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Abstract

The aim of this study was to assess the influerideasalt powder on the thermo-mechanical
properties of epoxy composites. The thermal stgbilwas investigated through

thermogravimetric analysis, flammability UL-94 teahd microcalorimetry. The degradation of
the composite materials was evaluated using Kissisgand Ozawa’s methods. Moreover, the
thermo-mechanical properties of the composites wetermined through dynamic mechanical
thermal analysis. Hardness was investigated witbre&SID durometer. The results proved that
basalt powder can be successfully used as an iecaly modifier for the epoxy resin. The

thermo-mechanical properties of the compositesawgat with increased contents of this mineral
filler. The presence of basalt powder retarded the degvadedte of the epoxy matrix as

consequence the values of energy activation Eanfmdified epoxy materials and HRR were
higher than for the reference sample. Moreover atfdition of basalt powder improved stiffness

and hardness of the composites.
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Introduction

The increasing accessibility of mineral depositkesait possible to use them as pro-ecologic

source of polymeric fillers. Epoxy resins, due heit good compatibility with various types of



powder fillers, can be successfully used as thaixnat composite materials. Moreover, as a
result of the curing process, they achieve advauatag) mechanical and thermal properties that
allow their application in the building and autometindustries, and as coating materials [1,2].
The properties of cured epoxy resins depend onckiemical structure of the curing agents,
curing conditions and the influence and reactivitynodifiers [3-6]. Therefore, the selection of a
suitable filler in order to obtain composites wijbod chemical and heat resistance and good
mechanical properties is the subject of many sdierpapers [7-10]. Thermal stability and
resistance of the epoxy resin may be improved Ibgodinicing organic and inorganic flame
retardants or fillers which prevent thermal degtaeaof the composites. Notably, such modified
materials must be safe for people and the envirohnkame retardants such as: clays [11,12],
expandable graphite (EG) [13], metal hydroxideqd,[t@elamine derivatives [15] and phosphorus
derivatives [16,17] are successfully used as enwnentally friendly modifiers. One of the
mechanisms of flame retardation in modified polysn@aterials is the formation of a thick stable

char layer, which acts both as a thermal insulatak as a barrier to oxygen [18,19].

Basalt fillers such as fiber and powder are produdgring energy saving process from
basalt rock [20]. Large deposits of this miner& kmicated in Poland, therefore finding an area for
their application as eco-friendly fillers is an iarfant technological and scientific issue. Basalt
rock, classified as a igneous rock, contains masanlsh minerals as plagioclase: Na (A(&)-Ca
(Al,SiOs); pyroxene: X¥[(Si, Al),0g] (wWhere X represents Ca, Mg, ¥and Y represents Fe
Al, Ti); and olivine: (Fe, Mg SiO, [21, 22]. Chopped basalt fibers are used in thé&ibgi
industry for producing mortar [22]. Long basaltdtbmainly in form of woven fabric and mats,
is applied as reinforcement for polymer composi@th good mechanical properties [23].
However, to the best of the authors' knowledgey vew publications discuss the use of basalt
powder as a low cost filler for improving the thedmesistance of the epoxy matrix [24,25].
Basalt powder has a fine grain structure and costhard phrases like diopside and augite. As a

result, basalt composites present improved abragiear and chemical resistance.

Therefore, the aim of this study was to verify thBuence of basalt powder addition on
thermal and thermo-mechanical properties of thexgpmmposites. Thermal properties and
degradation kinetics were determined through thgrmometric analysis (TGA),

microcalorimetry methods and UL94 test. Ozawa’s &mkenger'smethods were applied to



obtain the kinetic parameters of thermal degradatibhermo-mechanical properties were
evaluated using dynamic mechanical thermal analy$lse structure of composites was
characterized by Scanning Electron Microscopy. Mwee, the density and hardness of the

composites were assessed.

