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In this work, the flame retardancy influences of colemanite and boron oxide are
investigated n huntite-hydromagnesite (HH) containing plasticized poly (lactic acid)
(PLA) biocomposites. The composites are characterized using limiting oxygen index
(LQI), horizontal (UL 94 HB) and vertical (UL-94 V) burning tests, mass loss calorimeter
(MLC), and thermogravimetric analysis (TGA). The addition of colemanite causes
enhanced fire retardancy performance with higher UL-94 V rating and LOI value and
lower peak heat release rate (pHRR) value. VO rating and the highest LOI value are
observed with the addition 1 wt% colemanite. The samples get V1 rating for the loading
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geywordz: amount of 3 and 5 wt% colemanite. When the concentration of colemanite reaches to
oron oxide 5 wt%, pHRR and average heat release rate (avHRR) values are lower than those of

Colemanite " . . .

Flammability the reference sample. Addition of boron oxide causes improvement in LOI value. The

Huntite hydromagnesite highest LOI value (33.2) is observed in 5 and 10 wt% boron oxide containing samples.

Polylactic acid

1. Introduction

Boron-based agents are employed as multifunctional
flame retardant fillers either used alone or in conjunc-
tion with the other flame retardants for their adjuvant
effect in various polymeric materials. Boron-based
additives interact synergistically with various fillers
containing metal, phosphorus, nitrogen, and halogen
atoms [1-6]. Different boron compounds such as zinc
borate (B,0,Zn,) [7-12], boroxo siloxanes [13], and bo-
ric acid (H,BO,) [14] are used in different polymers as
synergistic additives with commercially important min-
eral fillers, such as aluminum trihydroxide (Al(OH),,
ATH) [7-11], and magnesium hydroxide (Mg(OH),,
MH) [9, 10, 13, 14] in different polymers.

Huntite & hydromagnesite ((Mg,Ca(CO,), & Mg, (CO,),
(OH),.4H,0, HH)), a carbonate-based mineral mixture
that occurs naturally, is employed as a functional ad-
ditive in various polymers. Fire retardant behavior of
HH is almost similar to ATH and MH. HH has higher
potential for wide application than ATH due to the high-
er onset decomposition temperature (220-240 °C). In
contrast to ATH (1300 Jg'), HH has a lower enthalpy
of decomposition (990 Jg') [15-17]. Thus, the flame
retardancy action of HH is enhanced with synergic ac-
tion studies employing red phosphorus [18], expand-
able graphite [19], zinc borate [20, 21], antimony triox-
ide (Sb,0,) [22-24], and boric acid [22].

The flame retardant performance of HH was assessed
in polylactic acid (PLA) [25] in our previous study. It
was found in these studies that 60 wt% and 70 wt%
HH were needed for obtaining VO rating in vertical
UL-94 test (UL-94 V). The addition of such high filler
loading causes detrimental effect on mechanical pop-
erties. With synergistic effect studies, higher flame re-
tardant performance can be achieved with using same
amount of additive. Accordingly, less flame retardant
additive can be used for achieving same retardant
performance.

Colemanite (Col), a naturally occurring boron mineral,
is a promising flame retardant additive in plastics. It
was employed as a primary flame retardant agent in
epoxy resin [26], biocomposite applications [27-29],
and ethylene vinyl acetate [30]. It was also employed
as a synergistic additive with brominated flame retar-
dant [31], intumescent based flame retardant [32] and
ATH [33, 34]. Cavodeau et al. analyzed the synergistic
action of colemanite with ATH and MH in polyethylene
based copolymers. It was found that no synergistic ef-
fect was observed and it acted as an efficient smoke
suppressant [33]. Isitman et al. examined the syner-
gistic performance between ATH and colemanite in
polyethylene. The highest synergistic interaction was
obtained with the addition of 10 wt% colemanite in-
stead of ATH [34].
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Boron oxide (B,0,) is industrially used in the produc-
tion of numerous glass-based materials, ceramics and
enamels, detergents, and soaps. In literature, it was
also utilized as a flame-retardant filler for polymers, ei-
ther by itself or in combination with other functional fill-
ers [26, 35-38]. Ibibikcan and Kaynak investigated the
synergistic interaction between B,O, and ATH in poly-
ethylene based cable sheathing material. The highest
synergistic interaction was achieved with the addition
of 10 wt% B,0, instead of ATH [38].

