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Abstract

Basalt fibre is characterized by excellent sound insulation properties, thermal resistance, good chemical
inertia and Its role in replacing glass as reinforcement in polymer matrices has been confirmed over the past
years For basalt fibres, a severe loss in strength after thermal treatment has been reported, thus preventing
their re-use in structural composite materials at the end of a recycling process. Studies on glass fibres have
recently confirmed the possibility to restore the strength of thermally damaged filaments by means of
chemical treatments. The present work investigates how chemical treatments can be used to regenerate the
strength of thermally degraded basalt fibres. In an attempt to shed light on the mechanisms controlling basalt
fibre strength loss, FIB milling has been used to determine the fracture toughness of single basalt fibres. This
evaluation, never reported previously on basalt fibres, is important to assess any changes occurring in the
flaw-strength relationship caused by thermal exposure. To regenerate the fibre strength, the thermally
conditioned fibres were immersed in a NaOH and in a HF solution. The fracture stress of the notched fibres
was determined using the single filament test to determine whether the mode I fracture toughness changed
due to heat treatment.

1. Introduction

Thermal processes, among all the recycling techniques, are used on an industrial scale as they allow the glass
fibres recovery [1]. However, after the thermal treatment process, tensile strength of the single fibre quickly
decreases [2], and fibres are quite damaged, not being suitable for a new structural composite [3]. The use of
mineral fibres, such as basalt, is a valid option for the reduction of the environmental impact of composite
materials. Basalt fibres can be successfully applied in reinforced composite materials instead of glass fibres
[4,5]. As already shown in a previous paper [6], also basalt fibres exhibit a significant decrease of the
mechanical properties after thermal exposure, limiting the competitiveness with pristine fibres after the
typical thermal recycling process of composite materials. Recent studies have demonstrated the remarkable
increase of glass fibres tensile strength by a post treatment in acid [7] or alkaline [8] solution. In this
framework, the aim of the present experimental work is to investigate the effect of two different chemical
treatments on mechanical properties of basalt fibres in order to confirm the possibility of recovering the
previously lost strength and obtain fibres ready for a new use. These treatments can in principle allow to
obtain a closed-loop recycling process, resulting in a considerable reduction of the CO, produced [9].
Chemical treatments were carried out on the fibres that had been previously heat treated at three
temperatures, namely 400°C, 500°C and 600°C. It was possible to determine the best chemical treatment
condition able to regenerate the basalt fibres tensile strength, in terms of: chemical agent, concentration and
treatment time. At the same time, fracture toughness (Kic) of the as-received, heat-treated and regenerated
basalt fibres was analyzed to better understand the phenomena controlling basalt strength behavior after
different treatments. This fundamental property has not yet been widely studied in literature due to the great
difficulty in carrying out mechanical tests on small-diameter samples, such as fibres. An empirical method,
used in the past to estimate K, involves the determination of the initial crack size [10]. The size of initial
flaws can be estimated to obtain a relationship between the fibres fracture toughness and the radius of the
mirror area on the fracture surface [11]. To avoid a large scatter of fracture toughness values owing to this

J. Tirillo, F. Sarasini, L. Di Fausto, C. Gonzalez, A. Fernandez, C.S. Lopes



ECCM18 - 18t European Conference on Composite Materials 2
Athens, Greece, 24-28™ June 2018

