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Abstract:

The influence of basalt powder addition on thermcimaaical properties of basalt
fiber reinforced epoxy composites was investigatethis study. The dynamic mechanical
thermal analysis was carried out in a torsion mdde. mechanical properties were evaluated
by means of static tensile test and Charpy impaenhgth method. The thermal stability was
investigated by thermogravimetric analyses in ingntd oxidizing atmospheres. Results
showed that combining basalt fibers with basalt g@wimproves stiffness and thermal
resistance of the epoxy composites. The new hybaohposites are more resistant to
temperature changes than the reference sampleoasnpby dynamic mechanical thermal

analysis.
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Introduction

Investigations and design of new materials withcgweproperties are necessary to
facilitate the manufacturing process of high quyalproducts for different industry
applications. Therefore, fiber reinforced compasigee still the subject of many scientific
publications and projects in the field of constioiet automotive and marine industry. Epoxy
matrix connected with rigid fiber allows to obtaionstruction materials with high stiffness
and strength [1-3]. In order to limit negative inspaf polymer materials on the environment,
natural fibers are more and more often added imywotion of polymer-based composites.
Jute, flax, hemp and mineral fibers prevail in usth polymer matrices [4,5]. Basalt fiber
(BF) is obtained in an energy-saving process inmglvmelting volcanic rock without
additives [6,7]. Moreover, the advantages of bafladtr compared to glass fiber are: better
mechanical strength, thermal stability and chemieaistance [7-9]. Its large size allows for
its safe application when shredded, without any eispenetration of the body via inhalation.
Introducing BF into polymer matrix improves its agis modulus, impact resistance and
bending and compression strength in comparison tvélepoxy-glass composites [9-12]. It is
worth noticing that in order to improve strengtidaonughness of basalt fibers, they can be
modified with organic/inorganic hybrid coating tedhogy [12,13]. Kuzmin et al described
modification of basalt fiber surface by nano-Siénd showed that nano-hybrid coating
proved to be the most effective way to enhancefate between epoxy matrix and basalt
fiber [14]. The introduction of both fibrous and maral fillers into polymer matrix can
improve mechanical and thermal properties of themasite [15,16]. Hybrid composites are
manufactured from two or more components, for exanfibers and powders, and their
specific properties cannot be obtained with onlg ¢ype of reinforcement [17]. Basalt fiber
in combination with glass, flax, hemp and jute fdbaas been recently applied in the hybrid

composites [18-23], even if, to the best of thenatg’ knowledge, very limited works focus
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on the using of basalt powder as a modifier ofgblymer composites [24-27]. Many studies
aimed to improve properties of composite materl@afsincorporating different micro or
nanoparticles in combination with various formdasalt fibers. However, the novelty in this
paper, in comparison to the state-of-the art,sgraultaneous use of basalt materials in a form

of powder and fibers in epoxy laminates [28-32].

Basalt powder has a fine grain structure and iredugery hard phases like diopside
and augite, as a result basalt base materials rqiresperior abrasion, wear and chemical
resistance. It should be underlined that basaksace located in Poland and in many regions
of Europe therefore, finding its new applicatioasighly desirable. The basalt powder can be
applied as a cost effective filler for epoxy compes in comparison to synthetic materials
like alumina, silica, graphene [33-34].

Therefore, the aim of this study was to verify thiBuence of basalt powder addition
on thermomechanical properties of basalt fiber foeced epoxy composites. Effect of
interactions between the fillers was assessed ioraext of changes in structure and
properties of the composite material. Mechanical #&mermomechanical properties were
determined by means of static tensile test, Charpgact strength method, dynamic
mechanical thermal analysis and thermogravimetnalysis. Moreover, the structure of

composites was characterized by Scanning Electrerostopy.

Experimental
Materials

The following components were used in this invedtan: epoxy resin Epidian 6
(EP6) based on bisphenol A (BPA) (viscosity at 2523000 - 15000 mPas), curing agent -

triethylenetetramine (Z1), both produced by CIEC&tZ$na S.A., Poland. Epoxy resin was



mixed with Z1 at ratio 13 parts Z1 per 100 partSHR weight, (composition pot life at

20°C; 33 min, properties after curing: tensile gt 50 MPa, flexural strength 120 MPa).

