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Abstract

In this paper, the fire structural resistance of basalt fibre composite is determined
experimentally and analytically. The basalt fibr@ngposite is compared against an
equivalent laminate reinforced with E-glass fibr@he fire structural survivability of the
basalt fibore composite was inferior to the gladsrdi laminate when exposed to the same
radiant heat flux. The materials were weakenedhgynhal softening and decomposition of
the polymer matrix and tensile softening of theefiteinforcement, and these events occurred
at similar temperature ranges and property losegatit was determined that the inferior fire
resistance of the basalt fibore composite is dueniydo the material’s lower emissivity which
causes higher temperatures within the materiakiiersame radiant heat flux.

1. Introduction

There is growing interest in reinforcing polymerngmosites with mineral basalt fibres
because of their moderate cost, high stiffnesssamhgth, excellent corrosion and oxidation
resistance, and high heat resistance and therrahllist Basalt is the generic term for
solidified volcanic lava, and it can be melt exeddnto continuous filaments using process
technology similar to the production of glass fioréSeveral types of basalt fibres are
commercially available, with different propertiespgnding on the chemical composition of
the basalt rock and the process conditions useelxtawde the molten basalt into fibres.
Depending on the type of basalt fibre, it has sti§is and strength properties which are similar
or higher than E-glass fibres, which is the mosniemnly used reinforcement in polymer
matrix composite materials [1]. Polymer compositsforced with continuous basalt fibres
have mechanical properties (elastic modulus, utensdrength, interlaminar shear strength,
impact resistance) which are equivalent or supeloE-glass reinforced composites [2].
Basalt fibres are resistant to most chemicals, ared less prone to damage from alkali
solutions and water than E-glass fibres [3]. Fasthreasons, there is emerging interest in
substituting glass fibres with basalt fibres iresetd applications for composites.

There is growing interest in basalt fibres as éhhigmperature material. Basalt fibres have
excellent high temperature stability with an opegtlimit of nearly 1008C and melting
temperature of 175C [4]. Basalt fibres can retain their tensile sif§s to higher
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temperatures than E-glass fibres [5], althoughrtbegep onset temperature [5] and high
temperature tensile strength [6] are lower andlamib glass fibres, respectively. Basalt is
also an excellent thermal insulator and non-flamimadnd is being used for heat insulation
and passive fire protection.

It is not known whether the high heat resistancéadalt fibres translates into superior fire
resistance when used as the reinforcement to polgoraposite materials. In this paper, the
structural response and failure of basalt fibre posites under combined loading and one-
sided heating by fire will be investigated and canggl to E-glass fibre composites.

2. Materials and Experimental Methods

2.1 Composite Materials

Basalt fibre composites were produced for high terature and fire structural testing using
woven basalt fabric and vinyl ester resin. The bdahric was plain woven by the supplier
(Zhejiang GBF Fiber Co. Ltd.) using 300 tex towsatpareal density of 350 gfniThe basalt
fibres had an average diameter of ii. The basalt fabric was stacked in a cross-pltepat
of [0/90)s and then infused with vinyl ester resin (SPV 13®lex composites) at room
temperature using the vacuum bag resin infusionRNBrocess. Following infusion, the
composite was gelled and partially cured under antlzonditions (20°C, 55% RH) and then
post-cured at 80°C for two hours. The fibre volwuoatent of the basalt composite was 53%.

The fire resistant properties of the basalt contposere compared against a near-equivalent
glass fibre composite. The composite was reinforeét plain woven E-glass fabric (800
g/m?), and was made with the same vinyl ester resinusiuy the same VBRI process and
cured under the same conditions as the basalt cgsitapdhe fibre stacking sequence of the
glass fibre laminate was also cross-ply and theefimlume content was 55%. The only
significant difference between the basalt and gtassposites was the type of reinforcement.