Materials

The following components were used in this studyoxy resin Epidian 6 (EP6) based on
bisphenol A (BPA) (viscosity at 25°C; 10000 - 1508Bas), curing agent — triethylenetetramine
(Z1), both produced by CIECH Sarzyna S.A., Pol&pubxy resin was mixed with Z1 at ratio 13
parts Z1 per 100 parts EP by weight. Basalt pow@#) (Mine PGP BAZALT, Wilkowo,
Ztotoryia, Poland) were used as filler. Accordigdata delivered by the producer, BP consists
of: 49.5% SiQ, 15% ALO;, 9.6% CaO, 8.7% FeO, 6.8% MgO, 3.7%®% 2.9% NaO, 1.2%
K20, 0.4%P205, 0.2% MnO, 0.15% Mn, 0.0105% Zn, 0.0087u, 0.0048% Co, 0.005% B,
0.00015% MoA detailed analysis of basalt powder particle slistribution is presented in our

previous work [26]On average, the size of the basalt particles wasiLO

Sample preparation

Epoxy matrix was mixed with a mechanical stirrethwd0; 20; 30; 40 wt% of basalt powder
respectively to the total weight. Next, the composs were mixed with the curing agent Z1. The
epoxy composites were casted in a Teflon mold amedcat ambient temperature (20°C) for 24 h
and post-cured at 80°C for 3 h. The samples wendkedaas E; E10B; E20B; E30B; E40B,;

adequately to the incorporated amount of basalidgow

Thermogravimetry (TGA)

The thermal properties of modified epoxy/glass cosiles were determined by
thermogravimetric analyses (TGA) with temperatuanege between 30°C and 900°C with various
heating rates (i.e., 5, 10, 15, 20°C/min) undelogién atmospheres using a Netzsch TG 209 F1

apparatus. Approximately 5 mg samples were placextiamic pans. The initial decomposition



temperature T10%was determined as the temperatusdieh the weight loss was 10%. The
residual mass (W%) was defined at 900°C. Additignamaximum thermal degradation
temperatures were determined from derivative thgraimetric (DTG) curves.

UL-94 horizontal burning test

The tests were carried out with the horizontal mgmethod (HB) using barrel-shaped samples
sized 125x10x4 mm as per PN-EN 60695-11-10 standBarching time was measured and the
dripping of burning material was monitored. Accoglito the above observations, the samples'
burning rate V was calculated, and on that bagisthterials were classified (using UL 94 HB

classifications).
Reflected light microscopy

Microscopic digital images of the samples afterning test were acquired using a MSt 130
(PZO Warszawa) reflected light microscope, equippiéith Bresser MikroCam digital camera
and magnification 2.83x.

Microcalorimetry

Average Total HR, kJ/g of the composites was datedchusing the pyrolysis combustion flow
calorimetry (PCFC) technique, developed by Fire tifgs Technology Ltd. (UK), using
traditional oxygen depletion calorimetrjthe samples were heated at a constant rate of
temperature rise of 1°C/s in a pyrolyzer. Thenttiexmal decomposition products were swept
from the pyrolyzer by an inert gas. Next, the gaeasn was mixed with oxygen and entered a
combustor at 900°C, which completely oxidized thedpcts of decomposition. Nitrogen flow

rate was 80 cfimin and oxygen flow rate was 20 ¥min.

Kinetics of thermal degradation

Ozawa’'s method is based on TGA curves recordedaabus heating rateg) [27]. It also
includes the degree of conversionwhich is defined as the ratio of the actual weigks to the
total weight lossg =my -m/my —m,,, wherem s the actual weight at timeor at temperaturé);

mp Is the initial weight, andn, is the weight at the end of isothermal or nonksamal
experiments [28]. As a result, the rate of degradatx/dt, depends on the temperature and the

weight of a sample, as presented by Eq (1).



L2 = K(T) f () (1)

dt

where: k(T) is the rate constant and)fis a function of conversion. If we assume that
k(T) = A expEa/RT) and f¢) = (1-a)n, then Eq. (1)t can be described as present in Eq (2):

Z—c; = Aexp (;TETa) (1-—a)™ (2)

where: A is the pre-exponential factor; i§ activation energy; R is gas constant; T is hlteo
temperature, and n is reaction order. After sinigasformation we receive Eg. 3, which, based
on the known degree of conversionand heating ratep, will enable calculation activation

energy values Ea.

da  [Aexp(—Ea/RT)
[ ; ]dt 3)

(1-a)n

Based on equations 1-3 Ozawa's method allows &yrdate the activation energy from the plots
of log B versus 1/T for defined value of The energy of activation can be calculated from t

slopes of the lines according equation 4.

