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Abstract 

 

Scope of the present work is to visualize with infrared thermography the impact damaging of basalt-

based composites. Two types of specimens are prepared with basalt fibres embedded in a 

polypropylene (PP) matrix, which is used either pure, or modified with the addition of a coupling 

agent. The latter improves the fibre/matrix interface strength providing in practice a material of 

different characteristics. Specimens are impacted at low velocity/energy with a modified Charpy 

pendulum while the infrared camera views the surface opposite to the impacted one and records 

thermal images in time sequence. The acquired sequences are post-processed to obtain information 

which may be exploited for the material characterization. In particular, the attention is to identify 

initiation and propagation of the impact damage and the overall delamination extension, as well as 

to discriminate likely differences between grafted and un-grafted composites in their impact-

reaction. As a main result, the effects of the specimen’s fixture on the damage extension are 

highlighted. 
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1. Introduction 

 

The growing awareness towards the environment is demanding for environmentally friendly 

materials, so moving the attention from the petrochemical resources towards more natural ones. 

Within this scenario, basalt fibres are attracting consideration from the scientific community 

because they seem to be adequate as reinforcement of composites and to comply with the 



  

environment safeguard rules [1]. In fact, basalt is available in nature in volcanic rocks and can be 

reduced in fibres, which are well suited to be used as reinforcement of both thermoset and 

thermoplastic matrices to create different types of composite materials. Basalt fibres are 

ecologically pure and, unlike the conventional asbestos/glass ones, which can cause health hazards, 

are non-hazardous as they are spun with a diameter higher than 6 m [2]. In addition, abrasion of 

basalt only produces thick fibre fragments that pose no respiratory hazard, even if, as with most 

substances, care in its handling is recommended. Basalt fibres are non-reactive toward water and do 

not cause air pollution and have a wide spectrum of applications. They are mainly produced for 

structural and electro-technical purposes including electromagnetic shielding structures, 

automobiles, aircraft, ships and household appliance components [3-5]. 

Based on the investigation until now carried out, the obtained composites seem to have good 

features, which make them comparable, or superior, to the most commonly used ones [1, 2, 6]. It 

seems that, compared to glass, basalt fibres have higher or comparable modulus and strength [7, 8], 

high chemo- and thermal stability [8] and good thermal, electrical and sound insulating properties 

[9]. In particular, the thermal insulating ability of basalt is three times that of asbestos making it 

suitable for use in fire protection devices [10]. Basalt has much better chemical resistance than glass 

fibre allowing its use for the production of pipes for the transport of corrosive fluids. It is 

noteworthy to consider that the replacement of glass fibres with basalt fibres can reduce the risk of 

environment pollution, the high-toxic metals and oxides (which are released with the production of 

glass fibres [11]) being eliminated. Therefore, there are many advantages to use basalt fibres for the 

reinforcement of both polymers and ceramic matrices composites [11, 12].  

However, some aspects deserve consideration. Amongst them, there is the poor adhesion between 

basalt fibres and a polymeric matrix like polypropylene (PP), so requiring a coupling agent such as 

Polybond (polypropylene-g-maleic anhydride (PP-g-MA)) to enhance interfacial interaction [13]; 

the latter leading to improvement of the mechanical properties. A better bonding between the matrix 

and the basalt fibre can also be achieved by hybridizing the surface of fibres with coupling agents 

like silanes [14]. As reported in the review by Dhand et al. [15] many researchers investigated 

basalt fibres obtaining promising results, but further investigation is necessary to allow for their 

broad exploitation in a wide number of applications.  