2.2 High Temperature Testing of Fibre Tows and Gusiips

The tensile properties of basalt and E-glass fibves were measured at high temperature to
determine the fibre softening rate and strengtls.ld$e tows were heated to temperatures
between 150 and 650°C for different times up to trowrs. The tensile failure load was
measured by loading a basalt tow with a gauge®edi 150 mm at an extension rate of
2 mm/min to failure using a 10 kN load capacitytilas machine (Model: 4501). Five tows
were tested under identical temperature and hettmgconditions to determine the scatter in
the failure load.

The tensile properties of the basalt and glase{myl ester composites were measured at
constant temperature between 20 and 300°C. Thdetdasts were performed according to
ASTM D3039 using composite coupons with a gauggtlenf 150 mm, width of 25 mm, and
thickness of 4 mm. To achieve the same thickndw®s,basalt and glass fibre composites
contained 18 and 7 plies of woven fabric, respebfivThe tensile tests were performed at a
loading rate of 2 mm/min inside a temperature adied hot box attached to a 100 kN MTS
machine.
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2.3 Fire Structural Testing of Composites

Small-scale fire structural tests were performedlan basalt and glass fibre composites to
assess their fire resistance. The test involvegestihg both composites to combined tensile
loading and one-sided unsteady-state radiant lgeatihis test is designed to replicate the
condition of a tensile-loaded plate exposed to sided heat radiated by fire. The rectangular
test specimens were 600 mm long, 50 mm wide ananStimick. The basalt and glass fibre

composites contained 42 and 15 plies, respectitelijave the same thickness of 9 mm. The
fibre contents of both materials were very similar.

The fire structural test involved loading the corsipes along their 0° fibre (or warp) direction
at a constant tensile stress between 20% and 80%edhilure stress at room temperature.
The room temperature failure stress was 460 MP#éhtmibasalt composite and 470 MPa for
the glass fibre composite. While under constangiterstress, a 100 mm long section of the
composite specimen was exposed to constant headff25 or 50 kW/r. The specimen was
held under constant stress and one-sided radiatingeuntil failure, and the stress rupture
time was used to define the fire structural resista A full description of the fire structural
test procedure and apparatus is given by Feih[&}.al

3. Results and Discussion
3.1 Thermal Response of Basalt Composite to Fire

The temperature rise to the basalt and glass catapashen exposed to the heat fluxes of 25
and 50 kW/rfi is compared in figures 1 and 2. The data pointsvstemperatures measured
using thermocouples attached to the hot (heat-expoand cold (back) surfaces of the
composites. Thermocouples were also located anttighickness point of the composites to
record the internal temperature. Exposing the caitg® to the lower heat flux of 25 kWim
caused an unsteady-state rise in temperature exdittually near-thermal equilibrium was
reached. At the higher heat flux of 50 kW/rthe heated surface temperature of the basalt
fibore composite spiked due to ignition of the frdate at around 675°C. At the same heat
flux, however, the glass fibre laminate did notiigneven after long-term heat exposure.

The solid curves in figures 1 and 2 shows the ¢aled temperature rise at the surfaces and
middle of the composites. The temperatures wereukzied using the thermal model
formulated by Henderson et al [8]. To date, thisdeichas only been used to calculate the
temperature in glass fibre laminates [7] and sacldwiomposites with glass fibre laminate
skins [9] exposed to fire. It has not been usegrexlict the temperature of other types of
fibre-polymer composites, including basalt reinfxic materials. The one-dimensional
governing equation for the temperatur® ¢ise with increasing heating time) (in the
through-thickness direction of a fibre-polymer carsipe when exposed to one-sided heating
at constant heat flux is expressed as [8]:

aT (o oTy_ " a9, dp _
E_[ax(kmaxJ Mo s = “g's)]/(k'cpm) .