R
E, = —slope * —— (4)

Kissinger method considers the maximum tempera(mes appointed from DTG curves
obtained at various heating rates [29]. In thishodtthe temperature of maximum deflection in
differential thermal analysis responds to the teoee at which the reaction rate is a maximum.
Consequently, Eq. (3) is differentiated with regdecT and the resulting expression set to zero.
Therefore activation energy was described in theaggn below (5):

dlin(B/T3)] _ ~E
a(T2) E ®)



In this way, the activation energy can be calcdldtem a plot of Inp/T?) against 1/F,. The

values of E were determined from the values of slope coeffica a straight line presented by
Eq. (6).

E, = —slope * R (6)

Density

The real density .gof the composites was study based on PN-EN |IS&3-11standard by an
immersion method using the AXIS AD 200 with a seirtvestigation the density of solids. The
measurements were made in distilled water. Whatise the theoretical density overe

calculated as presented by Eq. (7) [30].

q, = AmXqf
E T Winxqr+Wexam

()

Were ¢ - theoretical density; ¢ matrix density; g- filler density; W, - the weight content of

epoxy matrix; W- the weight content of filler

In order to determine the void volume contBitin the composites the Eq. (8) was applied [30].

Uv — qt;tq'r (8)

Scanning Electron Microscopy (SEM)

The structure of composites was assessed by ScgpRhentron Microscopy (SEM). The fracture
surfaces of the samples were observed at the nigggioh of 1000 and digitally captured using a
scanning electron microscope Zeiss Evo 40. Thdreleaccelerating voltage of 12 kV was used.

Prior to the tests, all the specimens were sputterth a layer of gold.



Dynamic mechanical thermal analysis (DMTA)

The thermo-mechanical properties of the samplessuangmy 10 x 4 x 50 mm were determined
using DMTA methods (Anton Paar MCR 301, Austriapitorsion mode, operating at frequency
f = 1 Hz in the temperature range 25-200°C, anbeaheating rate 2°C/min. The position of tan d

at its maximum was taken as the glass transitimpégature (§).
Hardness

Shore D hardness was measured using a Sauter HBD (®Bermany), according to PN-EN ISO
868.

Results and discussion

Thermal stability of composites

Thermogravimetric analysis (TGA) was conducted reestigate the thermal performance of
composites. The TGA and DTG curves recorded wighnbating rate of 10°C/min are presented
in Fig 1 and Fig 2. Additionally, Fig 1 shows th&A curves of pure basalt. Interestingly, basalt
powder is very thermally stable and its residualkssnaas approximately 90 wt%. Detailed
information on the degradation process, such as0%d) and (T50%), maximum intensity of
thermal degradation temperatures (DTG), and rebitiaas, are presented collectively in Table
1. For all the investigated materials a single-siegomposition process was observed. For
composites with a high amount of basalt powdew#iaes of T10% and T50% were higher than
for the reference sample. Moreover, introducingsalitapowder into the epoxy matrix reduced
their rate of degradation, which was proven by Da@alysis. Additionally, high amount of
residual mass in composites may prevent the thedegrldation of material [31].

Table 1.TGA and DTGA data of the composites

Name | T10% [°C] | T50% [°C] | Residual mass [%0] DTG

E 3454 3732 75 3657°C; 1684%/min
E10B 3434 3704 132 3613°C; 1687%/min
E20B 3464 3818 226 3637°C; 1275%/min
E30B 3460 3819 3091 3602°C; 1213%/min




E40B 3525 3918 3604 3653 °C; 1304%/min
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Fig. 1. TGA curves investigated composites recorded wittihg rate of 10°C/min.
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UL-94 horizontal burning test

This method enables assessment of the flame sprgadymer materials, which may determine
whether the material is safe in the event of fifee results of the UL-94 burning test are
presented in Table 2. The addition of basalt pova#ereased significantly the burning rate (V)
of composites, in comparison to the V of the nean@e. All samples with basalt powder were
extinguished as soon as the burning process stdréddre reaching the measuring point. For
samples with a high content of basalt powder (E;3BIOB), there were no dropping drops
observed in the UL94 test. The presence of basaltlpr in epoxy matrix led to a formation of

char layer, which may have blocked the spread efffiime into polymer material, as shown in
the Fig 3. Figure 3a shows microscopic photogragbhise ash formed. It should be noted that the
surface of E 30B and E 40B samples was slightlyadged compared to the reference sample.