In general, many factors affect the performance of a composite material, demanding for 

performance assessment through many different tests prior to its introduction on the market. In 

particular, a material is required to behave differently depending on the specific application sector: 

aerospace, automotive, naval, or civil engineering and architecture. Therefore, the investigation may 

be a long way on involving different expertise and instrumentation. Our group, at the University of 



  

Naples Federico II, has been working for years with infrared thermography (IRT) applied to 

different types of composites, with a twofold function of non-destructive evaluation (NDE) and 

inline monitoring of mechanical tests (cyclic and quasi-static bending, as well as impact tests); an 

overview is presented in a recent book [16]. The investigated materials were mostly: carbon/epoxy, 

glass/epoxy and polypropylene reinforced with either glass, or jute, fibres. The acquired expertise is 

now directed also towards composites involving basalt fibres. In particular, the intention is to 

identify initiation and propagation of the impact damage, to evaluate the overall delamination 

extension, and to discriminate likely differences in the behaviour of basalt fibres when embedded in 

either a pure PP matrix, or modified with a coupling agent (to improve interface bonding). In other 

words, the aim is to see whether infrared thermography may help to get new information on the 

impact damaging of basalt based composites, or at least contribute to validate (verify) previous 

knowledge.  

 

2. Experimental 

 

2.1. Description of specimens 

 

Two types of specimens were prepared involving the same reinforcement embedded in two types of 

matrix. More specifically, the reinforcement is made of a plain weave type woven basalt fibre 

fabric, with a specific mass of 210 g/m
2
, from Incotelogy, GmbH. The basic matrix is made of 

polypropylene Hyosung Topilene PP J640 (MFI@230 °C, 2.16 kg: 10 g/10 min; Songhan Plastic 

Technology Co. Ltd.), which is used pure (PPB specimens), or modified with the addition of 2 % in 

weight of Polybond 3000 (PP-g-MA, MFI@190 °C, 2.16 kg: 405 g/10 min; 1.2 % in weight of 

maleic anhydride, Chemtura, Philadelphia) for the PC2B specimens. As already stated in literature 

[13], the addition of polypropylene grafted with maleic anhydride (PP-g-MA), enhances bonding 

between fibres and matrix, getting a material of higher interface strength.   

Each specimen includes 18 balanced basalt fabric layers 0°/90° symmetrically arranged with respect 

to the middle plane of the laminate ([(0/90)9]s configuration), with a basalt fibre content of 50% by 

volume (the actual relative percentages of fibre and matrix evaluated according to ASTM D 3171-

04, Test Method II). Laminates are obtained by alternating layers of polypropylene films and basalt 

fibre fabrics by the hand lay-up film-stacking technique and with the aid of a compression moulding 

machine (model P400E, Collin GmbH, Germany) under pre-optimized conditions (Fig. 1). Each 

specimen is 300 mm x 300 mm with a target thickness of 3 mm. 

Specific details of investigated specimens in terms of code, thickness and composition are 

summarized in the following Table 1.  

 



  

 

Fig. 1  Compression moulding pressure and temperature against time. 

 

Table 1 – Investigated specimens 

Code Thickness (mm) Composition (Matrix – Reinforcement) 

PPB 3.0 Neat PP - Woven basalt fibres 

PC2B 3.0 Modified PP (2 wt% PP-g-MA) 

Woven basalt fibres 

 

2.2. Impact tests 

 

Impact tests are carried out with a modified Charpy pendulum with a hemispherical shaped hammer 

nose, 12.7 mm in diameter. A sketch of the setup is shown in Fig. 2. Each specimen is placed inside 

a special fixture which includes two large plates, each having a window 12.5 cm x 7.5 cm to allow 

for the contact with the hammer from one side and optical view (by the infrared camera) from the 

other one. A small sample of the same material, positioned over one corner of the viewed window, 

remains unloaded and is used as reference to correct the camera noise. The impact energy is varied 

between E = 5 and 15 J and is set by suitably adjusting the falling height of the Charpy arm.  

The SC6000 infrared camera (Flir systems) is used to acquire sequences of images at 95.5 Hz frame 

rate during the impact event. In particular, to account for the significant evolution of thermal 

signatures with respect to the ambient temperature, the acquisition starts few seconds before 

beginning of the impact and lasts for some time after. In addition, a wide enough area is viewed to 

allow visualization of any likely interference with the fixture borders; this limits the spatial 

resolution, which is 0.7 pixel/mm. This value could appear low, but, based on experience and at 



  

least for the used infrared camera, which has high thermal resolution, is enough to evaluate the 

temperature variations linked with the damage extension. It is worth noting that a high frame rate is 

necessary to visualize the initial cooling phase which is very fast, while in the present work we are 

mostly interested in the heating up, which evolves slower.  

