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ABSTRACT

PRODUCTION OF FLAME RETARDANT POLYESTER COMPOSITES
AND FIBERS

Akan, Mithat

M.S., Department of Polymer Science and Technology

Supervisor: Prof. Dr. Erdal Bayraml

Co-supervisor: Prof. Dr. Goknur Bayram

September 2013, 51 Pages

Poly(ethylene terephthalate) (PET) fiber is one of the leading synthetic fibers in textile
industry. However, its flame retardant properties are poor to be used in certain
applications, therefore flame retardant additives are generally used in order to improve
flame retardant properties of PET.

The main objective of this study is to find suitable flame retardant additives for PET
that can synergize with each other and that can improve the flame retardant properties
without compromising the mechanical properties of PET.

PET fibers were prepared by using a twin screw micro-compounder at 260 °C and 100
rpm for 3 minutes.

Main flame retardant additive of the study is zinc phosphinate. Nano-zinc borate and
huntite-hydromagnesite were used as synergists to increase the flame retardant and
mechanical properties of PET. 10% zinc phosphinate and 2% and 4% synergists were
mixed with PET and tested for mechanical and flame retardant properties.



Test results show that zinc phosphinate-zinc borate system, while providing sufficient
flame retardant properties, led to poor tensile strength. On the other hand, PET with zinc
phosphinate and huntite-hydromagnesite has both sufficient flame retardant properties
and better mechanical properties than PET with zinc phosphinate and zinc borate. As a
result, zinc phoshinate-huntite-hydromagnesite system can be suggested to improve the
flame retardant properties of PET.

Keywords: PET, synergism, zinc phosphinate, flame retardancy
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ALEV GECIKTIRICILI POLYESTER KOMPOZITLERININ VE
ELYAFLARININ URETIMI

Akan, Mithat

Yiiksek Lisans, Polimer Bilimi ve Teknolojisi Bolimii

Tez Yirttiicusii: Prof. Dr. Erdal Bayraml

Ortak Tez Yiiriitiiciisii: Prof. Dr. Goknur Bayram

Eyliil 2013, 51 Sayfa

Poly(ethylene terephthalate) (PET) tekstil endiistrisinin 6nde gelen sentetik elyaflarindan
biridir. Ancak PET’in alev geciktirici 6zellikleri belli uygulamalarda kullanilabilmek i¢in
zayiftir, bu yiizden PET’in alev geciktirici 6zelliklerini iyilestirme amaciyla genellikle
alev geciktiricili katki maddesi kullanilir.

Bu c¢alismanin temel amaci; birbirleriyle sinerji yapabilen ve PET’in mekanik
Ozelliklerini diisiirmeden alev geciktirici Ozelliklerini arttiran, PET’e uygun alev
geciktiricili katki maddeleri bulmaktir.

PET elyaflart ¢ift vidali mikro karstirict kullanarak 260 °C ve 100 rpm’de 3 dakika
karigtirilarak hazirlandi.

Bu ¢alismanin ana katki maddesi ¢inko fosfinat’dir. PET’in mekanik ve alev geciktirici
ozelliklerini arttirmak i¢in nano-¢inko borat ve huntit-hidromagnezit sinerjist olarak
kullanildi. %10 ¢inko fosfinat ve %2 ve %4 sinerjist malzeme PET ile karistirildi ve
mekanik ve alev geciktirici 6zellikleri igin test edildi.
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Test sonuglarina gore, ¢inko fosfinat-¢inko borat sistemi yeterli alev geciktirici 6zellikler
gosterse de diisiik cekme dayanimina sebep oldu. Ote yandan ¢inko fosfinat'li ve huntit-
hidromagnezit’li PET hem yeterli alev geciktirici 6zelligine hem de ¢inko fosfinat'li ve
¢inko borat'li PET'ten daha iyi mekanik 6zelliklere sahiptir. Sonug olarak, ¢inko fosfinat-
huntit-hidromagnezit PET’in alev geciktirici 6zelligini arttirmak igin 6nerilebilir.

Anahtar Kelimeler: PET, sinerjizm, ¢inko fosfinat, alev geciktiricilik
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CHAPTER 1

INTRODUCTION

Poly(ethylene terephthalate) (PET), the third most produced polymer, with its good
mechanical properties (high tensile strength and elasticity), good chemical properties and
low cost have found many applications. The foremost usage for PET is in textile industry,
in which PET is the leading synthetic fiber.

However, its thermal stability at high temperatures is poor and dripping effect occurs,
which can lead to fabrics and clothes becoming a fire hazard, therefore many studies were
performed to improve flame retardancy of this polymer [1-7].

There are a number of ways to achieve high flame retardancy for the polymers [8, 9]:
a) Polymers that have high resistance to fire themselves,
b) Chemical modification: e.g. copolymerization with flame retardant monomers,
¢) Using melt blending to introduce flame retardant additives,
d) Application of flame retardant to the surface of a fabric to delay burning.

Although all of the methods have seen some use, such as copolymerization with flame
retardant monomers [10-12] and melt blending [13, 14], melt blending comes forward due
to the flexibility of the method; additives can be easily introduced into the polymer.
However, a limitation is that the additive should not degrade in the processing
temperature of the polymer which, in the case of PET, is around 260 °C.

Another limitation to consider is that adding high percentages of flame retardant may
affect other properties such as mechanical properties [15, 16]. To counter this, employing
synergism is an effective way. Synergism occurs when two flame retardants interact
positively to make a higher effect on the flame retardancy of the polymer than the sum of
both flame retardants [17, 18]. Using two different flame retardants with synergistic effect
in smaller amounts will give one either the same or better flame retardancy without
compromising mechanical properties of the polymer.

A flame retardant group of this study to use with PET is phosphinates. The allure of
phosphorus-containing additives comes from being halogen-free additives. Shaw et al.
[19] concluded in their review that halogenated flame retardants cause health and
environmental problems. Therefore, studies have turned to halogen-free flame retardants
[20, 21]. These types of additives act mostly through forming a condensed phase. Char
formation on the surface during the combustion is an example of this phenomenon.



One type of flame retardant that can be used for synergism is nanoparticles which are
particles with at least one dimension in the nano-region (<100 nm) [22, 23]. Since
nanoparticles have large surface area, they may interact with the polymer in a high extent;
therefore, even in small amounts they should greatly improve the flame retardancy of the
polymer. Nanoparticles generally form a protective layer during combustion which
reduces the interaction between the polymer and air. Polyhedral oligomeric
silsesquioxanes (POSS) ([24-27]) and nanoclays [28] are examples for nanoparticles that
improve the flame retardancy of polymers.