Basalt fiber woven fabric (BF), type BAS 220.127@iRh weight of Zlog/r% and plain
weave type (BASALTEX), and basalt powder (Mine PBRZALT, Wilkowo, Ziotoryia,
Poland) were used as reinforcement. Natural baealider with lowered amount of heavy
metals and ph=7.6 during preliminary investigatiaras characterized by means of scanning
electron microscopy (SEM) (Fig. 1). Particle siastribution was also evaluated using laser
particle sizer Fritsch ANALYSETTE 22 apparatus @ped in a range of 0.08 — 2000 pum. In
Figure 2 particle size distribution functio®3(x)) and its derivativedQ3(x)) as a function of
particle size X) were presented. According to data delivered leypitoducer, BP consists of:
49.5 SiQ, 15% AbOs;, 9.6% CaO, 8.7% FeO, 6.8% MgO, 3.7%®£ 2.9% NaO, 1.2%
K20, 0.4%R0s, 0.2% MnO, 0.15% Mn, 0.0105% Zn, 0.0087% Cu, 08384Co, 0.005% B,

0.00015% Mo.

Fig. 1. Basalt powder SEM image (magnification 1000x)
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Fig. 2. Particle size distribution of basalt powder

Sample preparation
Epoxy matrix was mixed with a mechanical stirretha2.5, 5, 10 wt% of basalt powder
respectively to the total weight. Next, the composs were mixed with curing agent Z1. The
epoxy composites were fabricated in a mold usingdHay-up, cured at ambient temperature
(20°C) for 24h and post-cured at 80°C for 3 h. Theposites contained 6 layers of basalt
fibers. The samples were described as BF; 2.5BF; 4BBF adequately to the incorporated
amount of basalt powder.
Methods
Determination of weight percentage of basalt in theomposites

The basalt fiber content in the samples was detesthby resin burn-off. A weighed
amount of composite sample was taken and heat8@QRC to constant weight. The wt%
basalt (x) was calculated according to the fornfll)a

X = wo/w-100 (1)

where: w - the weight before heating angwthe weight after heating



Scanning Electron Microscopy (SEM)

The structure of composites was evaluated by Sogrigiectron Microscopy (SEM).
The fracture surfaces of the samples were invdstigaith magnifications of 1000x, 5000x
and digitally captured using a scanning electrorrasicope Zeiss Evo 40. The electron
accelerating voltage of 12 kV was applied. Fractudaces of the composites were obtained
from the impact strength specimens. Prior to tlestell the specimens were sputtered with a

layer of gold.

Dynamic mechanical thermal analysis (DMTA)

The dynamic-mechanical properties of the compagsitegh 10x2,5x50 mm
dimensions, were measured using DMTA methods (ARaar MCR 301, Austria) in a
torsion mode, operating at frequency f = 1 Hz ia tamperature range between 25°C and
200°C, and at the heating rate 2°C min. The posiiictans at its maximum was taken as the

glass transition temperature (Tg).

Thermogravimetry (TGA)

The thermal stability of composites was analyzedhHgrmogravimetric method (TGA)
with temperatures ranging from 30 to 900°C at thatimg rate of 10°C/min under nitrogen
and air atmospheres using a TG 209 F1 Netzsch apgarApproximately 10 mg samples

were placed in ceramic pans. The initial decompmsitemperature jTwas determined as a

5%. weight loss temperature. The residual ma¥g%) was defined at about 900°C.



Tensile mechanical properties

Tensile mechanical properties were measured witBTRION 4481 universal testing,
machine in accordance with 1ISO 527-4. All tests evperformed at ambient temperature

(23°C) with testing speed 5 mm/min, with a load oéb0kN.