The motivation of this work is to enhance the flame
retardancy performance of HH using colemanite and
B,O, as synergistic additives in plasticized PLA com-
posites. As our best knowledge, there is no study in-
vestigating the synergistic interaction between HH and
boron compounds (Col and B,O,) in any polymeric
material is found in literature. In this study, compos-
ite materials were produced with extrusion process
and the extrudates were further shaped by injection
moulding and compression moulding for flammability
tests. The fire retardant performance of the samples
was characterized by limiting oxygen index (LOI), hori-
zontal UL-94 test, (UL-94 HB), UL-94 V and mass loss
calorimeter (MLC) test.

2. Experimental Works
2.1. Materials

PLA (MFI (22 g/10 min (210°C, 2.16 kg)), 1.24 g/cm?®)
was purchased from Nature Works with the commer-
cial name of Ingeo TM Biopolymer 3001D. Ultracarb
LH3 (a natural huntite hydromagnesite mixed mineral)
was purchased from Likya Minelco, Turkiye. It has the
particle sizes of d ;<10 um, d,:4-6 um, d_:1-2 ym
and the density of 2.4 g/cm?®. Silane coupling agent
(3-glycidoxy propyl trimethoxy silane), acetone and
the plasticizer (acetyl tri butyl citrate) were purchased
from Sigma Aldrich. B,O, and Col were obtained from
ETI Maden, Turkiye. B,O, has the specific weight and
molecular weight of 2.17 g/cm® and 69.62 g/mol, re-
spectively. Col (411.08 g/mol) has the density of 2.6
g/cmé.

2.2. Silane Treatment of HH

3-glycidoxy propyl trimethoxy silane was used as a
silane coupling agent since the best mechanical prop-
erties were obtained by it, in our previous study [25].
Silane coupling agent was diluted with acetone in or-
der to cover the HH surface evenly. Silane coupling
agent was used as 5 wt% of HH. The resulting mixture
was constantly stirred after HH was added. The ac-
etone was evaporated at 80°C overnight in oven. The
characterization of modified HH was given in our previ-
ous 111 study [25].

2.3. Composite Production

Before the extrusion process, PLA and the flame retar-
dant additives were desiccated in an oven at 80°C for

24h. The compounding process was performed with
the temperature profile of 160-165-170-165-40°C at
100 rpm using a twin screw extruder (Gulnar Makine,
Turkiye). After the extrusion process, the samples were
shaped using injection-molding machine (Xplore 12
ml Micro-Injection Molding Machine, Netherlands) at
190°C. Samples for MLC test were molded using elec-
trically heated hydrolytic hot-press (Gllnar Makine,
Tarkiye) at 170°C for 3 min. All formulations contain
constant amount of plasticizer (P, 12 wt%). The added
amount of plasticizer was removed from PLA content.
The synergistic interaction was studied under constant
filler amount of 60 wt% and the added boron com-
pounds were deducted from the HH amount. In sam-
ple nomenclature, the abbreviations PLA, P, HH, Col,
B,O, are used for poly (lactic acid), plasticizer (acetyl
tributyl citrate), huntite-hydromagnesite, colemanite
and boron oxide, respectively. The sample coded as
PLA/ 12P/ 57 HH/ 3Col refers to the composites con-
taining 12 wt% plasticizer, 57 wt% HH and 3 wt% Col,
respectively.

2.4. Characterization Methods

Thermogravimetric analysis (TGA) (Hitachi-High Tech
STA-7300) tests were performed from 30°C to 800°C
with a rate of 10°C/min under inert N, flow. The flam-
mability characteristics of the samples were analyzed
with limiting oxygen index (LOI, Fire Testing Technology
(FTT)), Underwriters Laboratories horizontal burn-
ing (UL94 HB) and Underwriters Laboratories vertical
burning (UL 94 V) tests according to ASTM D2863,
ASTM D635, and ASTM D3801, respectively. Samples
dimensions for LOl and UL-94 tests were (130%6.5%3.2
mm?) and (130%13x3.2 mm?3), respectively. Mass loss
calorimeter (MLC) (FTT, U.K) tests were performed
at an external heat flux of 35 kW/m? according to the
ISO 13927. The residues obtained after MLC test were
analyzed using scanning electron microscopy (SEM,
Zeiss GEMINI 500), attenuated total reflection Fourier
transform infrared (ATR-FTIR, Bruker Optics IFS 66/S
series FT-IR spectrometer) at 4000-400 cm™ with 32
scans, and X-ray diffraction analysis (XRD, Rigaku
SmartLab) at a scan rate of 1°/min over the range of
20=10°-90°. Before SEM analysis, the residues were
sputter-coated with gold to ensure the conductivity.

