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Abstract

The mechanical performance of continuous basalt fibres (BFs) and E-glass fibres (GFs) was
investigated using single fibre tensile and microbond interface testing. Fibre surface topography was
also studied, using atomic force microscopy. Continuous fibres of identical compositions with various
surface sizings were used; interfacial shear strength was investigated using polypropylene (PP) matrix.
Data were analysed alongside E-glass fibres with similar surface coatings. The tensile performance of
basalt fibres varied significantly depending on the surface sizing applied at point of manufacture but
little to no difference was found compared with the similarly sized E-glass fibres. The apparent
interfacial shear strength (IFSS) between BFs and PP was significantly improved when sizing was
applied. Both unsized BF and GF demonstrated very poor IFSS with PP but the application of silane to
GFs produced a significantly greater improvement in the apparent adhesion. Characteristic differences
in the surfaces of both unsized and silane-coated BFs and GFs were found by AFM analysis.

1. Introduction

Basalt fibre (BF) has been proposed as a potential competitor to the very widely used glass fibre (GF),
as a fibrous reinforcement for polymer matrices [1,2]. It has at times been referred to as a ‘natural’
fibre as its singular raw material, basalt, does not require synthesis in the manner that traditional glass
fibre formulations do. In terms of mechanical performance, the single fibre strength and Young’s
modulus are stated as at least comparable with commonly used GFs such as E-glass: the modulus, in
particular, is often quoted as approaching 90 GPa [2,3] which is significantly higher than E-glass
fibres.

In addition to the mechanical properties of reinforcement fibres, it is well-established that the interface
between fibre and matrix plays perhaps the most critical role in defining the success or failure of a
composite [4]. A great deal of research over many years has been carried out into the interface
between GFs and a huge range of polymer matrix materials. Due to their relative novelty, there are less
data available on BF-polymer interface performance. Greco et al. [5] studied prototype sized and
unsized fibres in addition to fully commercially sized BFs. They measured single fibre strength and
used single fibre fragmentation test to assess adhesion between these fibres and polypropylene matrix
both with and without addition of maleic anhydride grafted PP. They found that unsized BF performed
most poorly of the fibres investigated for tensile strength, modulus and apparent adhesion. The
addition of maleic anhydride to the PP matrix generally improved adhesion as expected, but the degree
of this improvement varied significantly depending on BF selected: in some cases apparent adhesion
doubled but in others a more modest increase of no more than 50 % was obtained.
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It was also found in the study [5] that the unsized fibre performed almost as well as the various sized
fibres investigated, in both maleated and unmodified polypropylene; similar findings have reported by
other researchers [6]. The effect that surface silane or sizing has on adhesion between GFs and PP, for
example, has been demonstrated [7-9]: with glass fibre that is bare, or whose surface coating is
significantly degraded, apparent interfacial shear strength (IFSS) from the microbond test of the order
7 — 9 MPa. Suitable sizing, however, even with unmodified PP can produce IFSS values in excess of
15 MPa.

The study presented here was carried out to systematically investigate BFs of identical chemical
composition, to which various surface coatings were applied at point of manufacture. Using this
methodology the effect on fibre tensile properties and on interfacial performance of sizing components
such as silane and lubricant was investigated. Much of the sizing used on BF is copied directly from
GF technology, therefore it is not necessarily optimised for BFs. To investigate this hypothesis, where
possible in our study comparisons between BFs and GFs with similar surface coatings were made.

2. Experimental
2.1. Materials

Single end rovings of basalt fiber (800 tex, average diameter 14.7 £ 0.4 um) were provided by Mafic
Ireland (Kells, County Meath, Ireland). Four rovings were provided: non-sized or bare (NS), silane
coated only (S), silane and lubricant coated (S+L) and fully commercially sized (FS). All fibres were
cooled by water spraying under the bushing; for those with surface sizing it was applied using a rolling
applicator before strands were gathered and wound into packages.

Boron free E-glass (Advantex) fibres sized with different silane coupling agents supplied by Owens
Corning were investigated. Two rovings were studied, produced on the same pilot scale bushing and
received as 20kg continuous single-end square edge packages. The rovings had nominal tex of 1200
g/km and an average fibre diameter of 17.5 pm. No sizing was applied to the bare fibres which had
only been water sprayed by the cooling sprays beneath the bushing; these fibres are designated
GF_NS. Immediately following the cooling step the chosen sizing was applied to the sized fibres with
a normal rotating cylinder applicator. The fibres designated GF_S were coated with amino-silane only.