Charpy impact strength

The impact strength of the unnotched samples witkd280 mm dimension was measured
using the Charpy method (ISO 179) at room tempegathe INSTRON Woolpert PW9

impact tester with 25 J hammer was used.

Results and discussion

Basalt weight content

Content of basalt fibers and powder in the compssi$ collected in Table 1. Percentage
weight of basalt fibers in the composites was aortsand equal to 40 wt%. Applied amounts
of basalt powder, referred to total weight of epoxatrix, were 2.5, 5, 10 wt%, respectively.

In addition, the total basalt powder contents, rrefié to composite total weight, were

calculated.

Table 1.Percentage weight of basalt fibers and powddrercomposites

Name wt% wit%
basalt fiber | basalt powder
BF 40 0
2.5BF 40 15
5BF 40 3
10BF 40 6




Scanning Electron Microscopy (SEM)

Interfacial enhancement between reinforcement hrdoblymer matrix is necessary
for effective stress transfer from matrix to fibghereby, maximum utilization of the fiber
strength in the composites is achieved [35]. InuF@g3, the SEM micrographs of the
composites with different amounts of basalt fillee presented. The well dispersed basalt
powder for the sample 2.5BF was visible in Figuoe oreover, fiber pull-out effect was not
observed for all composites as characteristic @lm epoxy matrix were not observed. This
may confirm good connection between the fibers apdxy matrix [36]. The brittle-type
fracture for all tested samples was noticed, wiuatfioms the fact that the fibers on the
fractured surfaces were clean [3Flurthermore, in all cases a ridge in the epoxy imajpon
cracks was visible. As evidenced in Fig. 3 a-d,rimatontour occurred very close to fiber
surface. This proves a sufficient interfacial adbedetween basalt fiber and epoxy resin
[35]. Differences in SEM images between refereramame and composites were observed. In
case of composites, fragments of basalt powdeicfestwere distributed on the fiber surface.
Good saturation of the inorganic fibrous filler még denoted in SEM image with a
magnification of 5000x presented in Figure @anges in composites’ morphology with
increasing content of basalt powder are presemtédg. 4-b and 4-c. In Fig. 4-b, presenting
the 2.5BF sample, basalt powder particle deeplyensed in the matrix was visible. Fig. 4-c
presents the structure of 10BF sample where thalth@®vder particle place in epoxy matrix

and at the same time outside them were noticeable.



Fig.4. SEM microphotographs of composites structure aBR.&nd surface b) 2.5BF; c) 10BF,

magnification 5000x

Dynamic mechanical thermal properties

Plots of the storage modulus G’ and mechanical flast®r (tand) versus temperature
T for the composites are shown in Figure 5. Theeslof the composite storage modulus G’
at various temperatures, as well as glass transitoe listed in Table 2. The highest values of

G’(3.4 GPa) and Tg (122°C) were recorded for thragga containing 2.5 wt% basalt powder.



These results are reflected by the reduced taa @aluies [38]. The properties of the filled
polymers are affected both by variations in the enolar mobility of the polymer matrix
induced by interaction at the polymer interfaces] aoupling effects between phases [38].
The presence of the inorganic rigid basalt padidean restrict the motion of polymer chains
[24]. On the other hand, a higher amount of thiseral filler does not improve viscoelastic
properties of composites which may be due to tipeior bonding strength. The main
relaxation peak shown in Fig. 5 is related to tlesg transition value and decreases together
with the increase of basalt powder content. It @ttv noticing that above glass transition
temperature i.e. at 125°C, 2.5BF sample indicatgden G’ value than the reference sample.
This proves that the new hybrid composites willrbere resistant to temperature changes

above glass transition temperature.