method, the use of focused ion beam technique (FIB) allows to introduce a known-size artificial defect in the
fibre plane, to more accurately estimate the fracture toughness of the fibres. This methodology has already
been used for carbon [12,13,14], silicon carbide [11], Kevlar [12] and glass fibres [12,15]. Fracture
properties of these fibres have already been discussed in literature, but no other types have been investigated
with this technique so far. For the first time, focused ion beam milling is used to create a nano/micro-sized
deep notch in the perpendicular plane to the drawing direction of the basalt fibre. Fibre fracture toughness
was calculated based on the residual strength value obtained by tensile test, assuming linear elastic fracture
mechanics (LEFM), as a correct approximation of the brittle materials behavior, as previously done both on
carbon and glass fibres. In addition, the fracture behaviour of heat-treated and regenerated basalt fibres
containing a single nano/micro-sized notch was evaluated. This investigation can help in clarifying the
mechanisms responsible of the loss of fibre strength, between the two main mechanisms proposed: (i)
thermally-activated changes to the anisotropic silica network structure initially created by the high drawing
stress during fibre manufacture [16,17,18] and (ii) thermally-induced diffusion of water into the fibre surface
leading to increased surface area and larger micropores [19,20,21]. Hypotheses on the mechanisms able to
cause at least a partial regeneration of the fibres mechanical properties were formulated on the basis of the
results of tensile tests on chemically-treated notched fibres. A correlation with the conclusions obtained
from SEM analysis of lateral and fracture surfaces of fibres is introduced in the discussion of the results.

2. Materials and methods

2.1 Raw Materials

A continuous roving of non-impregnated basalt fibres supplied by Kamenny Vek with a nominal fibre
diameter of 13um, linear density of 1200 tex and sized with a commercial sizing compatible with epoxy
resin, was used in this work.

2.2 Fibre heat treatment

A tube furnace (Lenton Thermal Designs Ltd) was used to heat-treat as-received fibre bundles. Thermal
treatments were carried out at 400°C, 500°C and 600°C in air for 25 minutes and then fibres were cooled at
room temperature .

2.3 Fibre chemical treatment

The thermally treated basalt fibres were immersed in a solution of sodium hydroxide (NaOH), or
hydrofluoric acid (HF). Different types of chemical treatments have been carried out, modifying the
chemical agent, the concentration or the immersion time of the treatment, for each temperature.

NaOH - The heat-treated fibre bundles weighing about 0.1g, were subjected to a chemical treatment with
sodium hydroxide. To recover the mechanical properties, these bundles were immersed in NaOH solutions at
different concentrations (1.5-3M) for 5 or 10 minutes, always at 90 £ 5 °C. All the bundles were drained and
rinsed for 1 minute in 150 ml of 37 w% hydrochloric acid (HCI), to remove residual deposits on the fibres
surface.

HF - The heat-treated fibres were immersed in 1v% HF aqueous solution for 2.5 minutes at room
temperature.

Finally, all the fibre bundles were rinsed 3 times for 30s in 150ml of deionized water. Once the chemical
treatment was completed, the NaOH chemically-treated bundles were allowed to dry for 6 hours at 105 + 5
°C, while the HF chemically-treated bundles were dried in a furnace for 20 minutes at 105 = 5 °C.

2.4 Single fibre tensile testing

A Zwick/Roell Z010 machine equipped with a 100 N load cell was used to perform tensile tests at room
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temperature. The experiments were carried out under displacement control at a cross-head speed of 2
mm/min. At least 60 fibres for each type were glued onto cardboards with a cut-out central window to match
the gauge length. The average diameter for each fibre was obtained by measuring the diameter in six points
along the gauge length using a Nikon Eclipse 150L optical microscope equipped with Lucia Measurement
image analysis software. By subtracting the displacement associated to the system compliance from the total
cross-head displacement, it was possible to determine the effective specimen elongation in the gauge length.
The system compliance was measured according to ASTM C1557 [22] by obtaining the force versus
displacement behaviour of as-received fibres at three-gauge lengths, namely 20,30 and 40 mm. The scatter of
the tensile properties was statistically explored using a two-parameter Weibull distribution, according to the
expression (equation 1):

ax
Fx) =1-exp|- (xi) ] (1)
where F(x) is the probability of failure of the parameter x, a, is the Weibull modulus and x, represents a
scale parameter. The probability of failure was estimated using equation 2:
h=5r @

where N is the number of tested fibres and j is the rank of the jth data point [23]. A single set of parameters
for the tensile strength property, x, and a, was obtained from the intercept and slope, respectively, of the
plot In{In[1/(1- F(x))]} against In(x). Moreover, at least 10 virgin, heat-treated and regenerated fibres,
containing an artificial notch, were subjected to tensile tests. The equipment Favimat+, supplied by
Textechno Textile Testing Technology, was used to perform the single fibre tensile test working with a
cross-head speed control of 2 mm/min. During the FIB procedure, it was possible measure the diameter of

each fibre from SEM images.