The terms on the right hand side account respégtfee heat transfer within the composite
due to heat conduction, mass flux of volatiles geteel by decomposition of the polymer
matrix, and heat of the decomposition reactionhef polymer matrix. Both the mass flux of
volatiles and the decomposition reaction of the/Master matrix (which is endothermic in the
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absence of air) have a cooling effect, and theeefiloey are negative terms in equation 1. The
parameters are defined as follows:is density,C, is specific heat capacity (which is
temperature dependen®;is distance below the heated composite surfacdenthrough-

thickness directionk is thermal conductivity (which is temperature dmlm‘nt);rhg is mass

flux of volatiles;hy is enthalpy of the decomposition gas (volatilés)s enthalpy of the solid
phase; andQ is endothermic activation energy for the decontpmsireaction of the matrix
phase.

The curves in figures 1 and 2 show that the caledléemperatures were in good agreement
with the measured temperatures for the basalt ceitgpexcept for when the material ignites

when the computed temperature values are too layeement between the calculated and
measured temperatures for the glass laminatedggalsd.
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Figure 1. Temperature-time profiles measured at the hoasarfmiddle region and cold surface of the (a)lbasa
composite and (b) glass composite when exposdtkthdat flux of 25 kW/f The dashed and solid curves are
the measured and calculated profiles, respectively.
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Figure 2. Temperature-time profiles measured at the hotasarfmiddle region and cold surface of the (a)lbasa
composite and (b) glass composite when exposduktbdat flux of 50 kW/f The dashed and solid curves are
the measured and calculated profiles, respectively.

Comparison of the temperature profiles shows thattémperature of the hot surface of the
basalt composite increased more rapidly and reaalegher temperature than the glass fibre
composite. The maximum temperature reached by dsalthcomposite when exposed to the
heat fluxes of 25 and 50 kWfmvas about 540 and 78D, respectively, which are much
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higher than the respective temperatures of ~4306#{C reached by the glass composite.
The basalt composite became hotter because thsieityiof basalt fibre = 0.72) is lower
than for E-glass fibreg(= 0.93). Basalt fibres radiate less thermal energysing the
composite to heat up more rapidly and reach higgraperatures. This finding highlights a
problem with basalt composites when used in high fisk applications. (This may be
alleviated by surface treating the basalt composith a high emissivity coating, although
this was not investigated as part of this study)e Tower emissivity caused the basalt
composite to reach a sufficiently high temperatumd decomposition rate that it ignited and
burnt at the heat flux of 50 kW/mThis did not occur with the glass laminate exposethe
same heat flux because it was cooler.

Figures 1 and 2 show the middle and back-face teatyres of the basalt composite also
increased at a faster rate than the glass fibren&ten However, the temperature differential
between front face and cold back face remains airfolr the two composites. This is because
the thermal conductivityk] and specific heat capacit¢/) values for basalt fibre« & 0.031-
0.038 W/m.K;C, = 840 J/kg.K) and E-glass fibrels £ 0.034-0.04 W/m.KC, = 800 J/kg.K)
are very similar. The higher internal and back acef temperatures of the basalt fibre
composite are therefore not due to faster heasfegathrough the material. Instead, the faster
heat-up rate within the basalt composite is attedumostly to its higher temperature at the
hot surface resulting from its lower emissivity.

3.2 Softening Mechanisms of Composite in Fire

The thermal softening behaviour of the basalt dadsgcomposites due to the glass transition
of the vinyl ester matrix is shown in figure 3. Ttemsile strengths of the composites were
determined under iso-thermal conditions betweerC283id 300°C. The high temperature is

just below the decomposition temperature of the/lvaster matrix. Figure 3 shows that the

tensile strength of both composites fell by 30-40%r a similar temperature range (between
80-150°C) due to the glass transition of the viegter matrix. The tensile strengths were
reduced by the loss in stress transfer efficieratyvben the load-bearing basalt or glass fibres
when the matrix had softened. The softening belmvdccurred over the same temperature
range for both composites due to the same resimghased, although the basalt laminate
experienced a greater loss in strength. This réated to the differences of fibre waviness

