

manufacturing process should aim at obtaining a more homogeneous effect on the fibres of 

every single treated ply. These results suggest that the sizing applied to the glass fibres is 

removed by both the plasma and the UV treatment. It is useful to consider here the potential 

effect of the improvement (increase) of IFSS on the overall mechanical performance of 
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composites: several works in the literature report a general increase in UTS of unidirectional 

composites following an increase in IFSS but, interestingly, in [36] the maximum UTS is not 

achieved for the composite with the strongest adhesion (i.e., the highest value of IFSS) in an 

glass fibre/epoxy composite.  The effect of the IFSS on the fracture toughness of composites 

is also not yet fully understood: there are some works in which the increase in IFSS turns out 

to be beneficial for the fracture toughness [37]; some other works argue about the role of this 

parameter on the fracture toughness. In [38] it is shown experimentally that although 

interfacial adhesion improved following surface treatment of carbon fibres, the fracture 

toughness first increased and then decreased with the treatment time duration, suggesting 

that, after an initial beneficial effect of the surface treatment, surface flaws were introduced 

by the treatment after a longer duration. In [39] an increase of IFSS leads to an improvement 

of the impact resistance performance of the carbon fibre reinforced composites while in [40] 

the glass fibre reinforced polypropylene matrix is less impact resistant after an increase of 

interfacial strength between fibre and matrix. At the moment, a deep and robust systematic 

investigation about the influence of IFSS on the fracture toughness of composites, theoretical 

and/or experimental, is not available in the literature.  

3.3. SEM and XPS analyses  

The surface morphology of the untreated, plasma treated, and UV-treated glass fibres are 

presented in Figure 7 (a-c) to compare and to observe the changes in the surface morphology 

on account of the treatment. The high-resolution images of the untreated glass fibre in Figure 

7(a) reveal that the coating on the fibre surface is formed by sizing [41]. However, surface 

treatment such as plasma and UV resulted in the partial removal of sizing and a rougher 

surface morphology (Figure 7(b)-(c)). The plasma treatment induced etching on the glass 

fibre surface, increasing the surface roughness. A study by Zhang et alii [42] also reported a 
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similar finding on the improvement in surface roughness after the exposure of plasma 

treatment.  

          

 

Figure 7: SEM images of (a) untreated (b) plasma treated (c) UV treated glass fibre.  

 

XPS analysis is conducted to observe and compare the elemental composition of the 

untreated, UV treated, and plasma treated glass fibres. The elemental composition and the 

oxygen to carbon (O/C) ratio of the fibres are presented in Table 5 and the survey spectrum 

is presented in Figure 8. The untreated glass fibres show the relative amount of carbon and 

oxygen content as 78% and 18% which is considered as an indication of the absorbed oxygen 

or surface oxidation that occurred during the glass fibre manufacturing [41]. The XPS 

analysis also shows the presence of other elements such as nitrogen and silicon. The results 

are in good agreement with the typical chemical composition of commercial E-glass fibres 

[42]. The plasma treatment results in an increase in the O/C ratio showing the presence of 

oxygen-containing groups grafted to the glass fibre during the surface treatment. The relative 

(a) (b) 

(c) 
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carbon content is reduced, and oxygen content increases as an outcome of the plasma 

treatment. The change in the composition indicates the accumulation of oxygen due to the 

plasma surface modification. It can be noticed, in addition, that the Si content increased for 

the plasma-treated samples which is resulted as an indication of the Si-O-Si functional groups 

inducted by the treatment. The O/C ratio of the UV-treated glass fibres improved from 0.23 

to 0.31 when compared with the untreated glass fibres. The relative oxygen content increased 

from 18% to 23%, whereas the carbon content reduced from 78% to 75% which is attributed 

to the formation of oxygen-containing compounds on the UV treated glass fibres. In [17] a 

similar finding was reported on the improvement of  O/C ratio following the UV treatment 

of carbon fibre composites.  

Table 5: Elemental composition and O/C ratio at the GF surface characterized by XPS. 