2.5 Focused ion beam (FIB) milling and fracture toughness test

A FEI Helios NanoLabTM DualBeamTM 600i system equipped with a FIB was used to introduce an
artificial notch on a plane perpendicular to the single fibre axis, by means of a scanning electron microscope
equipped with the focused ion beam (FIB). A cardboard able to hold up to 5 fibres was connected to a metal
support using a copper tape to provide the appropriate electrical paths during the fibre milling operation. The
appropriate beam current was selected to limit microstructural changes due to ion impact during milling
operations. Straight and sharp notches perpendicular to the fibre axis were introduced into the fibres with a
depth (ag)/diameter (D) ratio of approximately 0.2. The notched fibres were then subjected to a tensile test up
to failure using the experimental set-up previously described.

2.6 Scanning electron microscopy (SEM)

The lateral surfaces of all the fibre types were examined in order to understand if any superficial changes
occurred after the thermal and chemical treatments. Furthermore, all the fracture surfaces of notched fibres
were observed to confirm the position of the fracture and verify the quality of the notch. All samples were
analysed using an high resolution field emission scanning electron microscope (Zeiss Auriga).

3. Results and discussion

Mechanical tests on heat-treated fibres in the temperature range commonly used during the second stage of
the thermal recycling process of a fibre-reinforced composite material allowed to establish the effect of
temperature on the mechanical properties of basalt fibres. The results on untreated and thermally conditioned
fibres show a considerable tensile strength loss with increasing temperature. From Table 1, it is evident that
basalt fibres heated from room temperature to 400°C undergo a strength loss of ~50%, and up to ~75% at the
maximum temperature investigated (600°C), as confirmed in a previous study [6]. By accounting for the
similarity between basalt and glass fibres, it is reasonable to suppose that the tensile strength drop
mechanism will be similar [5,24]. High temperature thermal treatments remove the fibre sizing causing
exposure of surface flaws [25]. The phenomenon of sizing degradation cannot be solely responsible for the
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strength drop of the fibres. In addition, an oxidation reaction of Fe** to Fe’" ions is established to occur at
high temperature, which is able to reduce the fibre strength. Moreover, the action carried out by the diffusion
of the water present in the environment during the thermal treatment is able to reduce the static fatigue life of
the silica glass [21]. Thermally-induced water diffusion from the fibre surface to the bulk leads to the
increase in number and size of pores on the fibre surface [20].

Temperature Diameter Tensile strength Young’s modulus Strain at failure
[°Cl [nm] [MPa] [GPa] [%]
R.T. 12.8 (0.68) 2514.85 (276.67) 81.13 (6.24) 2.41(0.32)
400 11.02 (1.20) 1304.77 (304.96) 104.20 (5.43) 1.24 (0.28)
500 11.88 (1.74) 1056.67 (305.80) 104.16 (4.59) 1.01 (0.30)
600 11.83 (1.66) 663.96 (166.22) 107.37 (4.28) 0.65 (0.20)

Table 1. Tensile tests data for untreated and thermally-treated basalt fibres.

The mechanisms responsible for the fibre strength loss are ascribed to superficial phenomena, but studies
related to hyperquenched glass fibres, suggested to take into account also relaxation mechanisms of bulk
fibre [26]. Relaxation involves both the local structural rearrangements and the change in the orientation of
the flaws towards a random state with a much greater probability of leading to a catastrophic failure [6]. The
hyperquenched fibres, subjected to a thermal treatment close to the T,, are subjected to structural relaxation
phenomena of two types: (i) enthalpy relaxation and (ii) anisotropic relaxation owing to the long-range
movement of silica networks [18]. The fracture surfaces of the untreated and thermally treated fibres appear
to be the same under SEM analysis. Surface pattern presents the 3 typical regions: mirror, mist and hackle, as
typically identified for brittle fibres [27]. The previous results seem to indicate that the increase in
temperature does not involve a change in the nature of the flaws, thus the increasing number of the surface
flaws is the mechanism controlling the strength loss in basalt fibres At the same time the results in Table 1
show that another effect of temperature is the increase of the Young's modulus of basalt fibres. This thermal
compaction phenomenon, also present in glass fibres [27,28], corroborates the assumption that the heat
treatment induces structural changes in the basalt fibres. The effect of thermal recycling process on fracture
toughness, evaluated by means of tensile tests on notched fibres, can help in clarifying if surface flaws are
the controlling mechanism for the strength decrease or if structural relaxation plays the crucial role. As
previously mentioned, focused ion beam milling was used to introduce artificial nano/micro-sized defects
(0.8-2 um) on single fibres (Fig.1).

