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There is clear evidence of interlaminar failure, however the level is reduced for the composites fabricated with fibres which had been plasma treated, compared with that obtained with the untreated fibres.
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Abstract
[bookmark: _Hlk13477330]The objective of this study is to investigate the use of an air atmospheric plasma jet for the treatment of sized basalt fibres, used in the fabrication of continuous fibre reinforced polypropylene filaments. The plasma treatments were carried out both at a laboratory scale, as well as in-line during the production of fibre reinforced filaments. The latter was carried out at a fibre processing speeds of approx. 15 metres/second, just immediately prior to the polymer coating of the fibre by extrusion. After the air plasma treatment, the water contact angle of the sized basalt fibre decreased from 86° to < 10°. XPS analysis demonstrated that the treatment yielded enhanced levels of oxygen functionality on the fibre surface. After coating with polypropylene, it was observed that there was consistently more homogeneous polymer layer deposited onto the plasma activated fibre, compared with that on the unactivated control fibre. The resulting polymer filament with embedded basalt fibre was used to fabricate mechanical test specimens by 3D printing (fused filament fabrication method). Both three-point bending tests and short beam strength tests were performed. A comparison study was carried out between test specimens fabricated using sized basalt fibre, with and without the plasma pre-treatment. The flexural modulus and maximum shear stress were found to increase by 12% and 13% respectively, for composite's fabricated using the plasma pre-treated basalt fibres. This increased mechanical strength is likely to be due to an increase in interfacial bond strength between the polymer and fibre, with an associated reduction in the level of air incorporation around the basalt filaments as demonstrated using CT analysis.  
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1 Introduction
[bookmark: _Hlk17899899]Basalt fibre has recently gained an increasing attention as possible replacement for traditional
[bookmark: _Hlk17900289]glass and carbon fibres in fibre reinforced polymers.[1] Basalt itself is an igneous rock of which SiO2 is the main constituent along with Al2O3.[2] Fibre fabrication is achieved firstly by melting the basalt rock at temperatures of approx. 1,500°C, the molten rock is then extruded through small nozzles to produce continuous filaments of fibre. The interest of the use of basalt fibre reinforced polymer has been growing because of numerous advantages including low weight, incombustible, chemically inert, environmentally and excellent mechanical properties.[3] These properties have rendered the application of basalt composites for use in the marine, automotive, and construction industries as well as for infrastructural and civil applications.[4–6] In the last 10 years several researchers have been investigating properties and behaviour of various composites made of continuous or short basalt fibres. Most of these studies are summarised by Vigneshwaran K. et al.[7]

As the polymer matrix and the fibres are chemically different, a surface treatment of the fibres is necessary to optimize fibre/matrix adhesion.[8] In the case of composite fabrication, plasma treatments have been shown to enhance their interlaminar shear strength, as well as their resistance to fatigue, delamination and corrosion.[9] The effect of the plasma is to remove organic contaminants as well as to alter the chemical functionality of the treated surface.[10] 

Both low and atmospheric plasmas have been widely applied for the pre-treatment of surfaces (particularly polymers), prior to adhesive bonding.[11] A previous investigation involving the plasma treatment of carbon fibres using a 13.56 MHz oxygen plasma at low pressure, demonstrated an increase in the fibre’s surface roughness after the plasma treatment.[12] When this fibre was used in composite fabrication, it was shown to exhibit up to a 17%, increase in the interlaminar shear strength, compared with composites fabricated without the plasma treated fibre. Other authors have demonstrated enhanced glass fibre/epoxy composite tensile strengths after the glass fibres had been pre-treated using a low pressure plasma.[13] Atmospheric plasma treatments have also been carried out on glass-ﬁbre-reinforced polyester plates using an air discharge, prior to adhesive bonding using a vinyl ester resin.[14] The results showed that, the short treatment (2 seconds), increased the adhesive strength, due to the increase of polar component of the surface energy and roughness. Longer treatments for 5 to15 seconds lead to weak boundary layers resulting in a decrease in adhesive strength, while, the 30-s treatment would remove these layers so that the highest adhesive strength was obtained. 