Huntite-hydromagnesite is a mixture of minerals and it is another type of flame retardant
that can improve the flame retardant property of PET. Huntite is a magnesite carbonate
mineral while hydromagnesite is a hydrated magnesite carbonate mineral. Huntite-
hydromagnesite works as a flame retardant by decomposing into water and carbon
dioxide gas which interferes with the decomposition of PET. About 54% mass of huntite-
hydromagnesite turns into water and CO, during decomposition [29].

The aim of this study is to investigate the possible synergistic effects among different
inorganic powders such as nano-zinc borate and huntite-hydromagnesite and zinc
phosphinate in order to improve the flame retarding properties of PET fibers. Mechanical
properties of produced PET samples containing different inorganic powders were
measured by means of tensile tests. Limiting oxygen index measurements were used to
assess the flame retardant properties of the samples. Dispersion of the additives and the
structure of the composites were observed using SEM.



CHAPTER 2

BACKGROUND INFORMATION

2.1 Properties of Poly(ethylene terephthalate)
PET is commonly made by esterification of terephthalic acid and ethylene glycol or

transesterification of dimethyl terephthalate and ethylene glycol. The repeating unit of
PET is shown in Figure 2.1.

—+—0 0—CHy—CHy——

Figure 2.1 — Structure of PET

PET is a thermoplastic polymer having density of 1.3-1.4 g/cm® and molecular weight
between 20000 and 40000. The thermal properties of PET consist of a melting range
between 255 and 265° C. The glass transition temperature, Ty, of PET is in the range of
67 to 81° C [30].

Young modulus of PET is about 3 MPa, and tensile strength is at average 62 MPa.
Elongation at break value is between 50-150% [31]. Its impact resistant is high and
resistant to repeated stresses. Moreover, since PET has high melting and moderate T, it
retains good mechanical properties up to 150° C. Its chemical and solvent resistance is
also high.

2.2 Flame Retardant Additives

Flame retardants (FRs) are “chemicals which, when added to a combustible material,
delay ignition and reduce flame spread of the resulting material when exposed to flame
impingement” [32]. It can be noted that no material is fire-proof; all materials burn in a
large enough fire. It should also be noted that the tests are generally done in laboratory
scales and may not fully represent the behavior of the final product.
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2.2.1 Phosphorus Based Flame Retardants

Phosphorus-containing flame retardant additives include but not limited to red
phosphorus, phosphates, phosphonates, phosphine oxides and phosphinates. They mainly
work by affecting the condensed phase of the polymer combustion[33]. By forming char
on the surface of the polymer, it impedes the combustion of a polymer [34]. An example
for phosphorus-containing flame retardants (PFRs) is polyurethane foams [35]. Red
phosphorus is a system that works both in the condensed and gas phase [35].

PFRs can not only be used with different fiber types in textiles, but also with different
processing additives [33]. In addition to this, PFRs are more and more preferred than
brominated flame retardants (BFRS) mostly because halogenated flame retardants are
bioaccumulative and toxic to the environment. Table 2.1 shows the advantages and
disadvantages of PFRs.

Nitrogen-based compounds improve the flame retardancy effect of PFRs depending on
the nitrogen compound and the polymer [34, 35]. There are different possibilities for the
flame retardant mechanisms of these compounds. One mechanism is that P-N
intermediates cause better phosphorylation. Another mechanism is that nitrogen
compound decreases the phosphorus released in condensed phase. Third mechanism is
that nitrogen enhances the oxidation of phosphorus and therefore releases inert gases, like
ammonia [33, 36].

Table 2.1 Advantages and disadvantages of PFRs [37]

Advantages Disadvantages
Effective at low concentrations-organic | Lack of permanency and hygroscopicity of
types of PFRs inorganic types of PFRs

Potential health hazard during processing

Easy incorporation and processing organic types of PFRs

Little detrimental effect on physical | Release of toxic combustion products from
properties organic types of PFRs

Good UV stability

Low to moderate prices

Phosphorus FR made up 20% of total FR consumption in Europe in 2006 (Figure 2.2),
estimated to be 465.000 tonnes [38, 39].




= Metal hydroxides
® Non halogen PFRs
#» Chlorinated PFRs
mBFRs
549, * Chlorinated paraffins
= Borates and stannates
Antimony trioxide
» Melamine based FRs

10%

11%

9%
Figure 2.2 — Total FR consumption in Europe in 2006 [37]
2.2.2 Zinc Borate

Zinc borate is an inorganic boron-based flame retardant compound with the general
formula of xZnO-yB,03-zH,0. Even though there exists different chemical formulas such
as ZnO-B,032H,0, 47Zn0-B,03-H,0, 2Zn0-3B,03-7H,0, Zn0-5B,034.5H,0,
27Zn0-3B,05-3H,0, 3Zn0-5B,03-14H,0, zinc borate with the formula
27n0-3B,05-3.5H,0 is the most widely used out of all zinc borate compounds for flame
retarding properties [40, 41].

Zinc borate works as a flame retardant additive by releasing the water of hydration at or
above 290 °C and B,0; after 350 ° C. This results in a protective char layer formation
which prevents gases and heat from interacting with the polymer. Moreover, zinc borate
dehydrates endothermically, which means that the hydrated water will absorb the energy
generated during combustion and turn into water vapor which will interfere with oxygen-
flame interaction [41].

Table 2.2 shows the benefits for different polymer matrices with the addition of zinc
borate as a flame retardant. As can be seen from the Table 2.2, it behaves as a char
promoter and smoke suppressant for polymer matrices. It also has anti-arcing and anti-
tracking agent properties.



Table 2.2 Mechanisms of action of zinc borate on different polymer matrices [40]

Polymer

Benefit

PVvC

Smoke suppressant

Flame retardant

Synergist with Sb,03

Lowers total flame retardant cost
Char promoter

Polyolefins

Smoke suppressant

Char promoter

Afterglow suppressant
Improves elongation properties
Anti-arcing agent

Polyamides

Anti-tracking agent

Synergist of halogen sources

Afterglow suppressant

Used in both halogen containing and
halogen-free systems

Elastomers

Smoke suppressant

Afterglow suppressant

Char promoter

Anti-arcing and anti-tracking agent

Epoxy resins

Smoke suppressant
Char promoter
Partial or completely replace with Sh,03

2.2.3 Mineral Flame Retardant Additives

Mineral FRs constitute the bulk of the FR consumption in the world, with metal
hydroxides which is half of the total FR consumption [37]. Among the metal hydroxides,
aluminium trihydroxide (Al(OH);, ATH) and magnesium dihydroxide (Mg(OH),, MDH)

are the most widely known [29].