    

 

Fig. 2 Sketch of the experimental setup 

 

3. Data analysis and discussion 

 

Information on the material behaviour under impact can be derived from the evolution of thermal 

signatures over time. Any acquired T thermal images sequence is post-processed to create a 

sequence of ∆T images accounting for temperature variations with respect to the initial unloaded 

condition: 

 

                                   (1) 

 

i and j representing lines and columns of the surface temperature array, t the time instant at which 

images are recorded; more specifically, t = 0 indicates the image of the sequence, before loading, 

for which the specimen surface is at ambient temperature. Some ∆T images, extracted from the ∆T 

sequence created with Eq. 1 of both PPB and PC2B specimens impacted at E = 15 J, are shown in 

Figs. 3 and 4. As it can be seen, the first image (a) is of almost uniform colour referring to ∆T = 0 

before the impact. Sudden at the impact, a central dark zone appears (b) due to the surface bending 

under the pushing impactor force. This dark zone, which accounts for the material cooling down 

(polymer network stretching), is more pronounced for the PC2B specimen. This means that the 



  

improved fibres-matrix interface allows for bending of the laminate through its entire thickness 

preventing the slipping effect of layers of the PPB weaker bonded configuration. Later on, the dark 

zone evolves into a cross shaped structure (c) for both specimens, but with the difference that it 

disappears first over the PC2B specimen. In fact, at t = 0.03 s no dark zones are present on the 

image (Fig. 4d) of the PC2B specimen, while a dark cross remains still visible on the image (Fig. 

3d) of the PPB specimen. This because the better bonded interface of the PC2B specimen is more 

rigid and promotes early dissipative effects with local heating up as can also be seen by comparing 

the ∆T images of both specimens for increasing the time (e-h).  

 

Fig. 3  Some ∆T images of the PPB specimen impacted at E = 15 J 

 

Fig. 4  Some ∆T images of the PC2B specimen impacted at E = 15 J 

 



  

On the whole, the cooling down indicates that the viewed surface (opposite to the impacted one) is 

under tension due to the impact pushing force and is undergoing volume variation linked to thermo-

elastic effects [17, 18]. Instead, the heating up is due to dissipation of the energy absorbed by the 

specimen (thermos-plastic effect). The cold and hot stains assume a geometrical shape, which, 

amongst others, is driven by the material type, stacking sequence (layers disposition and 

orientation) and the fixture geometry. The latter somehow affects the warm area distribution and 

will be examined in more details in a successive section. The cooling down evolution of the surface 

is not well visualized with the chosen frame rate since it is a fast phenomenon requiring much 

higher frame rate [19]. As already specified, herein the attention is mostly devoted to the damage 

extension linked to the warm area, which is well visualized with the chosen frame rate without any 

unnecessary overloading of the computer memory.  

 

3.1. T-time plots 

 

To get quantitative information, the ∆T images coming from Eq. (1) are then restored to remove 

temporal noise through subtraction of the average ∆TRN signal, which is recorded at the same time 

over the reference specimen [20]; therefore a corrected TC: 

 

                                    (2) 

 

sequence of images is obtained. Then, TC-time plots are extracted (over the impacted area) and 

plotted in the following Figs. 5-7. More specifically, maxima values are extracted over a region 

sufficiently wide of each image, to include the overall impact-affected area. Figs. 5 and 6 display 

the TC distribution at three impact energies (5, 9 and 15 J), while Fig. 6 shows a comparison 

between TC plots at E = 9 J of the two specimens.  

Looking at Figs. 5-7, two main aspects come out: 

 TC increases with the impact energy for both specimens (Figs. 5 and 6);  

 TC is systematically higher for the PC2B specimen as better displayed by the direct 

comparison of Fig. 7.  

The first aspect seems quite normal even if some differences exist in comparison with data obtained 

in a previous work involving glass-polypropylene specimens [21]. In fact, data of ref [21] displayed 

a TC reduction increasing the impact energy from 10 to 15 J. This effect has been associated with a 

local thinning of the material while bending under the pushing impactor force. In other words, the 

basalt reinforced polypropylene is, in general, unlike the type of interface bond, more rigid (less 

deformable) than the glass reinforced one and reacts differently to the impact.   