There have been very few reports on the use of plasma treatments in conjunction with the processing of basalt fibre. An example is a study by Kim et al.[15], involving the use of an atmospheric oxygen plasma treatment, which demonstrated an increase in the basalt fibre’s wettability after the plasma treatment. The resulting basalt/epoxy woven composites exhibited up to 16% increase in the interlaminar fracture toughness. G.J. Wang et al.[16] investigate the surface modification of basalt fibre using mixture gas plasma treatment. They suggested that, the roughness of basalt fibre increased slowly with the plasma treatment time, while the strength of the fibres reduced slightly.

This study investigates the effect of atmospheric plasma treatment of sized basalt fibres, prior to the application of a polypropylene polymer coatings using extrusion process. The resulting continuous basalt fibre/polymer filaments were used for the 3D printing of composite parts.

[bookmark: _Hlk18058383]The fabrication of composite materials by 3D printing has recently gained considerable attention.[17, 18] 3D printing, also called additive manufacturing  involves a layer by layer build process, through a series of cross-sectional slices.[19] One approach to 3D printing is called material extrusion (also known as fused deposition modelling). In this approach, the polymer filament is extruded through a nozzle and is heated to a quasi-liquid state, enabling it to flow easily through the nozzle where it is fused in-place on a print surface.[20] This extruding apparatus is typically mounted onto an X-Y CNC (Computer Numerical Control) gantry, allowing the printing of complex geometric patterns. Once a layer pattern is complete, the platform lowered, or extruding orifice rises to deposit the next layer.

The most common fibre reinforced composites used for 3D printing are short fibre reinforced composites such as carbon fibres, carbon nanotubes and glass fibres.[21–23]. Continuous fibre composite printing using polymer coated glass fibre, carbon fibre, and Kevlar fibre has also been investigated.[18, 24, 25] Generally, the fibre additives are mixed into thermoplastic filaments prior to being loaded into the printer, where the mixture replaced the conventional thermoplastic filament.[26] The effect of atmospheric plasma pre-treatments have also been investigated for both the polymer particles used to produce filaments, as well as the filaments.[27] Up to an 17% enhancement of the mechanical strength of 3D printed ABS polymer test specimens was achieved with the plasma pre-treatment of the polymer particles, compared with the untreated control. A further increase up to 22% in the tensile strength was obtained, after the plasma pre-treatment was carried out on both the polymer particles as well as the filament. 

This study investigates the use of plasma pre-treatment of basalt prior to its use in the fabrication of polymer composites, by 3D printing. To the authors knowledge there have been no previous investigations of the use of plasma pre-treatment of inorganic fibres such as basalt, prior to their use in the fabrication of composite filaments used in 3D printing. 

2 Experimental section
[bookmark: _Hlk18590346][bookmark: _Hlk18600322][bookmark: _GoBack]Sized basalt fibre consisting of monofilaments with diameters of 13 µm and linear density of 300 tex. were supplied by Mafic Black Basalt (Ireland) Ltd. The basalt fibre had been coated with a sizing agent, which had been optimised by the company for use with polypropylene. The dry fibre tenacity measured according to ASTM D3822/D3822M-14 was 61.9 cN/tex. 

The plasma treatment of these fibres was carried out using both at a laboratory scale (20 cm lengths of fibre), as well as using a continuous treatment of the fibres using an in-line plasma jet system, immediately prior to polymer coating. All plasma activation treatments were carried out using an air atmospheric plasma jet system (PlasmaTreat source). [28] The center electrode of this source is driven by an excitation frequency of 21 kHz with pulse peak heights of approximately 5 kV. The jet was operated with a dry air at a flow rate of 40 lpm. For the laboratory experiments, the distance between the jet and the fibre was varied between 10 and 25 mm. The position of the plasma jet was controlled using a CNC system and its treatment speed over the fibres was fixed at 100 mm/minute. The treatment time was thus less than 0.1 s for a given point on the basalt surface. During treatment the fibres were held at a height of 5 mm above the substrate base, as this facilitate ‘wrap around’ of the fibre by the plasma. 
[bookmark: _Hlk18603039][bookmark: _Hlk18058877][bookmark: _Hlk18075723]The results from the laboratory study helped to inform the in-line plasma treatment study. This was carried out using the same plasma source immediately prior to polypropylene coating of the fibres using a polymer extrusion system.  In-line plasma treatments were carried out at fibre processing speeds of approx. 15 metres/second.  Immediately after the plasma-treatment the basalt fibre was coated with polypropylene. In this extrusion coating process, the polypropylene pellets with an average diameter of 3 mm are fed from the hopper to the extruder. The latter consists of a single archimedean type screw rotating in a temperature-controlled barrel heated to approximately 200 °C. The polymer passes through a cross head die to facilitate the coating of the activated sized basalt fibre (Figure 1). The extruded filament cools immediately on exiting the die and is wound onto a spool, in a similar manner to wire coating.[29]

[image: ]
Figure 1: in-line treatment of sized basalt fibre prior to polymer coating using the extruder system.