For metal hydroxides to act as flame retardants, the hydroxyl groups need to undergo
endothermic decomposition to produce water. In the case of ATH, this decomposition
starts at 220 °C; for MDH, it starts at 330 °C [39]. In addition to endothermicity, a layer
of refractory minerals can be used as a heat barrier. A layer of silica was found to
decrease the heat released in the absence of catalysis. This is because of poor conduction
and reflection of radiant heat becoming a heat-transmission barrier [39,42, 43].




Huntite, a carbonate mineral with the formula of MgsCa(CQs),, was first discovered in
1943. It has white color with dull appearance, shows no cleavage and has density of 2.696
[44]. Huntite acts as a flame retardant by the following endothermic decomposition
reaction [45-47]:

Mg,Ca(CO3)4 — 3 MgO + 4 CO,+ Cal (2-1)
It starts to undergo endothermic decomposition at 450 °C and two decompositions occur;
decomposition of huntite to magnesium oxide, carbon dioxide and calcium carbonate,
followed by decomposition of calcium carbonate to carbon dioxide and calcium oxide
[29].
Mg,Ca(C0O3)4 — 3 MgO + CaCO3+3CO, (2-2)
CaCO; — CaO + CO, (2-3)
Hydromagnesite is a hydrated carbonate mineral with the formula of
Mgs(CO3)4(OH),.4H,0, which has endothermic decomposition from 220 °C to 550 °C in
3 steps [29, 48]. First it releases its water of hydration at 220 °C:
Mg, (CO3)4(0OH), 4H,0 —Mg, (CO3)4(OH),+4H,0 (2-4)
then at 330 °C, the hydroxide ion decomposes:
Mg;(CO3),4(0OH), —Mg,(CO3)4+MgO+H,0 (2-5)
At 550 °C, carbonate ion decomposes into magnesium oxide and carbon dioxide:
Mg,(CO3)4 — 4 MgO+4 CO, (2-6)
Figure 2.3 shows the scanning electron microscope (SEM) graph of huntite-

hydromagnesite sample. The bigger, blocky particles represent hydromagnesite while the
smaller, platy particles represent the huntite.



Figure 2.3 — Scanning electron microscope (SEM) graph of huntite-hydromagnesite [29]
2.2.4 Flame Retardancy in Synthetic Fiber and Fabrics

Flame retardancy for textiles started as early as 1735 where mixture of vitriol (metal
sulfates), borax (sodium borate), and some mineral substances were patented for flame
retardation of canvas [49]. However, what really gave rise to the studies on flame
retardancy was during Second World War so as to improve the conditions of the army
personnel. After the war, safety legislation concerning the flame retardancy like flame
retarded cotton work clothing or children’s sleepwear was the driving force [17].

There are three main ways to obtain flame retarded textiles: inherently flame retarded
fibers, fibers that were made to be flame retarded during synthesis and chemical after-
treatment [50]. Adding flame retardant additives to polymer melt or solution before
extrusion is an example to preparing flame retardant fibers [51]. Incorporation of flame
retardants into polymer via extrusion has the advantage of being permanent and not easily
washed off compared to flame retardancy by surface treatment or surface finishing
techniques.

The most common fibers like polyester and nylon are difficult to improve the flame
retardancy properties. This is because [50]:

1. Flame retardant additives that are compatible in terms of temperature or do not
react with fluid polymers.

2. Flame retardant additive amount necessary to get good flame retardant properties
can be high (up to 20% wi/w). This cause problem not only in spinning fluid
compatibility, but also in mechanical properties necessary for textile fibers.

3. Melt dripping caused by thermoplasticity and melting.
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2.3 Flame Retardancy Mechanism

Flame retardant additives are mostly used in improving the flame retardancy of the
polymers. There are two mechanisms that flame retardant additives act; through the “gas”
or “condensed” phase.

Condensed phase activity involves two different types of reaction. Firstly, flame retardant
additive can make an endothermic reaction during combustion which will decrease the
temperature and prevent partially the degradation of the polymer. Secondly, protective
layer formation can be seen during the combustion. Flame retardant additive can form a
layer of residues on top of the polymer, which will suppress both heat and mass transfer
between polymer surface and combustion area. These layers can be ceramic-like structure
or formed from carbon (char).

Gas phase activity involves mechanism that interferes with gases that are released during
combustion. Polymers, during combustion, produce radicals that can react with
atmospheric oxygen and cause branching reactions [39]:

H-+0, — OH: + O- 2.7)
O-+H; — OH: + H: (2.8)

The main reaction that continues to maintain the flame is:
OH- + CO —»CO, + H- (2.9)

Radicals like O+ and OH- can be paired with halogens from halogenated flame retardants
and effectively reducing the number of radicals in the combustion area.

In the case of phosphorus-containing FRs, they can operate in condensed or gas phase,
sometimes simultaneously in both phases. Phosphorus compounds may form phosphoric
or polyphosphoric acids during the combustion. A mechanism for flame retardants with
phosphoric acid was suggested in the literature [52]:

HsPO, — HPO, + HPO - + PO - (2.10)
H -+ PO - — HPO (2.11)
HPO+H:+-—H,+PO: (2.12)
PO - + OH - — HPO + H,0 (2.13)

It can be said that PO - plays a crucial role in the flame retardant mechanism. By reacting
with O - and OH - radicals, it will interfere with chain-branching reactions and suppress
combustion.



2.4 Characterization Tests
2.4.1 Mechanical Test

Mechanical properties are important as they give an idea about the performance of the
material for certain applications. That is to say, mechanical properties such as tensile
strength, modulus and elongation at break are needed to be known whether the polymer is
suitable for industrial manufacturing or not [53].

2.4.1.1 Tensile Test

Tensile tests measure the force needed to permanently deform a specimen and the extent
of elongation at fracture point. ASTM D638-03 and ASTM C1557 can be used for dog-
bone shape and fiber samples, respectively.