TADEA Materials

Figure 1. SEM detail of an artificial notch introduced using focused ion beam milling (FIB), on heat-treated
basalt fibres.

Fracture toughness and residual strength (or) of basalt fibres have never been investigated up to now. The
apparent fracture toughness is expressed in terms of mode I fracture toughness according to the equation 3:
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Kic = Y[a/D] - opVra 3)
where “a” represents the notch depth. The stress intensity factor (SIF) or geometric factor “Y” was
determined for each fibre by Valiente's equation, as previously done in literature for surface cracks in round
bars subjected to tension loading [30]. This equation is based on the hypothesis that a straight-fronted edge
crack is introduced in a cylinder subjected to uniaxial tension along its axis. As can be seen from the
examination of the fibres fracture surface (Fig. 2), the formation of a linear fracture front originated from the
artificial flaw confirms the fundamental hypothesis of the Valiente's equation.
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Figure 2. Fracture surface where an artificially notch was introduced by FIB.

The mode I fracture toughness for untreated fibres was found to be equal to 0.94 + 0.24 MPa-m®°. A higher
value of fracture toughness was been obtained from tensile tests of thermally treated fibres, Ki=1.65+0.52
MPa-m®?,

The results from the tensile tests reported in Table 2 must be evaluated underlining that the geometric factor
and the fracture toughness are a function of the ratio "notch depth/fibre diameter" (a/D).

Temperature Chemical treatment a/D SIF-Y Residual strength Fracture toughness
[°C] [MPa] [MPa-m"]
R.T. - 0.15 (0.06) 1.28 (0.16) 338.15 (157.91) 0.94 (0.24)

600 - 0.13 (0.05) 1.30(0.17) 582.58 (226.24) 1.65 (0.52)
600 NaOH 1.5M 5min 0.10 (0.04) 1.26 (0.03) 893.86 (166.26) 2.14 (0.57)
600 NaOH 3M 10min 0.13 (0.04) 1.24 (0.02) 984.89 (295.63) 2.53(0.59)
600 HF 1%v. 2.5min 0.16 (0.03) 1.24 (0.02) 991.16 (315.94) 2.88(0.53)

Table 2. Fracture toughness evaluations of untreated, heat-treated and regenerated basalt fibres, notched
using the focused ion beam technique (FIB.)

The results reported by Feih et al. [15] on glass fibres fracture properties seem not to be suitable to basalt
fibres. The data of untreated and heat-treated fibres, arranged in the graph (crY(a/D) versus (ma) %) are not
in agreement with a single linear regression line to guarantee a sufficient correlation ratio (R?). The
impossibility of pursuing this approach confirms that the theory expressed for glass fibres cannot be
extended to basalt fibres. The increase in fracture toughness corroborates the hypothesis that structural
changes occur and this supports the idea that the strength decrease is not due solely to a superficial
degradation. As demonstrated by Bashir et al. [31] in their studies on glass fibres, the results for the basalt
fibre strength recovery obtained after a treatment with hot NaOH are noteworthy, with a strength
regeneration after exposure to all three temperatures. The recovery of the thermally treated fibres is
remarkable: 95% of the strength loss after the heat-treatment at 400°C can be recovered with the more
aggressive NaOH treatment (3M, 10 min). The ability to regenerate the fibre strength decreases with the
increase of the conditioning temperature. Chemical treatments on heat-treated fibres based on an acid
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solution (HF) seem to show a lower tendency to recover the strength of basalt fibres, but this could be
indicative of the fact that 2.5 min may not be enough to regenerate fibre properties (Fig.4).
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Figure 4. Influence of the (left) NaOH- and (right) HF-based chemical treatments on heat-treated basalt fibre
strength.