A high-resolution infrared thermographic camera (InfraTec Vario Cam®), was used to measure the surface temperature of basalt fibre during plasma treatment. This also provided information on the area affected by plasma treatment. After ignition of the plasma, the change in fibre surface temperature was recorded until a steady state maximum temperature was reached. The level of activation of the sized basalt fibre was determined using water contact angle measurements. A Dataphysics Instruments OCA 20 Video Based Contact Angle Device which utilizes the sessile drop technique was used to obtain water contact angles at room temperature. X-ray photoelectron spectroscopy (XPS) analysis was carried out to investigate the surface chemistry of the sized basalt fibre both before and after plasma treatment. This involved the use of an Axis Ultra spectrometer system (Kratos Analytical), set-up with a monochromated Al Kα X-ray source. Cross section area of both composite filaments and parts fabricated by 3D printing were investigated using an Olympus optical microscope. Micro-computed tomography (µCT) was used to examine the basalt fibres within the composite structure. 

An IIIP 3D fused filament fabrication printer was used to fabricate the test specimens using the PP basalt fibre composite. The printing parameters used to produce these samples are listed in Table 1, these were used to 3D print composite test parts using both the untreated and plasma pre-treated filaments.

Table 1: Parameters used to print continuous basalt fibre / PP composites used for mechanical testing
	Print temp.
°C
	Bed temp.
°C
	Layer height
mm
	Fill density
%
	Print speed
mm/sec
	Nozzle size
mm
	Raft

	255
	80
	0.1
	100
	40
	0.4
	No



The performance of the composite test specimens was investigated using 3-point bending and short beam shear tests. The 3-point bending test was carried out in an Instron Testing Machine, equipped with a 100 kN load cell. The test samples were fabricated with a dimensions of 127 mm length, 12.7 mm width and 3.2 mm thickness, according to ASTM D 790 standard. The specimens were tested at the crosshead movement of 1 mm/min. The short beam shear test of the prepared specimens was conducted on a Hounsfield universal testing machine, equipped with a 10 kN load cell. The test samples were fabricated with a dimensions of 3.5 mm thickness, 7 mm width and 21 mm length, according to ASTM D 2344/D. The specimens were tested at a rate of 1 mm per min. For both tests, the measurements were obtained from batches of at least five printed samples for each filament type and the results averaged to find the properties in each batch.

3 Results and discussion
This section firstly considers the laboratory study, which investigated the effectiveness of the PlasmaTreat source for the activation of the sized basalt fibre. The subsequent study investigated its used in-line immediately prior to the coating of the fibre with polypropylene. This polymer coated filament was then fabricated into composite test specimens by 3D printing.

3.1 Thermal measurements
[bookmark: _Hlk18056531][bookmark: _Hlk18587424][bookmark: _Hlk18056679][bookmark: _Hlk515980359]Thermal measurements were performed using the laboratory scale study, to establish the processing conditions, which would facilitate the most efficient treatment of the fibre immediately prior to the in-line polymer coating treatment. The area fibre treated by the plasma was determined based on thermal imaging measurements. Two operational parameters were investigated, firstly the distance between the jet and the basalt fibre and secondly the influence of the substrate material (alumina ceramic and stainless steel) placed under the fibres being treated. After ignition of the plasma the changes in the temperature of the fibre surface were recorded until a steady state maximum temperature was reached. As shown in Figure 2, the gap distance between jet orifice and the fibre, was not found to have a significant effect on the surface temperature of the basalt fibre. The area of the fibre being treated was however found to be significantly affected by this gap distance. The maximum temperature obtained was 220 °C.
[image: C:\Users\HP\AppData\Local\Microsoft\Windows\Temporary InternetFiles\Content.Word\Thermal 2.jpg]
Figure 2: Infrared images of plasma treated basalt fibre showing the effect of jet height values at 10 mm (top) and 15 mm (bottom), on both the area of treatment and the level of heat generated on the fibre 