Cross-sectional area (Ao) and length (lp) of a specimen are needed to determine the stress
(o) and strain (¢) of the specimen. The relations of these variables are given in the
equations below:

o=— (2.14)

__li-lg _ Al

— (2.15)
|0 |0

where F is the instantaneous force applied on the specimen and I[; is the instantaneous
length. It should be noted that the instantaneous cross-sectional area should be employed
to find the actual stress applied to the sample. However, it is customary to use the initial
cross-sectional area for convenience. By drawing the stress vs. strain graph of a polymer,
maximum tensile strength (highest stress value), Young’s modulus (slope of the graph
during the elastic deformation) and elongation at break (strain during the rupture point)
can be determined. A typical stress vs. strain graph can be seen in Figure 2.4.
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Figure 2.4 — Stress vs. strain graph of a typical polymer during a tensile test [54]

Dimensions of the samples for tensile tests are represented in Figure 2.5.
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Figure 2.5 — Dog-bone shape (Upper part) and single fiber (Lower part) specimen for
ASTM D638-03 and ASTM C1557 [54]
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2.4.2 Flame Retardancy Test
2.4.2.1 Limiting Oxygen Index

Limiting Oxygen Index is a commonly used test for flame retardancy in laboratory scale.
The specimen is placed in glass chimney and fed continuously with a mixture of nitrogen
and oxygen gases. Until the top of the specimen ignites and stable combustion for 5 mins
is achieved, the oxygen concentration is increased. Although this method is not for real
fire scenarios, it can be reproduced and does not depend on specimen thickness.
Moreover, correlations to other flame retardancy tests, such as UL-94 and cone
calorimeter [55] test, can be performed. LOI values read from the instrument correspond
to the amount of oxygen a sample needs in order to burn consistently. The oxygen amount
in atmospheric air is 21%, so any samples with LOI values lower than this tend to burn
easily in the air. Samples with LOI values between 21% and 28% are considered to be
“slow-burning”. Samples with LOI values of 28% or higher are considered “self-
extinguishing”. Polyethylene, the most common polymer, has LOI value of 17% and
burns easily. Rigid PVC has LOI value of around 40%. PTFE, one of the hardest
polymers to burn, has LOI value of about 95%.

With this method, numerical values for LOI up to two significant figures can be
measured. This can also lead to finding the effectiveness of synergism and antagonism of
additives by measuring the deviation from standard values [17].

2.4.3 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is an important tool for viewing of the surface of a
specimen. Unlike normal microscopes, it uses electrons instead of light. By sending
electrons to the surface and collecting the reflected or scattered electrons, the surface of
the specimen can be analyzed with magnification up to 100000 on computer software. In
addition, with energy dispersive x-ray (EDX) spectroscopy, elemental atom analyses can
also be made to determine surface composition of samples. Surface coating is needed to
make the surface conductive and this is achieved by high vacuum evaporation of gold or
silver [56].

2.5 Previous Studies

Dogan et al. [57] studied the synergism of zinc phosphinate (ZnPi) and organo modified
clay with PET fibers. They showed in their study that adding zinc phosphinate to PET
fiber did not affect the flame retardant properties but decreased the mechanical properties.
However, adding organoclay with ZnPi improved the flame retardant properties of PET
fiber but decreased the mechanical properties further.

12



Vannier et al. [58] reported in their study that adding ZnPi resulted in intumescent
property which improved the flame retardancy of PET. However, adding polyhedral
oligomeric silsesquioxanes (POSS) contributed to the char strength of the material which
indicated the synergistic effect between POSS and ZnPi. In a later study by the same
scientists [59], this synergistic effect was found to be physical through the formation of
an inorganic barrier.

Didane et al. [60] studied synergistic effect between different POSS structures and ZnPi
on PET. Total heat evolved values (THE) decreased after adding ZnPi to PET. THE
decreased further when any of these different POSS structures were added to PET
together with ZnPi, improving the flame retardant properties of PET.
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CHAPTER 3

EXPERIMENTAL WORK

3.1 Materials

PET with intrinsic viscosity of 0.600 dl/g was supplied by SASA, Adana Turkey. Zinc
diethylphosphinate (zinc phosphinate, ZnPi) compound with trade name of Exolit OP950
was supplied by Clariant. The important characteristic of zinc phosphinate is that it is a
liquid at the processing temperature of PET fiber and stable between the processing and
melting temperature. Figure 3.1 shows the chemical formula of ZnPi compound.
Properties of ZnPi are given in Table 3.1.

O—P——0O Zn®* 0O—P—0
CoHs CoHg

Figure 3.1 — Chemical formula of zinc phosphinate compound

Table 3.1 Properties of Exolit OP 950 [61]

Property Value
Phosphorus content (%(w/w)) 19.5-20.5
Moisture (%(w/w)) <0.25
Density (g/cm?) 1.3
Decomposition Temperature (°C) > 350

Zinc borate (2Zn0O-3B,03:3.5H,0) (ZnB) was kindly donated by ETI Mine Works.
Huntite-hydromagnesite, trademarked as Ultracarb, was procured from Minelco. The
reason for using huntite-hydromagnesite is that both huntite and hydromagnesite are
minerals that can be found in Turkey and therefore can be obtained easily and cheap.
Chemical composition and properties of huntite-hydromagnesite (HH) are given in Table
3.2 and 3.3, respectively.
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Table 3.2 Chemical composition of huntite-hydromagnesite [62]

Chemical Analysis % weight
MgO 36-39
CaO 6-9

SiO, 0.2-1
Al,O4 0.1

SO, 0.1

Fe,0s 0.05

K,0 0.1

TiO, 0.1

Table 3.3 Properties of huntite-hydromagnesite [62]

Property Value
Specific gravity 25

Oil absorption 20-409/100g
Refractive index 1.56
Surface area (m?/g) 11-13
Hardness (Mohs) 25

Loose bulk density (kg/L) 0.2-0.5
Particle size (Dsp) (um) 3

Polyoxyethylene (20) sorbitan monopalmitate, trademarked as Tween 40 and a non-ionic
surface active agent (oil soluble), which was used in surface treatment of zinc borate, was

supplied by Merck.
3.2 Sample Preparation

3.2.1 Extrusion

PET fiber samples were prepared using a twin-screw micro compounder DSM Xplore
(Figure 3.2). The processing conditions in the micro compounder were kept constant for
each sample as mixing time of 3 minutes, screw speed of 100 rpm and processing
temperature of 265 °C. Specifications of the compounder can be seen in Table 3.4.
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Micro compounder

Figure 3.2 — Twin screw micro compounder (DSM Xplore)

Table 3.4 Specification of Xplore Micro-Compounder

Mixing/Dispersion control type RPM or Axial Force
Maximum Axial Force 8000 N

Screw speed range 1-250 rpm

Hopper volume 15mL

Maximum torque 10 N/m per screw
3.2.2 Drying

Drying process for main fiber samples and test samples were done using an oven with
vacuum setup. The oven was set up to be at 100 °C and 24 hour under vacuum (0.1 mbar).