  

 

 
Fig. 5  TC–time plots of PPB specimen for varying the impact energy 

 
Fig. 6  TC–time plots of PC2B specimen for varying the impact energy 

 
Fig. 7  TC–time plots at E = 9 J; a comparison between specimens  



  

 

The second aspect accounts for the improved fibre-matrix interface strength entailed by the addition 

of the coupling agent. In fact, since stress is transferred between matrix and fibres across the 

interface, interfacial bonding plays a key role in the material behaviour. Under the pushing force, a 

laminate with a weak interface bond may experience shear stresses with matrix fibres debonding, 

fibres pull-out and delamination. Instead, a stronger interface may preclude slipping of fibres 

promoting dissipative phenomena with temperature rise.  

 

3.2. Damage extension from warm area 

 

The corrected TC sequences of images are used for quantitative measurement of the resulting 

warm area, which is intended to account for the impact damage extension. In particular, the 

correspondence between the warm area and the damaged area was already proved with translucent 

glass/epoxy specimens. In addition in a comparative study [22], the advantage of referring to inline 

visualization instead of post-impact non-destructive evaluation has also been established.  

The measurement of the warm area is done by applying the noise correction reference (NCR) 

method, which is wholly described in ref [20] with the evaluation of the involved characteristic 

time. The warm-area contoured images for the two specimens are shown in Fig. 8.  

The first thing that jumps to eyes is the enlargement of the warm area with increasing the impact 

energy and this can be easily assumed as a normal behaviour since one expects a larger damaged 

area to be caused by a stronger impact. However at a closer look, it comes out that the total warm 

area is not only generated by the impact energy in itself, but also by secondary effects. In fact, for E 

= 5 J a central warm area becomes contoured accounting for the damage generated by the impactor 

nose. But, as the impact energy rises to E = 9 J, the specimen undergoes larger bending being 

pushed against the edges of the fixture window’s shorter side (the window is rectangular). This 

effect can be easily accounted for by the hotter vertical line on the right side of Fig. 8d (PC2B 

specimen at E = 9 J), which marks the boundary of the specimen with the metal window’s edge. 

This effect is more pronounced for the PPB specimen (Fig. 8c), but it is less distinguishable and 

could be confused with the heating generated by damage due to the impactor. Indeed as already 

observed, the weaker bonding between the superimposed layers of the PPB specimen allows for 

mutual slipping of layers and larger deformation.  

 



  

 

Fig. 8  Contoured warm area with varying the impact energy 

 

At the highest energy of 15 J, both specimens undergo large deformations beyond the space allowed 

by the window (in the horizontal direction) and for both it is no more possible a definite separation 

between the heating due to the primary impact (impactor percussion) and that caused by the 

slamming against the window edges. To better depict the influence of the fixture, the distribution of 

TC along x and y axes, centred at the impact point (Fig. 9), is extracted, for several different time 

instants, and reported in Fig. 10 for the PPB specimen.  

 



  

 

Fig. 9  Schematic representation of TC distribution along x and y axes within the window width  

 

As can be seen, the TC distribution along y takes its maximum in the centre (impact point) and 

decreases moving away in a quasi-bell shaped fashion. Conversely, the TC distribution along x is 

disrupted by an abnormal increase nearby the window border at 37.5 mm (Fig. 9). Indeed, the 

impact-like damage caused by the pushing against the window border is accompanied by 

temperature rise with a one-side quasi-bell shape (the specimen continues under the fixture); as 

expected, this effect becomes stronger with increasing the impact energy. Such effect could be 

separated from the whole warm area by drawing an interpolation curve connecting the maximum 

TC with TC = 0 in TC plots along x. This operation may be facilitated by comparing the TC 

distributions along x with those along y; an example is supplied in Fig. 11 in which one TC 

distribution along y is superimposed to the one along x for E = 15 J for t = 1.09 s. As can be seen, 

the effect of the window border on the TC distribution along x is well highlighted. 