Storage modulus [GPa]

0,0 I T T T T T T T T T T T T T %’A T L 0,00
40 60 80 100 120 140 160 180 200

Temperature [°C]

Fig. 5. The DMTA curves of the composites
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Table 2. The values of composite storage modulus and glassitions

Name G'[GPa] G[GPa] | Tg[°C] Tanéd
at30°C | at125°C peak

BF 2.96 0.29 114 0.35
2.5BF 3.40 0.36 122 0.41
5BF 2.39 0.12 114 0.48
10BF 2.90 0.19 116 0.49

Mechanical properties

The mechanical properties were determined and ¢meparison of the values of
tensile strength, elasticity modulus, elongatiorbiaak and impact strength is presented in
Figure 6. The value of tensile strength of the nexiee sample was approx. 210 MPa, while
for the modified samples it reached 214 MPa, 154MB5 MPa, correspondingly to 2.5BF;
5BF; 10BF. The value of tensile strength for 2.5&#mple is comparable to the one for the
reference sample. Therefore, it can be statedtbmtamount of filler supplements hybrid
materials with valuable properties. In all casesaltdfiller introduction led to an increase of
the elasticity modulus of the composites and actolu of their elongation at break. The
highest elasticity modulus value was recordedHerdgample with 2.5 wt.% of basalt powder.
The elongation at break values for all modified pke® were comparable. These results are in
good agreement with the DMTA analysis. The most aatageous mechanical and
thermomechanical properties were obtained for @ém@pde containing 2.5 wt% of basalt
powder, thanks to sufficient dispersion of basalv@er particles in epoxy matrix as proven in

SEM photographs (Fig.4b).
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Fig 6. Mechanical properties of composites

The introduction of inorganic filler may increadeetstiffness of the composite and
consequently its ductile properties may deteriorf88]. The impact strength of the
composites decreased as a result of a higher fiberder amount. This is due to the filler

particles being more rigid than epoxy resin, aslasl pour resin—reinforcement interface

between high amount of powder and epoxy matrix.[40]

Brittleness evaluation

Composite materials modified with inorganic pagishaped and fibrous fillers
usually reveal an increased elasticity modulus eetlliced elongation at break and impact
resistance values in comparison with unmodifiedyperic matrix. Changes in mechanical

properties caused by simultaneous modification paixg resin with long basalt fibers and
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basalt powder are complemented with evaluationrdfl@essB. Brittleness was calculated
from the formulation (2) as described by Brostowale{f41]:

B=1/(EE’) (2)
where:€g is elongation at break determined in tensile tesasurements and E’ is the storage
modulus determined by dynamic mechanical thermalyars (DMTA) at a defined
temperature and 1.0 Hz frequency. It should be Winee that brittleness is a versatile
parameter describing mechanical properties of naddethanks to application of two different
measuring techniques [41-43]. Therefore, B is eelab material ability to deform before
breakage represented Byas well as E’ which is related to elasticity antdiae properties
measured in repetitive sinusoidal loading. Stonageluli of composite materials, applied for
B calculations as per formulation (2), were deteediin a torsion mode (G’) during DMTA

analysis at room temperature.

Brittleness values and data used for their calmrat are presented in Table 3.
Additional data concerning pure epoxy resin (EPyemgained from the literature and our
previous studies [44,45]. Epoxy resin as a thermisseharacterized with high brittleness.
Stiffness of all composite materials reinforcedhabasalt fibers allows to decrease brittleness
in comparison to unmodified material. It should rimgticed that incorporation of the lowest
amount of basalt powder (2.5 wt%) results in ahsligecrease in composite brittleness.
Although higher amounts of the BP lead to an ineeea composites’ brittleness, it does not
exclude them for a possible application. In accocgato data presented in Figure 6, this
phenomenon may be related to lowered damping behafi the 2.5BF composite in
comparison to composites containing higher amoahbasalt powder. Low amounts of well
dispersed particle-sized filler in hybrid compossigstems, despite an increased stiffness,
provide partial dissipation of mechanical load.drporation of additional low amounts of

well dispersed particle shaped filler reduced leniss of fiber reinforced composites.
13



Table 3. Brittleness of epoxy composites modified with Biel &P

Name B [Pa%/10'% = G',5:c [GPa] Es[%0]
EP* 1.6 1.25 5
BF 0.89 2.97 3.79
2.5BF 0.88 3.4 3.35
5BF 1.3 2.39 3.21
10BF 1.04 2.9 3.31
*[43,44]

Thermogravimetry (TGA)

Thermogravimetric analysis is commonly used to rieitee decomposition processes
of polymers in a wide range of temperatures. Imoggn atmosphere, the composites are
subjected to the pyrolysis process [46]. Whilsyestigation in the air atmosphere provides
information on material resistance against oxidativ/hat is important, this method allows
for obtaining information on thermal resistancecomposites in conditions close to working
conditions. The degradation process was descrilgeslbh parameters as: 5 % weight loss

temperature, residual mass and DTG peak temper@tabte 4).