The reasons responsible of the increase in fibre strength after the chemical treatments have not been
addressed in detail in this work, but it is possible to refer to previous studies on glass fibres. In fact, glass
fibres strength increase obtained after treatment with hydrofluoric acid or alkaline solutions, seems to depend
on superficial dissolution (chemical etching) or bulk structural changes in heat-conditioned fibres. It is
known that the aqueous solution of HF can dissolve glass and it has been widely used to remove the
damaged surface through wet HF-etching and in turn increase glass strength. This implies that HF-treatment
does not just simply remove the material from the surface but also significantly change the characteristics of
existing cracks on etched surface [32]. The same mechanism could also be proposed in the case of basalt
fibre, as the SEM analysis shows superficial change compared to heat-treated fibres, with a major
homogeneity of the lateral surface, as shown in Fig. 6.
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Figure 6. SEM images of the basalt fibres lateral surface where the effect of chemical etching is evident. (A)
as-received basal fibres; (B) thermally treated at 600°C; (C) basalt fibres chemically regenerated with NaOH
3M,10min and (D) with HF 1%v. 2.5 min.
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Once the regenerative effect of chemical treatments on heat-treated basalt fibres has been established, the
fracture properties of these fibres have been characterized. Especially, the Ky, of the regenerated fibres is
higher than the values previously obtained for virgin and thermally treated fibres, as shown in Table 2. This
behavior is related to the positive effect on fibres residual strength after the chemical treatment. Further
studies will be carried out to determine the controlling mechanism associated with superficial etching and
structural changes that are responsible for the regeneration of the strength of basalt fibres .

4. Conclusions

The re-use of recovered fibres by matrix pyrolysis in a new fibre-reinforced composite is limited by the
weakening of the fibre reinforcement after the thermal exposure. The results of tensile tests on thermally
treated basalt fibres reveal a large strength decrease up to 75% with increasing temperature (400—600°C).
Hence, a difficult challenge for the academic and scientific world is to ascertain the fibres strength loss
controlling mechanism during the recycling process. Focused ion beam (FIB) milling was used to introduce
an artificially single nano/micro-sized deep notch (0.8-2um) on single fibres, to understand if any bulk
change occurs at high temperature. Fracture toughness has been studied to outline a strength-flaw
relationship for basalt fibres. Tensile tests on notched basalt fibres were performed before and after thermal
treatment to determine residual strength and fracture toughness. The fracture toughness of the untreated
basalt fibres (0.94+0.24 MPa-m®?) is close to the values reported in literature for E-glass fibres obtained
using the same techniques (FIB). Fracture toughness value of the thermally treated fibres at 600°C increased
up to 1.65+0.52 MPa-m” due to the high temperature exposure. The heat treatment-induced alterations of
the fibres mechanical properties in terms of fracture toughness and Young's modulus provide the
experimental evidence of basalt fibres structural changes. In the present work, it has been shown as a short
treatment of thermally degradated basalt fibres in NaOH allows to recover up to 95% of the strength
previously lost. Although also HF has regenerative effects, this treatment is only able to partially regenerate
the fibres, with a maximum recovering of 70%. This lower effectiveness, coupled with the numerous
problems and toxicity related to its use, simply suggest its replacement with more benign chemicals such as
alkaline solutions. For a given chemical agent, the regenerative effect is influenced by the molarity and the
treatment time. The main mechanism supposed to be responsible for the regeneration of the mechanical
strength of the fibres is chemical etching. The fracture properties of the regenerated fibres were analysed to
understand the possible changes in strength-flaws relationship during the chemical treatment. The
regenerated fibres (NaOH and HF) fracture toughness increase seems to confirm that structural changes
occur in the bulk due to the chemical treatment, but further investigations are necessary to confirm this
statement.
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