3.2.3 Samples

Table 3.5 lists the PET samples percentages and labels that were prepared using zinc
phosphinate (ZnPi), zinc borate (ZnB) and huntite-hydromagnesite (HH).
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Table 3.5 —Percentages and labels of all PET samples that were prepared in this study

Label ZnPi ZnB Treated-ZnB | Batch mixed- | HH | PET
ZnB
OPO - - - - - 100
OP5 5 - - - - 95
OP10 10 - - - - 90
OP15 15 - - - - 85
OP20 20 - - - - 80
0OP10zZnB2 10 2 - - - 88
OP10T-ZnB2 10 - 2 - - 88
OP10BM-ZnB2 10 - - 2 - 88
OP10HH2 10 - - - 2 88
OP10HH4 10 - - - 4 86
OPOHH10 0 - - - 10 90

3.3 Tensile Tests

3.3.1 Standard Test Method for Tensile Properties of Plastics (ASTM D638-03)

In earlier part of the tests, ASTM D638-03 was used to determine the tensile properties of
the samples obtained from the micro compounder. Tests were done under 5 kN load cell
using a Lloyd tensile testing machine (Figure 3.3). The crosshead speed was 5 mm/min.

= Control Panel

Figure 3.3 — Tensile testing machine (Lloyd)
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Dog-bone samples were prepared using micro injection molding machine (Data
Instruments) (Figure 3.4). Dimensions of the injected molded samples can be seen in
Figures 3.5 and 3.6.

Piston Direction Switch

Piston Velocity Valve

Piston

Barrel Temperature Controller

Mold Hole

Mold Temperature Controller

Barrel

Figure 3.4 — Injection molding machine

Figure 3.5 — View of the dog-bone mold in the injection molding machine
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Figure 3.6 — Dimensions for dog-bone mold

Parameters for the preparation of mold were as follows: Nozzle temperatures of 250 °C,
mold temperature of 25 °C, filling and holding times at 30 secs with 8 bar pressure.

For each set of experiment, average of three samples was taken and standard deviation
values were recorded.

3.3.2 Standard Test Method for Tensile Strength and Young's Modulus of Fibers
(ASTM C1557)

Mechanical properties for fiber samples were determined according to ASTM C1557
standard. Single fibers which were produced by micro compounder (Figure 3.2) were then
drawn (draw ratio of 1:2 to 1:3) at 90 °C with a drawing unit (Figure 3.7).

Figure 3.7 — DSM Xplore Microfiber spin line
The resulting diameters after drawing were measured by an 18 X Veho usb microscope.

Tensile tests were repeated 10 times for each set of sample and standard deviation values
were taken. The crosshead speed was 50 mm/min.
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3.4 Flammability Tests

Flammability tests were done using a Limiting Oxygen Index (LOI) test apparatus (Fire
Testing Technology) (Figure 3.8) according to ASTM D2863.

Figure 3.8 — Limiting oxygen index machine

The dimensions for the samples containing only ZnPi as an additive are shown in Figure
3.9. Samples were prepared using a compression molding machine (Figure 3.10) at 250
°C and 3 min pressure application time.

65 mm

2t

| 130 trm

Figure 3.9 Dimensions for LOI test sample
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Figure 3.10 Compression molding machine.

To measure the LOI values of the fibers, a loose fabric was produced. It is made by lining
single fibers to resemble woven mat. A sample of 1 horizontal and 1 vertical layer is
shown in Figure 3.11 and a total of 6 layers were prepared. Samples were then put into
compression molding machine (Figure 3.10) at the same processing conditions described
in the first part of the test, that is, at 250 °C and 3 min pressure application time.
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Figure 3.11 — Horizontal and vertical layers for woven-mat LOI sample

3.5 Wide Angle X-ray Scattering (WAXS)

X-ray diffraction for the fiber samples were done using a RIGAKU MiniFlex X-ray

diffractometer at 30 kV//15 mA, with Cu radiation source. The scanning degree was from
2theta=5° to 40° with a step size of 0.1°.

3.6 Scanning Electron Microscopy (SEM) Analysis

Surfaces of fractured fiber samples were analyzed using a SEM machine, JEOL JSM-
6400. Fractured surfaces were coated with gold and palladium mixture to provide the
conductivity of the surface. Representative samples with good mechanical strength were
observed with SEM. The elemental analysis of the surface was performed with Electron
Dispersive X-ray spectroscopy (EDX).
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Mechanical and Flame Retardant Properties

4.1.1 PET with Zinc Phosphinate (ZnPi)

As the first step in this work, the optimal amount of zinc phosphinate with respect to PET
was taken into account. Table 4.1 gives the composition of the samples studied to

optimize ZnPi amount in PET.

Table 4.1 — Samples with different percentages of Zinc phosphinate and PET

Label Zinc Phosphinate (%) PET (%)
OPO 0 100

OP5 5 95
OP10 10 90

OP15 15 85

OP20 20 80

By comparing the flame retardant properties and mechanical properties with respect to the
percentage of zinc phosphinate used, an optimal zinc phosphinate amount can be
obtained.

Figure 4.1 shows the mechanical behavior for different OP amounts in PET. Tensile tests
with dog-bone shape samples were conducted.
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Figure 4.1 — Stress vs. strain of OP0, OP5, OP10, OP15, OP20

Table 4.2 shows the mechanical and flame retardant properties of the PET samples with
different OP amounts.

Table 4.2 — Tensile strength, maximum elongation and LOI values for OPO, 5, 10, 15, 20

Tensile Strength Elongation at Break (%) Limiting Oxygen

(MPa) Index (% Oxygen)
OPO 46.9+5.6 3.2+0.5 255
OP5 31.0+6.2 2.0+0.3 26.9
OP10 33.5+4.7 2.6£0.3 30.3
OP15 32.6£8.3 2.8+0.4 33.3
OP20 25.6+4.1 1.8+0.6 37.1

OP10 seems like the best choice balancing the LOI and mechanical values due to highest
tensile stress among PET samples with ZnPi and average LOI value. Therefore, in further
tests, emphasis is given to 10% OP containing samples.

The effect of organo-phosphinate (ZnPi) on the morphology of PET is investigated by a
series of wide-angle X-ray diffraction studies. The results of XRD experiments from
sample OPO to OP20 are given in Figure 4.2. For all samples, the basic diffraction pattern
is the same. However, a very interesting observation is made for OP15 and OP20. A new
structure is observed at 2theta = 9.18° and 11.7° for OP15 and 2theta = 9.28° and 11.8°
for OP20. Furthermore, a small peak at 2theta = 32.98° for OP15 and 2theta = 32.86° for
OP20 can be observed.