Plots of weight loss vs. temperature, together wighr derivatives indicated in air and
nitrogen atmospheres, are presented in Figuresd78arfror all the materials investigated
under inert atmosphere, a single step degradatmreps was observed. As shown in Figure
8, a two step decomposition process was visibleafbithe samples evaluated under air
atmosphere. These two steps are primary degradatiorcombustion of char formed in the

first step [47].
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The highest thermal stability can be observedtiera.5 BF sample. By increasing the
powder content, the 5% weight loss decreases authes its minimum for the 10BF sample.
This effect may be due to existence of active gatalsites which influence polymer
degradation. Moreover, during clay degradation @qmated silicate may be formed which
catalyzes polymer degradation [48]. The first DTé&alp corresponds to initiation of material
decomposition which is useful in engineering amilans when determining work
temperature range [46]. The DTG peak average &tCG36@ nitrogen atmosphere) and 350°C
(in air atmosphere) could result from an exotherneiaction caused by chain scission and
resin decomposition into lower molecular weightdarcts [49,50]. Therefore, rapid mass loss
was observed in the TGA curves (Fig. 7 and 8)htiudd be underlined that basalt powder
presence led to a decrease in DTG peak tempeneadiues of the epoxy matrix. This might
be a considerable advantage, especially when aygpliie material as a construction element.

The same tendency was observed for the samplegsdtudider air atmosphere.
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Fig.7. TGA and DTG curves investigated under nitrogenosiphere
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Fig.8. TGA and DTG curves investigated under air atmosphe

Table 4. TGA and DTG data of the composites investigatedku nitrogen
and air atmosphere

DTG [%/min]

Sample 5% Mass loss Residual mass DTG
[°C] [%]
BF 340.0 43.18 365.0C;
5 -9.2 %/min
Q 2,5BF 342.8 48.57 367.8C;
8 -8.4 %/min
= 5BF 340.6 42.98 360.6C;
-9.3 %/min
10ZBF 335.3 45.89 360.3C;
-8.6 %/min
BF 295.0 31.0 350.0C;
-8.39 %/min
2,5BF 334.0 42.9 349.0C;
x -6.76 %/min
< 5BF 328.0 34.9 343.0C;
-7.30 %/min
10ZBF 303,2 36.25 348.2C;
-7.11 %/min
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Conclusions

It can be concluded that epoxy composites reintbregh basal fiber and modified
with basalt powder indicate good thermomechanicapgrties. Hybrid effect, caused by an
introduction of both powder and fibrous filler intepoxy matrix, was obtained. The
introduction of basalt powder improves stiffnessl ahermal resistance of the composites
Therefore, both elastic modulus values and stonagelulus values of these materials
increased. Complex modification of mechanical prope caused by hybridization of basalt
fiber reinforced composites was observed. The madvantageous mechanical and
thermomechanical properties for the sample comgi2.5 wt% of basalt powder were
obtained, due to sufficient dispersion of basalwger particles in epoxy matrix. Moreover, it
was found that incorporation of low amounts (2.86\bf basalt powder led to a decrease in
composites’ brittleness in comparison to unmodigedxy composites. Introduction of higher
amounts of the powder may cause formation of aggtates (defects) in epoxy matrix. The
new hybrid composites were more resistant to teatper changes than the reference sample
what was proven during dynamic mechanical thermalyais.It should be stressed that the

presence of basalt powder retarded the degradatierof epoxy matrix.
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