Glass fibre 

condition 

 

Relative content of the element (%) 
O/C ratio 

C O N Si 

Untreated  78 18 0.43 3.0 0.23 

Plasma treated  68 27 0.48 4.1 0.39 

UV treated  75 23 0.00 1.2 0.31 

 

 

Figure 8: XPS survey spectrum of untreated, plasma-treated, and UV-treated glass fibre 
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The survey spectrum is deconvoluted to high-resolution components to further explain the 

changes in the bonding conditions as shown in Figure 9 and Table 6. The carbon bonds are 

divided into 4 peaks where the main peak denotes the C-C bond at 284.94 eV, while C-O-C 

is at 286.41 eV, C=O at 287.94 eV, and O-C=O at 288.87 eV. The main peak C-C or aliphatic 

carbon is most abundant in composition with 67% for the untreated glass fibres. In the 

plasma-treated glass fibres, the relative percentage of the C-C composition reduces to 33%. 

The oxygen-containing groups such as C-O-C, C=O, and O-C=O show improvement in their 

atomic percentage as presented in Table 6. The increase in the oxygen-containing groups 

indicates that the glass fibre surface is oxidized by the oxygen-containing functional groups 

[41]. A similar observation was reported by Lee et alii [43] on the effect of plasma treatment 

on carbon fibre-reinforced polypropylene composites. The high-resolution spectrum of the 

UV treated glass fibres is presented in Figure 9(c) and Table 6 shows their relative atomic 

concentration. The reduction in the C-C bond intensity and improvement in the oxygen 

containing groups on the C1s peaks is noticed. The UV irradiation involves sufficient energy 

that aids to break the C-C bonding on the glass fibre surface and for the development of the 

C-O-C, C=C, and O-C=O bonds. A research study by Dong et alii [19] supports the 

phenomenon of an increase in the amount of oxygen functional groups on the carbon fibre 

surface on account of the UV treatment.  

Table 6. Relative percentage of C1s components of various glass fibre conditions  

 Untreated  Plasma treated UV treated 

Peaks Atomic concentration % 

C-C 67 33 46 

C-O-C 19 41 35 

C=O 10 19 13 

O-C=O 4 6 5 

 

Jo
urn

al 
Pre-

pro
of



18 

 

 

Figure 9: High resolution C1s XPS spectra of the (a) untreated glass fiber (b) plasma treated glass fibre and 

 (c) UV treated glass fibre 

3.4. Flexural modulus of untreated, UV treated and plasma treated samples 

In Table 7 the results of the composite 3 point bend tests are reported. The reference, 

untreated, samples are compared with those subjected to UV and atmospheric plasma 

treatment. 

Table 7: flexural modulus and flexural strength of the glass fibres reinforced thermoplastic composites with 

and without treatment of the fibres 

Type of composite Flexural modulus (GPa) Flexural strength (MPa)  

Reference 21.0  0.5 801  45 

Atmospheric plasma treated 31.4  1.3 1190  92 

UV treated 26.2  3.0 721  86 

 

(a) 
(b) 

(c) 
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From this Table it is clear that atmospheric plasma improves with respect to the reference 

samples, the flexural modulus (+49%) and the flexural strength  (+48%) while the UV 

treatment, on one side, improves the flexural modulus (+25%)  but, on the other side, has a 

detrimental effect on the flexural strength (-10%). The improvement of the flexural modulus 

can be explained by the effects of the treatments on the sizing of the fibres: both UV and 

plasma seem to remove the sizing, partially or totally (a further investigation on this should 

be carried out, starting from the exact knowledge of the sizing process that was unknown to 

the authors). The removal of the sizing would lead to an increase (even small) of the actual 

percent volume of fibres in the composite that could explain, to some extent, the increase of 

the flexural modulus. Several works report a connection between an increase in IFSS and the 

increasing flexural properties [44]. Here UV treatment, despite the measured increase in IFSS 

reduces the flexural strength, perhaps due to a reduction in strength of the glass fibres that, 

despite the increase of interfacial adhesion, results in an overall reduction of the performance 

while atmospheric plasma treatments are significantly beneficial.     