26



2500 —

OPO
2000
1500
2
1000 —
.
e
500
0 T b T o T € T 4 T . 1
10 15 20 25 30 35 40
2theta
3000 -
1 { OP5
2500
2000 -
= 4
2 /
21500 - \/
1000 . =
500 )
0 T T T T T T T T T T ¥ 1
10 15 20 25 30 35 40
2theta
N\
1 [
|\
|
2000 - |
[
o \
4 / b |
/ \/
/ ) lv
o 1500 - I / \
="' /1 / \
‘@ I\ \
= ~ o\ / \
Qo L / \ \
=1 { A\ \
— | h \
1000 }:’ \
{ ) = —
| lr T o s
500 > 4
2 -
e S i
/"" =
0 T T T T T T T T T T T T T ]
5 10 15 25 30 35 40
2theta
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Figure 4.2 (cont’d) — WAXS intensity vs. 2theta for OP0, OP5, OP10, OP15, OP20, with
baselines

These peaks do not exist at WAXS data of 5% and 10% OP. This means that ZnPi
particles are absorbed completely and formed true solutions at these compositions.
However, at 15% and 20% OP compositions, ZnPi particles start to form separate phases
(phase separation). One phase is PET as a continuous phase; the other phase is ZnPi
phase, as a discrete phase dispersed in continuous PET matrix.
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Figure 4.2a — WAXS intensity vs. 2theta graph of 100% ZnPi sample

To check this hypothesis, an XRD pattern of ZnPi is necessary to match newly formed
peaks to the ZnPi crystal structure. Thus, we have performed WAXS on ZnPi (Figure
4.2a) and observed a very strong peak at around 2theta = 11° similar to the peak observed
in the OP15 and OP20 samples. The other small peak at around 2theta = 33° for OP15
and OP20 is at lower (2theta = 26.7°) diffraction angles for pristine ZnPi. This difference
in 2theta can be attributed to the colloidal nature of ZnPi in the PET continuous phase.
There may be a change in crystal plane separations for surface atoms and the bulk atoms.
This gives rise to two separate peaks for colloidal samples.

Our choice of 10% ZnPi addition to the remaining trials seems to be very appropriate
regarding the maximum solubility of ZnPi in molten PET to form a homogeneous
solution.

By looking at percent crystallinities of the OP15 and OP20 in Table 4.3, we can attribute
their relatively high crystallinity to the crystal structure of phase separated ZnPi. ZnPi
gives an additional material that can crystallize separately from PET. The low
crystallinity of pure PET (OPO) is puzzling. Somehow the presence of ZnPi gives rise to
more crystalline PET compared to pristine PET. WAXS is not the most correct instrument
to measure crystallinities quantitavely.
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Table 4.3 — Crystalline and amorphous area from the WAXS in Figure 4.2 and percent
crystallinity

Crystalline area Amorphous area Percent Crystallinity
(%)
OPO 6953.5 23371.2 22.9
OP5 8662.9 27085.7 24.2
OP10 8991.3 23754.3 27.4
OP15 7318.5 18843.2 28.0
OP20 6814.6 18743.5 26.6

4.1.2 Zinc Borate as a Synergistic Agent

After deciding the ideal amount of OP, zinc borate is considered as the first synergist of
the study to be used with OP. Zinc borate and zinc phosphinate may interact with each
other to form a stronger char structure and give better flame retardant properties
compared to ZnPi+PET samples. Table 4.4 shows the percentages of the PET samples
prepared and labels used for these samples.

Table 4.4 — Samples with percentages of Zinc phosphinate, zinc borate and PET

Label Zinc Phosphinate (%) | Zinc Borate (%) PET (%)
OPO 0 0 100
OP10 10 0 90
OP10ZnB2 10 2 88

Until this point we made use of dog-bone shaped samples in our tensile measurements.
However, fiber mechanical and flame retardant properties are the main concern.
Therefore, ASTM C1557 was used for mechanical properties of fibers and for woven-mat
samples ASTM D2863 was used to determine LOI values. The remaining fiber tests were
performed on “Cold-Drawn” fiber to get better values. Draw ratios for zinc borate
samples were as follows: 1:2.5 for OPOQ, 1:3.4 for OP10, 1:2 for OP10ZnB2.

Since 10% OP was the optimal amount, we decided to add 2% and 4% ZnB. However, in
the case of 4% ZnB, tensile strength was so low that it was almost impossible to perform

mechanical tests. Therefore, we decided to focus on 2% ZnB.

Figure 4.3 shows the stress-strain curves for OP0, OP10 and OP10ZnB2.
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Figure 4.3 — Stress vs. Strain curve for OP0, OP10 and OP10ZnB2 fiber samples

Table 4.5 — Mechanical properties and LOI values for OP0O, OP10, and OP10ZnB2

Tensile Strength (MPa)

Elongation at break

LOI (% Oxygen)

(%)
OPO 97.4+8.5 47.5+8.6 255
OP10 65.7+11.3 69.8+8.5 27
OP10ZnB2 23.3+54 3.3+0.5 29

From Table 4.5, LOI values after adding ZnB increase slightly and it confirms the
consideration that it improves flame retardant properties of PET with OP. However, both
tensile strength and elongation at break values are significantly lower compared to neat
PET and OP10. This can be attributed to the agglomeration of ZnB particles in the PET
fibers. When introducing ZnB into the PET through extrusion, ZnB particles clump
together to give a poor dispersion in the fiber, forming agglomerates in the fiber and
lowering the mechanical properties.
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4.1.3 Adding Surface Treated Zinc Borate

To counteract agglomeration, surface treatment is needed. By performing surface
treatment using a nonionic surfactant, which is polysorbate in this case, the interaction
between nano-ZnB particles are minimized and therefore particles are expected to be
dispersed. Two different ways for surface treatment were used. The first was to mix
Tween 40 with nano-ZnB in a nonpolar solvent, chloroform, and then evaporating
chloroform. However, since this would cause cost inefficiency and wastes, mixing both
Tween and nano-ZnB during the extrusion process (batch mixing) was considered as the
second way. Table 4.6 gives the percentages for PET, ZnPi and the two types of zinc

borate, that is, treated zinc borate (T-ZnB) and batch mixed zinc borate (BM-ZnB).