3. Results and Discussions
3.1. Thermal Decomposition of the Additives

TThermal decomposition characteristics of the flame
retardant additives (HH, Col and B,O,) were exam-
ined via TGA analysis. TGA and DTG curves of the
additives were given in Figure 1. Table 1 includes the
pertinent data. HH undergoes endothermic decompo-
sition in four steps with the loss of H,0 and CO,,. In the
first degradation step, the loss of crystal water occurs
from hydromagnesite structure. In other degradation
steps, the CO, generation occurs from HH structure.
MgO and CaO based inorganic residues are formed
at the end of the decomposition steps [15, 16]. Col
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Figure 1. a) TGA and b) DTGA curves of the additives.

Table 1. TGA data of the additives and composites.
T, T T T T Char

SAMPLE &) (CF (CP (TP (T} yield

(%)°
HH 285 267 445 556 694 452
Col 300 387 - - - 733
B,0, - 130 - - - 982
PLA/12P/60HH 208 251 340 435 675 28.8
PLAM2P/59HHACOl 227 250 333 417 672 29.4
PLA/M2P/57 HHI3Col 217 252 334 414 671 312
PLA/2P/55 HH/SCol 221 252 334 413 671 314
PLA/2P/50 HHM0Col 220 252 331 407 671 322
PLAM2P/SOHHHB,0, 207 252 337 422 650 32.1
PLAM2P/STHH/3B,0, 220 246 329 419 650 31.4
PLAM2P/S5HH/SB,0, 217 243 330 413 652 34.9
PLAM2P/50 HHM0B,0, 211 243 327 415 648 36.4

a:Temperature at 5% weight loss b: The maximum degradation rate
temperature c: CharYield at 800°C.

decomposes in two steps via dehydration and dehy-
droxylation at 387°C and 683°C with leaving 73.3%
inorganic residue based on calcium borate Ca,(BO,),
[33, 39]. A small decomposition peak was seen at
130°C owing to the loss of physically absorbed water
during the decomposition of B,O,. It retains 98.2 % of
its weight. The degradation routes of the additives are

given below;
Mgs(CO3)4(OH)2.4H,O —» 5MgO + 4CO; + 5H,0 (200-450°C) (1)
(Hydromagnesite)

MgsCa(COs). —» 3MgO + CaO + 4CO, (450-800°C) 2
(Huntite)

206[8304(OH)3]H20 —» CayBsO11 + 5H0 (390°C) (3)
(Colemanite)

B203 —» B203 + H20 (130°C) (4)

(Boron oxide) (H20: physically absorbed water)

3.2. Thermal Decomposition of the Composites

Thermal decomposition behaviors of the samples were
examined via TGA test. TGA and DTG curves of the
samples are given in Figure 2. Table 1 includes the
pertinent data. The addition of boron compounds de-
creased the initial thermal stability (T, ). All samples
degraded in four successive decomposition steps. In
the initial step, the degradation of PLA and hydromag-
nesite occured simultaneously. The other steps arose
from additive decompositions.

With the addition of Col, the first and fourth step deg-
radation temperatures did not change whereas the
second and third step degradation temperatures de-
creased. With the addition of B,O,, degradation tem-
peratures of all steps reduced distinctly. The observed
trend was thought to be the formation of boric acid dur-
ing the decomposition. The formed boric acid interacts
with compounds (hydromagnesite, huntite, calcium
carbonate) present in the HH. It is known from litera-
ture that some part of the Col can be converted into
boric acid in aqueous acidic medium [40, 41]. In the
presence of acidic degradation products of PLA (acryl-
ic acid, lactol lactic acid and acetic acid) [42, 43] and
water, the minor amount of boric acid can form. It is
also known that B,O, is converted into boric acid in the
presence of water [2]. Some part of B,O, is converted
to boric acid when it interacts with water released from
hydromagnesite structure. This conversion occurs
more readily than Col. Thus, the reduction in degrada-
tion temperatures becomes prominent in the case of
B,O,. The addition of boron compounds causes high
residue yield since they retain their weight higher than
HH during the decomposition. The addition of 10 wt%
B,O,, which keeps its 98.2 wt%, results in the maxi-

mum residue yield (36.4%).
3.3. Mass Loss Calorimeter Studies

MLC studies are commonly applied to examine the fire
retardancy behavior of the polymer based composites.
The heat release rate (HRR) versus time curves of the
composites are seen in Figure 3. Table 2 includes per-
tinent data. The digital and SEM images of residues
are depicted in Figures 4 and 5. In B,O, containing
composites, the decreasing trend in time to ignition
(TTI) values is observed. As observed in TGA section,
the initial thermal stability of the B,O, bearing compos-
ites is much lower than reference sample. Thus, the
required amounts of combustible products for ignition
reach in shorter time than the reference samples.