Table. 2. The flammability of composites according to UL-94ring test

E E 10B E 20B E 30B E 40B
V [mm/min] 16.5 self- self- self- self-
extinguished extinguished | extinguished | extinguished
Classification HB40 HB40 HB40 HB40 HB40
Dripping drops yes yes yes no no
Average 26.6+0.3| 25.8+0.5 23.0+0.7 19.140.8 19.940.5
Total HRR [kJ/g]
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Fig.3. Microscopic images a) with magnification 2.83x goiebtographs b) of pure epoxy and
composite samples after burning process.

Microcalorimetry
Microcalorimetry studies prove that basalt powdddigon reduced the heat release rate (HRR)

values during the burning process of the compasitee HRR values decreased simultaneously
with BP content and for E 30B and E 40B samplesdhwalues were similar (Table 2). Those
results are complementary to TGA and UL 94 studhe feduction of the heat release rate value
for composites may confirm that basalt powder presémproves fire resistance of epoxy resin

[32]. The microcalorimetry curves of the investaght composites show the significant



decomposition peak at the temperature range 36802C3 (Fig.4).The addition of the basalt
powder into epoxy matrix result on shift of the HRBak to higher temperatures, indicating that

the composites have more stable thermal propehgsreference sample.
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Fig 4. Microcalorimetry profiles for the investigated coosites

Kinetics of thermal degradation in nitrogen atmosptere

As the Ozawa method requires, the TGA curves recbat various heating rates for samples
with a high amount of basalt powder are presemnideéid. 5, whereas Fig. 6 shows characteristic
linear plots of log3 versus 1/T for each value af In order to evaluate the effect of a powder
filler on the process of epoxy matrix degradatiantivation energies were calculated for all

composites [32]. The relationship between the atibm energies values and the degree of



conversiona for all the investigated materials are shown ig Fi The values of the activation
energy k of thermal degradation process increases simuteshe with the degree of conversion
of the samples. Introducing a high amount of mih&ter (30 and 40 wt%), improved the
thermal resistance of epoxy material, which refigbieir high values of Ea. This effect may be
caused by the formation of a thick char layer andkgrading material surface and the presence
of a high amount of very thermally sable basalt gex For the EP40B sample thg &lues
were much higher than the reference sample inahger ofa 0,4-0,9 and for EP30B sample this
phenomenon was observed in the range 6f5-0,9. The values of activation energydt the
thermal degradation process calculated by Kissiagand Ozawa’s methods are presented in
Table 3. Importantly, both the results using Ozawaethod and Kissinger's method exhibit a
similar tendency. Values of,Encrease with the increase in basalt powder contirch also
confirmed the improvement of thermal stability studied materials.

Table. 3.The activation energyd6f thermal degradation process calculated by Kgesi's and

Ozawa’s methods.

Name E.[kJ/mol] E.[kJ/mol]
by Ozawa’s method | by Kissinger’'s method
(o =0 ,6)

E 1833 1403

E10B 1772 1504

E20B 1761 1606

E30B 1868 1625

E40B 2150 1734
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Density

various conversions by Ozawa’s method.

The composites density must be comprehensivelyyaedl with a view to the densities of

individual components. Density of the basalt powdes determined pycnometer with ethanol

and it was 2.8 g/chn During the production of the composites differeatds may be occurred,

caused by air or humidity presence. The valueseaf density, theoretical density and void

volume content are collected in table 4.

Table. 4.Theoretical, real density and void volume contdrthe composites

Name Theoretical [g/cni] Real [g/cnt] | Void volume content [%]
E 118 118 0

E10B 125 124 08

E20B 133 130 225

E30B 142 138 280

E40B 153 145 523




According to literature to define an excellent dgyatomposite, the fraction of voids has to be
<1%, good quality composite has void fraction betwd % and 5% while void fraction >5%
describe material with some defects [30]. In thespnted SEM pictures no significant voids were
observed, which may occur merely partly in the cosmes.The increase of density is a result
presence in the composites the significant amaointhe mineral filler with high density. Void
volume content increasing with increased contehtmealt powder (Table 4). This effect may be
result of air presence in composition with high amioof basalt filler and an increase in the
viscosity of the composition from which the samplese cast.

Scanning Electron Microscopy (SEM)

In Figure 8, the SEM micrographs of the compositél different amounts of basalt powder are
shown. For the composite samples with 10 an 20 oft®P well dispersed basalt powder was
observed. In Fig. 8 d and e some agglomerates s#ltblller were noticed. Moreover, SEM
micrographs of pure basalt powder (Fig. 9) provg it may have some spheres in its structure.
The structure of this mineral filler may be affettey its favorable interaction with polymeric

materials.