within the two woven fabric materials.
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Figure 3. Effect of temperature on the tensile strengththefbasalt and glass composites.
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The effects of temperature and heating time ortehsile failure load of the basalt and glass
reinforcements used in the composites are comparddgure 4. The tensile values were
determined for continuous fibre tows of the baaaltl glass using the tow strength test. The
values are expressed as a percentage of the avevadailure load measured at°2) which
was 85 N for the 300 tex basalt tows and 125 NHer280 tex glass tows. It should be noted
that this difference in room temperature tow sttkeng generally due to the sizing and related
friction effects between fibres during testing mtthan the single fibre strength. The failure
load of both the basalt and glass tows began toedse when heated above ~250°C. The
failure load of both tow types decreased with iasieg heating time, and this defines the
thermal softening rate of the fibre reinforcemdrgfore reaching a minimum steady-state
residual strength at each temperature. The reshtisv there are no significant differences
between the softening rates and strength lossekddyasalt and glass.
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Figure 4. Effects of temperature and heating time on theqrarage tensile failure loads of the (a) basalstow
and (b) glass tows.

3.3 Mechanical Response of Composites to Fire

One-sided radiant heating caused both the basadlgkss fibore composites to progressively
soften and then catastrophically fail under tensigaling.Figure 5 shows the effect of applied
tensile stress on the rupture times of both cone®svhen exposed to the heat fluxes of 25
and 50 kW/m. The rupture time is the duration that the comfeosan carry the applied
tensile stress before breaking when exposed the¢he flux, and is often used to define the
structural survivability of materials in fire [7]The data points show the experimentally
measured failure times and, as expected, for battemals these increased with decreasing
applied stress and heat flux.

The curves in figure 5 were calculated using tleerttal-mechanical model developed by Feih
et al. [7]. This model considers the effects ofnmatoftening, matrix decomposition and fibre
weakening on the tensile strength loss of contisuitlore reinforced laminates exposed to
fire. The model was developed specifically to pcedhe tensile softening of glass fibre
laminates in fire, although the good agreement bebhnhe calculated and measured failure
times for the basalt composites shows it also wasrdds with this material.

As explained in detail in the previous section|ui@ under high tensile stresg 300-350

MPa) results in short rupture timesX00 s) and is due to softening of the polymer matri
The matrix softening effect was greater for thealtabre composite (figure 3). At lower
stresses £300-350 MPa) and consequently long failure timegerss# softening processes
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occur, with the most important being fibre strenigtss. The fibre strength loss is similar for
both fibre types as shown previously in figure Bislindicates that the tensile response of the
basalt and glass composites in fire should alssitmdlar. Based on this information, it is
concluded that the inferior fire resistance atvegiradiant heat flux of the basalt composite is
not experienced because it softens and weakensgyedater rate than the glass composite.
Instead, the basalt composite is inferior simplgaase it heats up more rapidly and reaches
higher temperatures due to the lower emissivitthefbasalt fibres.
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Figure 5. Effect of constant tensile stress on the ruptunes of the basalt and glass composites when edpose
to heat fluxes of (a) 25 and (b) 50 kW/m

4. Conclusion

There is growing interest in the use of basaltefias a fire resistant material because of its
low thermal conductivity, high oxidation resistancend high softening and melting
temperatures. This study has shown, however, tisdlbfibre composites have lower tensile
fire resistance than equivalent E-glass laminatesnaexposed to the same heat flux radiated
by fire. Basalt and E-glass fibre composites sofied decompose at similar rates at elevated
temperature. However, the lower emissivity of biafiate causes the composite to heat-up
faster and reach higher temperatures. This cawssdtltomposites to undergo softening and
decomposition of the polymer matrix and weakenihthe load-bearing tows at a faster rate,
resulting in inferior fire resistance compared tasg composites under the same combined
tensile loading and one-sided radiant heating.getwitg basalt fibore composites with a high
emissivity coating may extend their structural stability in fire, although this concept still
needs to be proven.
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