The reference sample (PLA/12P/60HH) had pHRR,
avHRR and THE values of 172 kW/m?, 107 kW/m?
and 30 MJ/m?g, respectively. pHRR and avHRR val-
ues reduce steadily as the Col amount increases.
When the concentration of Col reached to 5 wt%,
pHRR and avHRR values were lower than those of
the reference sample. The pHRR and avHRR values
reduced at about 15% and 8% with the addition of 10
wt% Col, respectively. As seen from Figure 4, addition
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of Col caused the formation compact residue with less
cracks with increasing amount because of its sinter-
ing effect. Thus, the decrease in pHRR was attributed
to the enhancement in the protective function of char
structure. All B,O, containing composites had higher
pHRR and avHRR values than the reference sample.
During the test, the samples cracked just after the igni-
tion and segregated residue formation occurs (Figure
5). It is known that the cracks ave detrimental effect
on the protective function of the residue. Accordingly,
the higher pHRR and avHRR values were seen in all
B,0O, containing samples. However, pHRR and avHRR
values reduced with increasing B,O, content. As seen
in SEM images, segregated parts had compact struc-
ture. In 5 and 10 wt% B,O, containing samples, no
cracks and holes were observed since B,O, has ability
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Figure 2. TGA and b) DTGA curves of Col containing composites, ¢) TGA and d) DTGA curves of the B,O, containing
composites.

to form vitreous structure with sintering effect.

Boron-bearing composites retained more residue
than the reference sample. The residue yield increas-
es as boron compound amount rises. It was under-
stood from FTIR studies that the residue yield rise
stems mainly from that the undecomposed portion of
boron compounds rather than in complete pyrolysis.
The FTIR spectra of the char residues are depicted
in Figure 6. After the combustion process, only HH
containing composite had characteristic peaks seen
at 3700, 2980, 2890, 1420, 1060 and 880 cm™. The
peak seen at 3700 cm™' was attributed to OH stretch-
ing vibration. The peaks seen at 1420, 1060 and 880
cm™ were caused by the asymmetric and symmetric
stretching vibrations of carbonate group present in the

(b)  =gpd —=— PLA/12P/60HH
—e— PLA/12P/59HH/1B,0,
—a— PLA/12P/5THH/3B,0;
1504 —— PLA/12P/55HH/5B,0,
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o
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Figure 3. HRR curves of a) Col containing composites, b) B,O, containing composites.

19



Erdem A. and Dogan M./ BORON 8(1), 16 - 24, 2023

Table 2. MLC data of the composites.

SAMPLE TTI pHHR AvHRR pMLR THE THE/TML Residue
(sec) (kW.m?) (kW.m?3) (gs™) (MJ/m?)  (MJ/m?qg) (%)
PLA/12P/60HH 28 172+£12 10749 0.18 302 1.53 40.2
PLA/12P/59HH/1Col 37 189+9 119+38 0.17 302 1.54 40.8
PLA/12P/57 HH/3Col 29 173+11 1068 0.14 29 +1 1.59 424
PLA/12P/55 HH/5Col 28 155+13 1007 0.19 28+2 1.48 43.7
PLA/12P/50 HH/10Col 33 147 +14 98+9 0.16 28 +2 1.50 44.6
PLA/12P/59HH/1B,0, 30 206 +16 117 £12 0.18 3143 1.52 41.3
PLA/12P/57HH/3B,0, 33 195+15 12313 0.17 303 1.46 42.8
PLA/12P/55HH/5B,0, 22 185+12 113+ 14 0.17 29+2 1.53 441
PLA/12P/50 HH/10B,0, 18 180+13 108+9 0.16 29+2 1.54 45.9

HH structure [18-20]. With the addition of boron com-
pounds, only difference was observed at 1250 cm
seen as a shoulder due to the asymmetric stretch-
ing vibrations of B-O group. The other characteristic
peaks of boron compounds (around 1000 cm™ (B-O
symmetric vibrations)), around 750 cm™' (B-O-B bend-
ing vibration) masks with the characteristic peaks of
HH [44]. Small peaks were observed at 2980 and 2890

Figure 4. The digital and SEM images of Col containing residues.

cm™ due to the aliphatic chain structure found in the
residue. Insignificant change was seen in the inten-
sity of these peaks with the use of boron compounds.
Accordingly, no prominent difference was observed in
total heat evolved (THE) values since almost complete
pyrolysis occurred. Total heat evolved to total mass
loss ratios (THE/TML) of the sample were almost the
same and lies between 1.46 and 1.59. This finding
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Figure 5. The digital and SEM images of B,O, containing residues.
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Figure 6. The FTIR spectra of the char residues.