Table 4.6 — Samples with percentages of PET, zinc phosphinate and the two types of zinc

borate
Label Zinc Treated Zinc Batch mixed PET (%)
Phosphinate (%) | Borate (%) | Zinc Borate (%)
OP10T-ZnB2 10 2 0 88
OP10BM-zZnB2 | 10 0 2 88

In Figure 4.4, stress vs. strain graph for the two different surface treated ZnB-PET
samples (OP10T-ZnB2 and OP10BM-ZnB2) are added on to Figure 4.3 to give better

visualization and comparison.
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ASTM C1557 was used for the mechanical tests for the samples with treated zinc borate.
Draw ratios for treated zinc borate samples were as follows: 1:2 for OP10ZnB2, 1:2 for
OP10T-ZnB2 and 1:3.5 for Op10BM-ZnB2. ASTM D2863 was used as the standard for

determining the LOI values.

Table 4.7 — Mechanical and LOI values for surface treated nano-ZnB-PET fibers

Tensile Strength (MPa) | Elongation at break | LOI
(%) (% Oxygen)
OPO 97.4+8.5 47.5+8.6 255
OP10 65.7+11.3 69.8+8.5 27
OP10ZnB2 23.3+5.4 3.3+0.5 29
OP10T-ZnB2 29.549.3 217.9+35.1 321
OP10BM-ZnB2 14.0+4.5 6.6+2.8 324

It can be seen from Table 4.7 that applying surface treatment directly on nano-ZnB
greatly improved mechanical properties, which supports the explanation that
agglomeration was the cause for the poor mechanical properties obtained earlier.
Moreover, good dispersion due to surface treatment also improved LOI values. On the
other hand, batch mixing Tween and nano-ZnB in the micro compounder did not give the
expected result, meaning that the method applied is not sufficient to prevent the
agglomeration of ZnB particles.

However, in general zinc borate addition was detrimental to the mechanical properties
with or without surface treatments. The tensile strengths are low but an interesting point
is that the elongation at break value is extremely large (218%) for PET sample with 10%
OP and 2% surface-treated zinc borate sample.

4.1.4 Huntite Hydromagnesite as a Synergist

As a next synergist, huntite-hydromagnesite is considered to be a good candidate. Upon
decomposition, huntite-hydromagnesite releases water and CO, which will hamper flame
occurrence and therefore improve flame retardancy. However, mechanical properties are
also of importance here. If the synergism between huntite-hydromagnesite and zinc
phosphinate does not exist, this may also lower the mechanical properties.

Samples containing 2% and 4% huntite-hydromagnesite with 10% OP were tested for
mechanical and flame retardancy. As a further comparison, PET sample with 10%
huntite-hydromagnesite and without zinc phosphinate was also tested to determine how
effective huntite-hydromagnesite is in terms of flame retardancy and mechanical
properties. Table 4.8 lists the percentages of PET, ZnPi and huntite-hydromagnesite.
Figure 4.5 shows the stress vs. strain graphs of PET samples with ZnPi and huntite-
hydromagnesite (OP10HH2 and OP10HH4) and PET sample with huntite-
hydromagnesite only (OPOHH10).
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Table 4.8 — Samples with percentages of PET, ZnPi and huntite-hydromagnesite

Label Zinc Phosphinate (%) | Huntite-hydromagnesite (%) PET (%)
OP10HH2 10 2 88
OP10HH4 10 4 86
OPOHH10 0 10 90
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Figure 4.5 — Stress vs. strain curve for OP10HH2, OP10HH4 and OPOHH10 for fiber
samples

ASTM C1557 was used for testing the mechanical properties of huntite-hydromagnesite
samples. Cold drawing was done before the tests. Draw ratios for huntite-hydromagnesite
samples were as follows: 1:2 for OP10HH2, 1:2 for OP10HH4, 1:1.85 for OPOHH10. To
remember; the fibers used in these tests were subjected to cold-drawing at the above

mentioned draw ratios before the tests.
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Table 4.9 — Mechanical and LOI values of PET samples with both zinc phosphinate and

huntite-hydromagnesite as the synergist

Tensile Strength Elongation at Limiting Oxygen
(MPa) break (%) Index
(% Oxygen)

OPO 97.4+8.5 47.5+8.6 255
OP10 65.7+11.3 69.8+8.5 27

OP10zZnB2 23.3+54 3.3+0.5 29

OP10T-ZnB2 29.549.3 217.9+35.1 321
OP10BM-ZnB2 14.0+4.5 6.6£2.8 324
OP10HH2 75.0+13.1 161.4+30.9 30.5
OP10HH4 35.2+7.8 95.1+£54.4 28.5
OPOHH10 32.3+5.9 4.7£1.0 20.3

As can be seen from Table 4.9, PET sample with 2% huntite-hydromagnesite has higher
tensile strength than PET sample with 2% treated nano-ZnB. Elongation at break is also
much larger than pure PET.

Comparing 4% huntite to 2% huntite, mechanical properties are lower and that is to be
expected since more particles are introduced to the fiber. However, mechanical properties
for huntite-hydromagnesite are lower than the other samples containing huntite-
hydromagnesite. This means that there is a synergy between zinc phosphinate and
huntite-hydromagnesite such that it improves the mechanical properties of huntite-
hydromagnesite, ZnPi and PET system. This synergy exists for optimum 2% huntite
containing samples.

Although there is a small decrease in LOI values for sample with 2% huntite compared to
sample with 2% nano-ZnB, it is still better than pure PET or OP10. Moreover, sample
with 4% huntite has lower LOI values than sample with 2% huntite, which is possible
since PET sample with 10% huntite only has low LOI values and PET sample with 10%
huntite cannot be regarded as a flame retardant for PET when used alone.

4.2 Morphological Analysis

Scanning electron microscopy (SEM) analyses were done to observe the fractured
surfaces of PET samples with different synergist components. SEM images are presented
with magnifications ranging from x500 to x2000. Fractures are formed by hand drawing
and breaking of the fibers.