The polypropylene (PP) was provided by Braskem as general purpose under the code CP1200B with a
nominal flow rate of 230 °C/ 2.16 kg.

2.2. Tensile testing

Tensile testing was carried out using an Instron 3342 single column machine and following the
methodology described in ASTM C1557-03. Fibres were tested at 5 gauge lengths between 5 — 80 mm
and using a constant strain rate of 1.5 %/min. The process of sample preparation and testing is
described in detail in [10].

2.3. Microbond interface testing

The apparent interfacial shear strength of various BFs and GFs with polypropylene was carried out
using the microbond test developed in-house and described in detail by Yang and Thomason [9]. At
least 30 individual successful debonds were analysed for BFs and at least 20 for GFs.

2.4. Atomic Force Microscopy (AFM)
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Glass fibre surfaces were imaged using a Bruker Innova instrument. Height and phase data were
collected in Tapping Mode® using a OLTESPA-R3 visible apex type tip with nominal cantilever
spring constant of 2 N/m and resonant frequency 70 kHz. Three fibres were imaged for each condition
and 2 images of approximately 3 um x 3 um were captured on each of these fibres. Images were
obtained at a rate of 0.75 Hz with the fast scan direction being perpendicular to the longitudinal fibre
axis. The roughness of each fibre surface image was quantified using root mean square (RMS)
roughness; defined as the square root of mean square of the height deviation from the mean elevation
plane, after removing the background curvature by polynomial fitting. Statistics generated from raw
AFM data were produced using NanoScope Analysis software.

3. Results

The tensile strength results of the BFs with 4 different sizings are presented in Fig.1. The error bars
represent 95 % confidence limits, in this and all subsequent figures.
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Figure 1. Average tensile strength of BFs against sample gauge length

These results clearly indicate the critical importance of suitable fibre surface coating during
manufacture to maintain fibre strength; the NS sample was significantly the weakest at every gauge
length. At shorter gauge lengths of 20 mm and below the protective effect of silane, silane and
lubricant and full sizing was almost indistinguishable. At the shortest gauge length, however, FS
samples appeared to be strongest which fits with expectations given the much greater protection from
mechanical degradation of strength that this thicker multi-component size should provide.

The strength of unsized and silane-coated BFs is compared with similarly surface-coated GFs in Fig.
2.
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Figure 2. Tensile strength of unsized and amino-silane coated BFs and GFs at gauge lengths 5 — 80
mm (GF strength data reproduced from [10])
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Figure 3. Transformed Young’s modulus of BFs against sample gauge length
The strength of GFs was lower than the BFs with corresponding surface coating at the majority of

gauge lengths tested. Similar to the data in Fig. 1, the importance of fibre coating to the retention of
fibre strength is evidenced in Fig. 2. Unsized GF was significantly weaker than BF particularly at short
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gauge lengths. Conversely, the strength of silane-coated GF and BF was similar at 5 mm and was
within 0.4 GPa or less at any gauge length.

The results of the gauge length study of Young’s modulus are given in Fig. 3. The ordinate has units
of transformed Young’s modulus in mm/GPa such that a linear trend may be plotted; from the gradient
of this line the compliance corrected value of Young’s modulus is obtained, following the procedure
outlined in greater detail in [10].

Calculated from the inverse of the respective gradients of trend lines, the Young’s moduli of the basalt
fibres are presented in Table 1.

Table 1. Compliance corrected Young’s modulus of BFs

Fibre type NS S S+L FS
Young's modulus (GPa) 77.6 80.7 75.6 76.4

The values of compliance corrected Young’s moduli for the BFs were relatively similar; the silane-
coated fibre produced the highest value of 80.7 GPa while the lowest was the silane and lubricant
coated sample at 75.6 GPa. In comparison, the unsized and amino-silane coated GFs for which
strength data were presented in Fig. 2 yielded compliance corrected moduli of 78.7 and 76.9 GPa
respectively.

The apparent IFSS of the 4 types of BF investigated in this study with unmodified polypropylene
matrix are presented in Fig. 4.
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Figure 4. Average IFSS of BFs in PP matrix [NS = no sizing, S = amino-silane, S+L = silane and
lubricant, FS = full sizing]

Interfacial strengths obtained for bare fibre was poor as expected at around 5 MPa. The application of
silane or silane and lubricant to BF produced only a small increase in IFSS, although from the error
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bars in Fig. 4 it is shown that this increase was significant. The highest IFSS was measured for fully
commercially sized BF at approximately 12 MPa.