Fig. 8. SEM microphotographs of composite and referencepkasg) E ; b) E 10B; c) E 20B;

d)E 30B; e)E 40B

Fig. 9. SEM microphotographs of basalt powder.

Dynamic mechanical thermal properties

The properties of the thermoset composites masedighend on the curing conditions, type of the
curing agent, interaction and the content of thierfiDMTA method allows to evaluate the
following parameters: storage modulus G’, loss nhaslG” and mechanical loss factor (t&n
versus temperatures T.

The values of the composites glass transition teatpes () and storage modulus (G')
recorded at various temperatures are presentedhbte b. As was shown in the plots of G’ and
tan & versus temperature, the introduction of basalt g@winto epoxy resin changes their
thermo-mechnical properties (Fig.10). In all caesbasalt powder addition improved the value
of G' in the range of temperature 25-70°C. It isiddle that the introduction of the filler into
epoxy matrix should improve their stiffness and hatcal properties. It can be concluded that
the addition of the basalt powder improves thdrsgs of the epoxy matrix. The same effect was
confirmed by the results of the hardness testabtthecase, except for sample EP20B, the glass
transition temperature value was close to or highan the reference samglg Moreover, the
shape of tam curves presents the damping and molecular molafitthe polymer chains [34].

Introducing the mineral filler decreased t@&mpeak of the composites compared to pure epoxy



sample, which can be connected with lower dampiogerties of the composites and their lower
impact strength [35]. Detailed analysis of the telta values also allows to evaluate the
interaction between the composite components. Aliegrto the literature, good adhesion
between filler and matrix reduces the polymer chamobility and influences the decrease in the
damping and the increase in the glass transitioth@fcomposites [33]. On the other hand, the
width of the tam curves could be used to assess the homogeneite @&poxy systems [35,36].
The addition of the basalt powder did not signffity affect the width of the composite curves.
Moreover, crosslink density parametes Was calculated on a basis of equation (9), wheiis E
storage modulus at ‘rubbery’ state, designated=aif§+30°C, anR is the universal gas constant
[37,38]. It should be noticed, that the epoxy cosi@s indicated a much higheg Value than
pure epoxy (Table 5).

Ey

Ve - 3RT; (9)

Table. 5.The values of composite storage modulus, glassitrans and crosslinking density
obtained from DMTA.

Name | G’ [GPa] at 30°C | T, [°C] |tanod peak | E at Tg+ 30°C (MPa) | V. (mol m )

E 1170 126 0.75 1640 1950
E10B | 1540 135 0.48 2080 2525
E20B | 1600 121 0.46 2380 2797
E30B | 1740 126 0.55 2690 4388

E40B | 1800 131 0.55 3960 4764
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Hardness

The addition of basalt powder favorably promotee tiardness of the modified materialfie
relationship between the Shore D hardness andtbpsaider content in epoxy materials is
presented in Fig. 11. This effect is the resulthef presence of hard rock-forming minerals in the
basalt powder structure. According to the literatlrasalt is a very hard material and reaches the
hardness values between 5 to 9 on Mohr's scale T8@] hardness of basalt rocks depends on the
deposit they come from, because basalt was credtedicanic magma and flood volcanoes.
These rocks are the result of solidified very Haidf or semifluid material ircontact with air
[39].
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Conclusions

It can be concluded that epoxy composites modiwth basalt powder indicate good thermal
and thermo-mechanical properties. Thanks to thedaotction of the eco- friendly basalt powder
filler into epoxy matrix we obtained the protectieect on the epoxy materials against fire and
high temperature. It was proven that high valuesomfposites activation energy &d the heat
release rate correspond to thermal degradationepsocThe calculation using Ozawa’s and
Kissinger's models gave similar results, which sarpp the correctness of the obtained data.
Based on DTG curves, it can be stated that theepoesof basalt powder retarded the degradation
rate of epoxy matrix. Moreover, the addition ofdapowder improved stiffness and hardness of
the composites. The values of composite storageulasdind crosslink density parameter were
higher than the reference sample. In conclusianijrttlicated thermomechanical properties of the
composites were improved with the increase in thetents of the basalt powder. The results
showed that basalt powder can be successfully aseoh eco- friendly modifier for epoxy resin

and assist in improving its thermal properties.
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