Figure 4.6a shows the fracture surface of a pristine PET sample. Fibril formations can be
clearly seen on the fracture area. White areas are believed to be dust or other impurities.
However, to the right of fracture, deformation areas can be observed. Figure 4.6b also
shows another deformation area.
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5/22/2013 | HV ’ mag WD ‘det spot | 50 pym
9:37:22 AM |30.00 kV|1 600 x|12.4 mm|ETD| 5.0 Central Laboratory

Figure 4.6a — SEM micrograph of a pure PET sample

‘. P
5/22/2013 HV ‘ mag WD det | spot 50 pm

9:42:47 AM |30.00 kV|1 500 x|12.4 mm|ETD| 5.0 Central Laboratory

Figure 4.6b — SEM micrograph of PET showing the deformations on the surface
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Figure 4.7a shows SEM micrograph of PET sample with 2% non-treated zinc borate and
10% ZnPi. Stretching and alignment can be seen on the middle of micrograph. Figure
4.7b shows a different area on the surface. Result of EDX analysis (Table 4.10) on the
particle indicates that ZnPi, source of phosphorus element, isn’t present as a separate
phase. This means that dispersion on the surface is good, that is, ZnPi dissolves in the
PET phase and zinc borate particles are coated with organic phase. Major constituents of
the particle surface are C (67.5%), N (8.80%) and O (16.5%).

=
- \;})

5/22/2013‘ HV ‘ mag WD ‘det spot 100 um

9:49:18 AM |30.00 kV|1 000 x|14.1 mm

ETD| 5.0 Central Laboratory

Figure 4.7a — SEM micrograph of PET with 2% ZnB and 10% ZnPi sample
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5/22/2013 HV mag WD ‘ det |spot| —————— 200 ym ———

9:56:56 AM |30.00 kV|600 x|14.1 mm|ETD| 5.0 Central Laboratory

Figure 4.7b — SEM micrograph of the same PET sample with 2% ZnB and 10% ZnPi

Table 4.10 EDX analysis of the fiber surface of the PET sample 2% ZnB and 10% ZnPi

Element Wt % At %
C 67.49 75.77
N 8.80 8.47
0 16.48 13.89
Au 1.56 0.11
Mo 0.64 0.09
Cl 3.46 1.31
Pd 0.27 0.03
Ca 0.43 0.14
Zn 0.89 0.18
Total 100.00 100.00

Figure 4.8a shows the stretched area of PET sample with 2% surface-treated ZnB and
10% ZnPi. Fibrils and fracture pieces can be observed on the area. Figure 4.8b and Figure
4.8c show fractured ends of the sample. Again fibril formations can be seen. Table 4.11
gives the composition of elements on the stretch area. Zn percentage should be higher
than phosphorus percentage since there are two Zn sources. This means that dispersion of
additives is better than non-treated ZnB sample.
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Figure 4.8a — SEM micrograph of stretch area of PET sample with 2% treated-ZnB and
10% ZnPi

5/22/2013 HV mag WD det | spot| =——— 200 uym
10:03:59 AM | 30.00 kV[600 x| 14.3 mm|ETD| 5.0 Central Laboratory

Figure 4.8b — SEM micrograph of fractured end of the same PET sample with 2%
treated-ZnB and 10% ZnPi
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Figure 4.8C — SEM micrograph of the other end of the PET sample with 2% treated-ZnB
and 10% ZnPi

Table 4.11 EDX analysis of the stretched area on PET sample with 2% treated-ZnB and
10% ZnPi

Element Wt % At %
C 77.58 84.06
0 18.27 14.86
P 1.15 0.48
Zn 3.01 0.60
Total 100.00 100.00

Figures 4.9a-4.9c show the SEM micrographs of PET sample with 2% huntite-
hydromagnesite and 10% ZnPi. Figure 4.9a represents the alignment and therefore fibril
formation on top portion of the photograph. Figure 4.9b shows one fractured end of the
sample. It can be seen that fibril formation cannot be seen. However, fibril formations can
be seen on the other end in Figure 4.9c. Table 4.12 shows the elemental analysis of the
PET sample with 2% huntite-hydromagnesite and 10% ZnPi. Silicon source is SiO,
present in the huntite-hydromagnesite. Amounts of both phosphorus and zinc indicate that
there exists good dispersion on the surface.
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Figure 4.9a — SEM micrograph of PET sample with 2% huntite-hydromagnesite and 10%
ZnPi

5/22/2013 HV mag WD det |spot| =———————— 200 pm
10:11:49 AM |30.00 kV|600 x| 16.7 mm|ETD| 5.0 Central Laboratory

Figure 4.9b — One of the fractured ends of same PET sample with 2% huntite-
hydromagnesite and 10% ZnPi
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Figure 4.9c — The other fractured end of the PET sample with 2% huntite-
hydromagnesite and 10% ZnPi

Table 4.12 EDX analysis of the PET sample with 2% huntite-hydromagnesite and 10%
ZnPi

Element Wt % At %
C 78.08 83.90
0 18.81 15.18
Zn 1.74 0.34
Si 0.10 0.05
P 1.26 0.53
Total 100.00 100.00
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CHAPTER 5

CONCLUSIONS

In this study, synergistic effects of different particles with zinc phosphinate on flame
retardant and mechanical properties of PET-based systems were tested. First step was to
find optimal amount of zinc phosphinate in terms of mechanical and flame retardant
properties. From these, 10% ZnPi was found to be the optimum value. Also of importance
is that at higher amounts of ZnPi phase separation between continuous phase PET and
ZnPi discreet phase dispersed in PET phase was observed.

The first particle tested for synergy was nano-zinc borate since with zinc elements in both
additives synergism may form easier. PET sample containing 2% zinc borate and 10%
ZnPi exhibited good flame retardant property however its mechanical properties were
quite low. Working on the assumption that agglomeration might be the cause, surface
treatment to the zinc borate was applied. With this treatment, elongation at break was
increased significantly but tensile strength remained low compared to pristine PET.

The second synergy agent was huntite-hydromagnesite since both huntite and
hydromagnesite are minerals found in Turkey and may be a cost-reducing element in
PET. Compared to zinc borate, PET with 2% huntite-hydromagnesite and 10% zinc
phosphinate showed satisfactory flame retardant properties. Although elongation at break
value was lower than that of ZnPi with zinc borate, which is not critical, it was still higher
than pure PET. Tensile strength values were a little less than pristine PET and much
better than PET samples containing zinc borate.

In conclusion, synergistic effect of both zinc borate and huntite-hydromagnesite were
confirmed. Although zinc phosphinate with zinc borate provided good flame retardant
properties, tensile strength value was low to be used as an additive for PET fibers. Zinc
phosphinate with huntite-hydromagnesite, on the other hand, provided both good flame
retardant properties and good mechanical properties so that they can be considered as
synergistic additives in flame retardancy of PET fibers. Its fiber forming characteristic is
also within acceptable limits as far as PET is concerned. In further work, surface
modification by different surface active molecules can give rise to better synergy between
huntite-hydromagnesite and zinc phosphinate.
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