As shown in Figure 3, the optimum distance between the nozzle and substrate was found to be 15 mm, as this yielded the highest effective treatment area (~29 mm2). Increasing the jet distance to 25 mm, resulted in a significant reduction in the treatment area. In this study, the fibres were held in air several cm from a substrate. The use of a stainless-steel plate positioned 15 mm below the fibre was investigated. It was observed that this plate had the effect of increasing the area being treated by approximately 44%, compared with the control study, where the fibre was held in air several cm above the substrate. Replacing the steel with a ceramic plate, had the effect of reducing the effective area of treatment by 33%, compared to that obtained using the control. The enhanced treatment efficiency achieved using the steel substrate, may be due to higher level of discharge reflection towards the fibre from the metallic surface. These parameters (15 mm gap distance and metallic background substrate), were selected for the in-line basalt fibre plasma treatment study.

[image: ]
Figure 3: Effect of jet distance (left) and background substrate (right) on the effective treatment area.
3.2 Water contact angles measurements
Water contact angle measurements were carried out on untreated and plasma treated sized basalt fibres. The water contact angle of untreated fibres was 86°, this reduced to less than 10° after treatment. This reduction is probably due to the formation of chemical functional groups containing oxygen.[2] Due to hydrophobic recovery, the water contact angle was found to slowly increase to 22°, 15 days after treatment.[30] 

3.3 X-Ray photoelectron spectroscopy analysis
[bookmark: _Hlk17890479]The surface chemistry changes associated with the plasma treatments of the sized basalt fibre was monitored using XPS, as detailed in Table 2. After plasma treatment, the percentage of oxygen was found to be increased from 16.4 to 34.5, while the percentage of carbon was decreased from 81.5 to 50.8. This observation is largely due to the incorporation of oxygen functionality into the sizing agent applied onto the surface of basalt fibre.[31] 

Table 2: Atomic % of species on basalt fibre surface before and after plasma treatment
	
	C 1s
	O 1s
	Si 2s
	Al 2s
	Ca 2p
	F 1s

	Before treatment
	81.5
	16.4
	1.2
	0.2
	0.1
	0.6

	After treatment
	50.8
	34.5
	11.9
	1.9
	0.9
	-



3.4 Optical microscopy analysis
Cross sectional examination of both fibre/PP composite filaments was carried out using optical microscopy. For composites fabricated using the plasma pre-treated filaments, it was observed that the PP polymer appeared to exhibit better interfacial adhesion to the basalt fibres. As demonstrated in Figure 4, a reduction was observed in the average filament to filament distance for the polymer impregnated fibre bundle, after the plasma pre-treatment. Based on the measurement of 5 samples (3 measurement per test filament), the average basalt to basalt filament distance was found to be 13.5 µm ± 1 for the plasma pre-treated fibres, while that obtained for the untreated fibres was 16.9 µm ± 1.9. This reduction in fibre distance appeared to be largely associated with a reduction in air incorporation within the filament i.e. due to enhanced wetting of the filaments by the PP polymer,
[image: ]
Figure 4: Cross section of the basalt fibre core of reinforced PP composites fabricated without (left) and without (right) plasma treatments. The dimensions shown are the distances measured between the individual basalt fibres within the filament. 

[bookmark: _Hlk14167391]Printed specimens were inspected under Micro-Computed tomography (µCT) using a GE Phonenix Nanotom M system. Samples were sectioned to a size of 40 x 12 mm and the scans were performed at a voltage of 70 kV, current of 200 μA and resolution of 25.78 μm. As is evident from the CT imaging shown in Figure 5, samples fabricated from filaments with plasma pre-treated basalt fibre appeared to exhibit lower porosity and better interfacial adhesion between the fibre and matrix.
[image: ]
Figure 5: CT scans illustrate the air gap between the fibre and polymer for untreated (a) and plasma pre-treated (b) basalt fibre.

3.5 Three-point bending test and short beam shear test
Based on the results of the 3-Point bending tests as demonstrated in Table 3, it was concluded that the plasma pre-treatment of basalt fibre was not found to have a significant effect on the maximum bending strength. In contrast, the flexural modulus was found to increase by 12 % for filaments which had been fabricated using the plasma pre-treatment. 