Results of the roughness analysis from AFM data are presented in Table 2.

Table 2. Average RMS roughnesses (nm) of BFs from AFM analysis

Sizing
NS S S+L FS
0.94 0.47 2.79 25.39

Typical plots of the topography of BFs with each of the 4 coatings used in the study are shown in Fig.
5.
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Figure 5. 3D topography plots of BFs [NS = no sizing, S = amino-silane, S+L = silane and lubricant,
FS = full sizing]

The surface of unsized BF was found to be homogeneous, but relatively rough. Application of amino-
silane to these fibres produced a clear effect in the topography data; it appeared that the rough surface
structure was obscured by the silane layer and this significantly reduced the RMS roughness. No
evidence was found of the apparent ‘islands’ of amino-silane that have been reported on the surface of
glass fibres [11]. The surface of BFs coated with both silane and lubricant were the least consistent in
terms of topography and roughness. There was some evidence of segregation of the sizing coating
components; raised features were of a different phase to the surrounding surface. The coating on fibres
with full commercial sizing was significantly thicker and with very different morphology.

Peter G, Jenkins, Liu Yang and James L. Thomason



ECCM18 - 18" European Conference on Composite Materials
Athens, Greece, 24-28" June 2018 7

4, Discussion

The single fibre tensile data presented demonstrate the importance of proper sizing to the strength of
fibres, in addition to role played in forming a successful interface. Data in Fig.1 showed that unsized
fibre performs poorly; the addition of silane alone greatly improved fibre strength but a thicker multi-
component sizing produced the best performance particularly at longer gauge lengths. A comparison
of the strength of unsized and amino-silane coated BF and GF was presented in Fig. 2. In both cases
BF was found to be stronger than GF; the strength of bare BF was about 40 % greater than GF at all
gauge lengths investigated, except 40 mm. This discrepancy is also notable as the relationship between
decreasing strength with increasing gauge length is not followed in the data for BF_NS at 40 and 80
mm. The strength of silane-coated BF was at most 20 % higher than GF and at the majority of gauge
lengths significantly less so. Our tensile strength results support the assertion that has been made in the
literature that BF strength is slightly higher than that of GF [12]; the difference, however, was found to
be relatively moderate.

Regarding the Young’s modulus of BF and GF, our results suggested that there was no significant
difference, in contrast to some published data [2,12]. A range of 75.6 — 80.7 GPa was measured for the
4 BFs; for GF, values within this range of 76.9 & 78.7 GPa have been reported [10]. It is not expected
that surface coating should affect fibre modulus, and the ranges obtained are likely due to spread in the
raw modulus data.

The effect of sizing on the interfacial shear strength of BF with unmodified PP was demonstrated by
the data presented in Fig. 4. Bare fibre performed poorly as expected, but neither the application of
amino-silane nor silane and lubricant produced more than a slight improvement. This result was
somewhat unexpected as the application of coupling agent is anticipated to improve the BF-PP
interface and produce significantly higher IFSS, in a similar manner as it does with GF-polymer
interfaces. An improved IFSS of above 12 MPa was obtained only for fully sized fibre; the PP-
compatible sizing present on these fibres may contain numerous additional elements, such as maleated
PP, which could have produced this increase. In order to investigate the lack of efficacy of amino-
silane to improve IFSS, studies using maleic anhydride grafted-PP as matrix are proposed, as well as
comparison with the performance of GFs in these same matrices.

The AFM data presented showed clearly the physical changes at the fibre surface due to additional
elements in the fibre coating. Correlation between surface roughness and IFSS was not found; in fact,
IFSS increased slightly as roughness decreased due to application of silane to the BF surface.

5. Conclusion

The tensile properties of basalt fibres with various coatings were investigated and compared with glass
fibre. The strength of unsized BF was low but improved with the addition of amino-silane and
subsequently increased further as additional sizing components were included in the fibre coating.
Unsized and silane-coated BFs and GFs were compared: average tensile strength of BFs was found to
be slightly greater than GFs, but this difference decreased when silane coating was present.
Significantly greater Young’s modulus of BF, which has been suggested in the literature, was not
found in our study; rather, the modulus of BFs and GFs were effectively the same in the approximate
region 75 — 80 GPa. Interfacial shear strength between BF and unmodified PP was surprisingly low
when amino-silane was present; it performed only marginly better than unsized BF. Further
investigation of this finding is necessary as it is important to establish whether silanes, such as amino-
silane, perform in the same manner on BFs as it is generally accepted that they do on GFs to enhance
interfacial properties.
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