3.5. DCB tests on untreated, UV treated and plasma treated samples 

Typical load-displacement and crack length versus displacement curves obtained by DCB 

tests (starting from the pre-crack) are shown in Figure 10 for untreated, atmospheric plasma 

and UV treated samples. 
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Figure 10: load- and crack length- displacement curve for untreated, UV treated and plasma treated samples 

 

 

Figure 11: R-curves for untreated, UV treated and plasma treated samples 
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Table 8: Fracture toughness properties (GIC,INI and GIC,PROP) for the tested systems 

Glass-Elium Initiation load (N) Maximum load (N) GIC,INI      (J/m2)  GIC,PROP (J/m2) 

Reference 142.6 ± 4.9 177.3 ± 1.8 1304 ± 162 2337 ± 205 

Atmospheric 

plasma treated 

122.5 ± 16.2 

 

148.7 ± 7.7 

 

1048 ± 316 1904 ± 149 

UV treated 79.6  6.5 117.5  1.6 465  107 1220  73 

Table 9: Crack propagation speed for the tested systems 

Type of composite  𝒂̇ (mm/min) 

Reference 3.03  0.34 

Atmospheric plasma treated 3.07  0.24 

UV treated 3.32  0.14 

 

From Figure 10, the different crack propagation behaviour can be identified for the samples 

without treatment and for the samples with treatments (for sake of brevity and clarity only 

one sample, representative of the five replicates, is reported for each category). The untreated 

sample shows the highest level of peak force and after the peak shows a stable fluctuation:  

this behaviour can be categorized as intermediate between steady crack growth and stick-slip 

crack growth behaviour. A similar behaviour is associated with the atmospheric plasma 

treated samples with a lower value of peak force. The typical curve for the UV treated 

samples is smooth throughout the test indicating a steady crack growth, with a peak value for 

the applied force that is the lowest. Consequently, the crack length vs displacement curves 

show a slope that is maximum for the UV treated samples and minimum for the untreated 

ones. In Figure 11, the fracture toughness R-curves are reported: consistent with the load 

curves behaviour previously discussed, the untreated and atmospheric plasma show a similar 

jagged pattern, while the R-curves for UV treated samples are smoother. In Table 8, the 
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parameters GIC,INI and GIC,PROP averaged over the five replicates for each category of samples 

are reported. In Table 9 the average crack speeds are reported for the different categories of 

samples. From the DCB tests conducted, it is clear that the fracture toughness decreases 

significantly following atmospheric and UV treatments of the fibres, with the reduction being 

more pronounced for UV than atmospheric plasma treated systems. Initiation load decreases 

of 14% for atmospheric treated samples and of 44% for UV samples are reported. Maximum 

load decreases of 34% and 16% are reported for UV treated samples and atmospheric plasma 

treated samples, respectively. Consistently the reduction in GIC,INI is 20% for atmospheric 

plasma treated samples and 64% for UV treated samples, while the reduction in GIC,PROP is 

18% following atmospheric treatment and of 48% following UV treatment. Table 9 shows 

that the crack propagation speed is not strongly influenced by the surface treatments: for 

atmospheric plasma treated samples an increase of 1.4% is recorded while the UV samples 

experience an increase of 9.4%.  A stronger interface between fibre and matrix resulted, in 

this specific case, into a less tough composite system and this can be explained considering 

that the fracture toughness GC is a complex quantity depending on the combination of more 

concurrent factors. It is possible to say [45]:  

𝐺𝐶 = 𝐺𝑚 + 𝐺𝑝 + 𝐺𝑓 + 𝐺𝑑𝑒𝑏   (5) 

where Gm is the energy associated with the matrix’s deformation and fracture, Gp is the 

energy for additional matrix deformation associated with fibre bridging, Gf is the work 

needed for the fibre fracture and Gdeb is the energy associated with the fibre/matrix interfacial 

debonding. Other studies conducted with the same thermoplastic resin used in this work were 

aimed at enhancing the fracture properties of the composites playing with these factors [46]-

[49]. It is also interesting to consider the relationship between the fracture toughness and the 

IFSS: in Figure 12, GIC,INI and GIC,PROP as a function of IFSS is reported. It may be seen that 
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for this system an increase in IFSS appears to lead to a decrease in initiation and propagation 

fracture toughness, as measured by GIC. In Figure 12 the effects of the treatments on both 

IFSS and fracture toughness is graphically represented on the same bar chart: the authors 

highlight that if, on one side, it is not possible to draw any conclusion about a direct 

relationship between these two mechanical parameters, on the other side, it is furthermore 

clear that the only increase of the IFSS alone does not guarantee a corresponding increase of 

fracture toughness.   