Table 3: Results of 3-point bending tests for composites printed using the PP/continuous basalt fibre filaments
	
	Flexural modulus (MPa)
	Max. bending strength (MPa)

	Untreated
	1860 ± 117
	41.5 ± 1.9

	Plasma treated
	2089 ± 102
	42.1 ± 2.5


[bookmark: _Hlk18601565]
[bookmark: _Hlk18591823]Test specimen failure was found to occur initially within the polymer matrix, on the underside of the fracture specimens. Based on microscopy examination there is no evidence for any significant delamination of the polymer away from the sized basalt fibre. The failure occurred in the transverse direction of the fibre and perpendicular on the direction of the printing, without a preceding interlaminar shear failure, because unidirectional composites are obviously anisotropic.[32] Tensile failures are uncommon in flexural tests due to the strong tensile properties of the basalt fibres.[33] This explains why there is no significant change in the maximum bending strength. Should a composite fail in tension, it can be due to brittle failure or fibre pull-out.[32, 33] As demonstrated in Figure 6, there is a more homogeneous distribution of fibres in the fracture region of the printed test composites, for samples fabricated using the plasma pre-treated fibres.
[image: C:\Users\HP\AppData\Local\Microsoft\Windows\Temporary InternetFiles\Content.Word\After 3 point bending test 2.jpg]
Figure 6: Distortion of PP /basalt fibre bundles after 3-point bending testing of the composite printed using filaments fabricated without (top) and with the plasma pre-treatment (bottom) 

Short beam shear testing showed that the maximum shear stress increased by 13 % for the samples fabricated using plasma treated filament. Example of stress displacement curves are shown in Figure 7. The stress-displacement curve does not exhibit a clear stress drop, after initial interlaminar shear cracking. This indicates that the failure mode is likely to be associated with inelastic deformation and indicates that the interlaminar shear cracking in the printed samples laminates was more localized and uniformly distributed.[34]

Figure 7: Stress-displacement curves for composites fabricated using plasma treated and untreated basalt fibres

As shown in Figure 8, obvious interlaminar cracks among the different layers of laminates are observed. This conform the interlayer shear failure mode as described in ASTM D 2344.[35] 
  
[image: C:\Users\HP\AppData\Local\Microsoft\Windows\Temporary InternetFiles\Content.Word\3.jpg]
Figure 8: Photographs of basalt fibre reinforced composites after the short beam test. There is clear evidence of interlaminar failure, however the level is reduced for the composites fabricated with fibres which had been plasma treated (left), compared with that obtained with the untreated fibres (right) 

The increasing of flexural modules and maximum shear stress obtained for the basalt fibre which was plasma treatment is likely to be due to the introduction of oxygen group functionality onto the surface of the seized fibre, in addition to the removal of loosely bound surface contaminants. The latter adversely disrupt interfacial bonds and forming a weak boundary layer during 3D printing.[36] As a result, the adhesive force between the basalt fibre and the polypropylene matrix was increased. 

4 Conclusions
This study investigated the use of an air atmospheric plasma jet treatment for the activation of sized basalt fibres prior to forming polymer coated filaments. Water contact angle (WCA) of sized basalt fibre measurements demonstrated a decreased from 86° to < 10° after the air plasma treatment. The influence of the gap distance and substrate material placed under the fibres being treated was investigated based on the effective area. Under the treatment conditions used, the use of a stainless-steel plate positioned 15 mm below the fibre was shown to yield the largest area of fibre treatment (~ 42 mm2). XPS analysis, demonstrating higher oxygen concentrations on the surface of the sized basalt fibre after plasma treatment. In-line air jet plasma treatments were also used prior to the application of a polypropylene by extrusion coating. The treatment of the basalt fibre was carried out at a fibre speed of approx. 15 metres/second. These filaments were then used to fabricate test specimens for 3-point bending test and short beam strength test by 3D printing. The flexural modulus and the maximum shear stress were found to increase by 12 % and 13 % respectively, for the plasma pre-treated basalt fibres, compared with that obtained for untreated fibres. This increased mechanical performance is likely to be due to enhanced interfacial bond strength between the fibres and the polypropylene polymer. Supporting evidence for this was found to be reduced air incorporation within the fibre / polymer matrix, as demonstrated based on both CT and optical microscopy examination. 
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