For a comparison between the two specimens, TC distributions along x and y at t = 1.09 s for E = 9 

J are shown in Fig. 12. As can be seen along y, the PC2B specimen displays higher TC values in 

the central part within the impact point, while, going far away, the TC distributions are practically 

superimposed. Instead, some differences exist along the x direction where the PC2B specimen 

displays again higher TC values in the central part within the impact point, but, going far away, the 

PPB specimen exhibits higher values, being pushed against the fixture window edge.    



  

 

 

Fig. 10  TC distribution along x (left) and y (right) axes of the PPB specimen for the three  

impact energy values  

 

 

Fig. 11  Comparison between TC along x and y axes at t = 1.09 s of the PPB specimen for E = 

15 J  

 



  

 

Fig. 12  TC along x and y at t = 1.09 s for E = 9 J; a comparison between specimens 

 

3.3. Comparison with polypropylene/glass composites data 

 

Based on our experience on inline monitoring of impact tests with infrared thermography and 

going through data, which were collected over the last few years with different types of composites 

and with the same testing configuration (Charpy pendulum, fixture, etc.) [23], no similar fixture 

dependent effects are found. The investigated materials involve both thermoset and thermoplastic 

matrices reinforced with different types of fibres and different stacking sequences. Amongst them, 

there are some specimens which involve almost the same matrix (a type of polypropylene), stacking 

sequence and thickness of the present paper and were also impacted at almost the same impact 

energies.  

Therefore, we can compare data obtained with two sets of specimens, which differ only for the 

reinforcement. Fig. 13 shows the distribution of TC along x of specimens made of woven glass 

fibres embedded in a polypropylene matrix and impacted at 8.3 J. In particular, one type of 

specimens includes a pure polypropylene matrix (PPG), while the other one (PC2G) a 

polypropylene modified with the addition of 2% of PP-g-MA. As can be seen, for both types of 

specimens and for both impact energies, TC maintains an almost flat and equal to zero distribution 

for a quite long tract from the window edge (x = 37.4 mm) moving towards the impact point. A 

comparison between the TC distribution along x at two impact energies of 8.3 and 11.6 J of the 

PPG specimen is shown in Fig. 14. As can be seen, by increasing the impact energy, only a TC 

increase in the impact point and nearby to it can be observed without any interference with the 

fixture window edge. This means that there is no interference with the fixture window edge when 

the polypropylene matrix either pure, or modified with a grafting agent, is reinforced with glass 

fibres.  

 



  

 

Fig. 13  TC along x at t = 1.6 s for E = 8.3 J; a comparison between specimens PPG and PC2G 

 

 

Fig. 14  TC along x at t = 1.6 s of the PPG specimen; a comparison between impact energies E = 

8.3 J and 11.6 J  

 

4. Conclusions 

 

The presented results bring evidence of two main aspects: 

 the behaviour of basalt-based composites under impact; 

 the influence of the specimen’s fixture on the damage extension. 

With regard to the first aspect, it has been observed that the improved matrix/fibres interface 

strength entails a reduction of the impact affected zone, but with higher dissipation of energy within 

the impact point; this is in general agreement with previous data on glass/polypropylene 

composites. Conversely, by increasing the impact energy from 9 J to 15 J, the large material 

deformation (concavity on the impact side and protrusion on the opposite one) with local thinning it 



  

is not observed; basalt fibres make the resulting composite more rigid and unable to undergo large 

deformations. 

The second aspect, was not observed before on different types of composites (involving also a 

polypropylene matrix, but reinforced with glass fibres) even if impacted with the same Charpy 

pendulum and using the same fixture. Of course, this represents an important issue with double 

meaning. On one side, it focuses attention on the role of the fixture on the impact damaging of 

materials; the fixture has to be tailored for the specific material. On the other side, and most 

important, it shows that inline monitoring of impact tests with an infrared camera allows to 

visualize not only the impact damaging in time, but also any secondary effect, which could 

contribute to the damage extension and not otherwise being recognisable.   

However, further tests are necessary with a more wide variation of parameters to fully ascertain the 

behaviour under impact of basalt based composites and to shed light on other likely unknown 

aspects.      
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