4000

clearly shows that Col and B,O, exerted their syner-
gistic effect in the condensed phase in contrast to in
the gas phase.

In order to understand the interaction between HH and
boron compounds, XRD analyses were performed to
fillers heated at 500°C for 15 minutes and the residues

remained after MLC test. The related results are shown
in Figure 7. As seen from Figure 7, HH had charac-
teristics peaks labelled with 1, 2, 3 corresponding to
CaMg(CO,),, (JCPDS card no 11-78), CaO (JCPDS
card no: 37-1497), MgO (JCPDS card no 78-0430),
respectively [18]. The residue of pure HH containing
sample showed similar peaks. With the addition of Col,
no meaningful change was observed in XRD results.
With the addition of B,O,, the intensity of peak labelled
with 1 (huntite) reduced, and the intensity of peaks
labelled with 2 (CaO) and 3 (MgO) increased. It was
concluded that the presence of B,O, favors the degra-
dation of huntite. As stated in TGA section in details,
the presence of B,O, reduced the degradation tem-
perature of huntite due to acid-base interaction.

3.4. Flammability Properties

The fire retardancy performance of the samples are
evaluated by LOI, UL-94 V and UL-94 HB tests. The
pertinent data are seen in Table 3. The reference sam-
ple had the LOI value and UL-94 V rating of 29.8% and
V2, respectively. During the UL-94 V test, a large burn-
ing piece of reference sample dropped and the sample
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Figure 7. XRD graphs of the fillers heat at 500°C for 15 minutes and the residues remained after MLC test.

extinguished just after dripping. It was thought that
dripping stems from the presence of plasticizer in such
high mineral filler loading of 60 wt%. The presence
of plasticizer reduced the melt viscosity with reduced
interchain interactions and increased the free volume
[45-47]. All samples burned out prior to the flame com-
ing to the initial mark in UL-94 HB test.

A addition of Col altered the UL-94 V rating via ceasing
the dripping [48]. The maximum UL-94 rating VO was
obtained with the addition of 1 wt% Col. The samples
got V1 rating in the loading amount of 3 and 5 wt%
Col. Maximum LOI value was achieved with addition
of 1 wt%. With increasing amount of Col, LOI value
reduced steadily. When the Col concentration became
10 wt%, LOI value was lower than the reference sam-
ple. On contrary to Col, B,O, addition did not cease
dripping. Thus, all B,O, samples got V2 rating. B,O,
admixture raised the LOI value and the highest LOI
value was observed for 5 and 10 wt% B,O, containing
samples.

Table 3. Flammability characteristics of the composites.

SAMPLE UL-94V UL94 HB Lol
t/sn L/mm
PLA/12P/60HH V2 - - 29.8
PLA/12P/59HH/1Col VO - - 32.5
PLA/12P/57 HH/3Col V1 - - 31.0
PLA/12P/55 HH/5Col V1 - - 30.5
PLA/12P/50 HH/10Col V2 - - 28.3
PLA/12P/59HH/1B,0, V2 - - 32.3
PLA/12P/57HH/3B,0, V2 - - 32.3
PLA/12P/55HH/5B,0, V2 - - 33.6
PLA/12P/50 HH/10B,0, V2 - - 33.6

4. Conclusion

In this study, effect of Col and B,O, on the thermal and
flammability behaviors of HH containing plasticized
PLA based composites was investigated. TGA, LOI,
UL-94 V, UL-94 HB and MLC were used to charac-
terize the composites. According to the TGA results,
the presence of boron compounds reduced the initial
thermal stability of the composites and favored the
residue yield with increasing amount. The adjuvant ef-
fect of Col and B,O, was seen on the fire retardant
properties of the composites. Addition of Col caused
enhancement in UL-94 V rating and LOI value and re-
duction in pHRR value. The pHRR value reduced at
about 15% with the addition of 10 wt% Col. Addition of
Col improved protective function of char structure with
increasing amount because of its sintering effect. The
addition of B,O, caused an improvement only in LOI
value. The highest LOI value (33.2) was observed for
5 and 10 wt% B,O, containing composites.
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