 

Figure 12: combined effect of the treatments on fracture toughness and IFSS 

3.6. Fractography 

SEM and optical microscope images (Figure 13) were collected to understand the fracture 

mechanisms and the effects of the surface treatments on the fracture properties.  
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Figure 13: Optical microscope and SEM images of fracture surfaces 

For the reference laminate, sparse and broken glass fibres, resulting from fibre pull-out from 

the resin and subsequent breakage, are visible. The fibres show traces of resin left over after 

pull-out, suggesting that the failure between the fibre and the thermoplastic resin is mainly 

cohesive and not interfacial. This is also evident looking at the resin on the surfaces that is 

not neat.  
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The excellent mode I fracture toughness of the reference laminate comes from the high 

fracture toughness of the thermoplastic resin and from the fibre bridging that is the main 

toughening mechanism for the laminate. The optical microscope images, where the two 

fractured surfaces of the DCB sample are taken side by side, show bunches of fibres from 

one of the two surfaces matching the footprint left over in the resin of the corresponding 

region of the other surface. In these images the stitching, made essentially of nylon fibres 

running in the direction perpendicular to the main direction of the fibres, is also visible, 

Because its main role is holding together the unidirectional glass fabric, the stitching is 

neglected in the present discussion.  

The UV treatment increases the IFSS and this improves significantly the adhesion between 

the fibres and the matrix: this leads to a more visible presence of broken glass fibres and in a 

more pronounced amount of resin visible on the fibres (see Figure 13). The fibre bridging, 

consequently, is negatively affected by the UV treatment because, due to a stronger adhesion, 

the fibres are more prone to break before pull-out. This may explain the reason for the 

decrease of the overall mode I fracture toughness, that even though still acceptable in 

comparison to other composite systems, is 48% less than the reference laminate. Another 

possible explanation could be that the specific UV treatment adopted in this work, improves 

the fibre/matrix adhesion, but weakens the fibre: this observation could also explain the 

reduction of flexural strength after UV treatment (see Table 7). The atmospheric plasma 

treatment also leads to a significant drop in the mode I fracture toughness with respect to the 

reference value. This result supports the observation of some previous works that the fracture 

toughness of a laminate initially increases with IFSS until a certain optimal value is reached, 

after which the toughness drops [38]. This optimal value depends on the type of matrix 

(thermoplastic or thermoset), on the type of fibres and their sizing. Looking at the SEM 
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images of the plasma treated samples, it is clear that the fracture surfaces are neat: little or 

no clues of sparse and broken fibres can be found. Following the atmospheric plasma 

treatment, the fracture propagates essentially through the matrix and fibre bridging becomes 

less and less pronounced.   

 

4. Conclusions 

A new high toughness, high strength thermoplastic resin was used to manufacture composite 

panels. Dry plies of glass fibre fabric were atmospheric plasma treated and UV treated before 

manufacturing such thermoplastic composites. The mechanical performance of the treated 

systems was experimentally evaluated and compared with the untreated composites. The 

main outcomes of this work are the following: UV and atmospheric treatments increases the 

IFSS between glass fibre and Elium resin as experimentally evaluated using a nano-indenter. 

The atmospheric plasma treatment increases the flexural strength of the composite, while UV 

treatment decreases flexural strength. Both treatments are detrimental to the fracture 

toughness of the composite, though have little influence on the crack propagation speed. In 

future work, the effects of the surface treatments on fibres will be evaluated through 

mechanical tests on the single fibres and analysis of the chemistry of the fibre surfaces. In 

this way it will also be possible to explore the effect of the duration of the treatments on the 

single fibre mechanical performance.  
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