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ABSTRACT

Zinc borate (ZB) is a flame retardant and smoke supressant compound of boron. It is 
widely used to achieve flame resistant polymer composites. Poly(Vinyl Chloride) (PVC) 
is one of the commercially important polymers that is mostly used for cable insulating, 
windows, doors, pipes, floorings and toys etc.. On the other hand, PVC releases toxic 
gases during fire as decomposition products. Zinc borate addition is thought to be a 
solution for this problem. However, this solution leads a new problem. Zinc borate effects 
the mechanical properties of the PVC. In the present study, to optimize the contribution 
of zinc borate, with different formulations (2ZnO·3B2O3·3.5H2O and 4ZnO·B2O3·H2O), 
with different additive ratios (1% and 5% by weight) and different particle sizes 
(nano-sized and micro-sized) were added to the PVC structure and the mechanical 
and thermomechanical properties of each composite were investigated. Mechanical 
properties of composites were determined by tensile test, impact test, hardness test 
while thermomechanical behaviours were detected with dynamic mechanical analysis 
(DMA). In the perspective of mechanical strength of PVC-ZB composite, additive ratio 
of ZB was more effective than particle size and chemical formulation of ZB. The additive 
ratio more than 5% by weight can negatively affect the mechanical strength and quality 
of the PVC-ZB composite.

1. Introduction

Development of technology increased the use of en-
ergy cables. In electrical installations, cables made of 
PVC are widely used. The cables, that surround the 
world like a network, are suitable for fire progression. 
Toxic gases are released during burning of the PVC 
insulated cables as decomposition products [1, 2, 3]. 
In fire conditions, extinguishing and rescue operations 
are difficult because of the smoke. Many people die 
because of toxic gas emissions, not because of burn-
ing. 

PVC polymer is not suitable for processing after it was 
produced. For this reason, PVC is shaped after addi-
tion of heat stabilizer, filler, flame retardant, colorant 
and plasticizers. Plasticizers constitute the most im-
portant group of additives in PVC. PVC composites 
containing plasticizers are defined as soft PVC (flex-
ible PVC, plasticized PVC, pPVC) [4]. PVC, that do 
not consist plasticizers, is often referred as rigid PVC 
(unplasticized PVC or uPVC) [5]. PVC is one of the 
most used amorphous plastics. Rigid PVC has two us-
age areas as pipes and window profiles. Soft or flex-
ible PVC is mostly used in cable industry, flooring, toys 
etc.. When the PVC is heated, especially PVC with 

low heat stability, it adheres to metal surfaces. PVC 
is weatherproof, long lasting, easy to processing, and 
insulates electricity.

Zinc borate is a multi functional material for being 
both flame retardant and smoke suppressant [6, 7]. 
It is widely used for polymeric composites as non-ha-
logenated flame retardant, smoke suppressant, anti-
bacterial agent [8, 9] and char promoter [10, 11]. Zinc 
borate with a formulation of 2ZnO·3B2O3·3.5H2O is 
used as flame retardant, smoke supressant for vari-
ous polymers [12]. During combustion of a polymeric 
composite, boron oxide compound of zinc borate melts 
and physically wrapps around polymeric chains like an 
isolating blanket [13]. Zinc borate releases its crystal 
water, cools down the polymer surface and reduces 
the concentration of flammable gases during combus-
tion of PVC.  Zinc borate reacts with hydrogen chloride 
during thermal degradation of PVC. Thus, toxic gas is 
transformed into a less harmfull material as zinc chlo-
ride [14, 15]. 

Recently, researchers focused on halogen free flame 
retardants [16, 17, 18, 19]. Zinc borate is one of the 
most preferred halogen free flame retardants. Pi et 
al. [20], produced PVC composites using high-ener-
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gy mechanical ball milling. They doped zinc borate 
to prepare PVC/ZB composite and doped aluminum 
trihydrate to achieve PVC/ZB-ATH composite. Zhang 
et al. [21] synthesized zinc borate (4ZnO·B2O3·H2O)/
reduced graphene oxide (RGO) material and doped 
it into poly(Vinyl Chloride) (PVC) as a flame retar-
dant and smoke suppressant. They reported that the 
flame retardancy and smoke suppression properties 
of flexible PVC were improved. However zinc borate 
doping may affect the mechanical properties of PVC. 
The mechanical behaviors of polymers consisting of 
large molecules are highly depend on their molecular 
structures. The conditions under which the materials 
can be used define their usage areas and the life of 
the materials depend on their thermal and mechanical 
properties. Thus, investigation on the affect of the ZB 
dop on mechanical properties of PVC-ZB composite 
is important. Demirel et al. [22] reported a decrease 
in the mechanical properties of flame retardant doped 
polyester composite due to poor interfacial interaction 
between zinc borate and polyester. Erdoğdu et al. [23], 
investigated the synergistic effect of zinc borate and 
zinc phosphate on thermal resistance of PVC. They 
exhibited that the synergistic effect was higher than 
when the materials were doped alone. The synergis-
tic usage of zinc borate also improved the mechani-
cal properties of composites. Jian et al. [24] stated 
that zinc borate@ZIF-8 (ZB@ZIF-8) hybrid nanorods 
enhanced the physical-mechanical property of epoxy 
thermosets.

The mechanical and thermomechanical proper-
ties of PVC-ZB composites in the aspect of doping 
with different formulations (2ZnO·3B2O3·3.5H2O and 
4ZnO·B2O3·H2O), with different additive ratios (1% 
and 5% by weight) and different particle sizes (nano-
sized and micro-sized) were investigated in this study. 
After mechanical tests had been applied, scanning 
electron microscopy (SEM) images of the composites 
were also taken to see the powder distrubution in the 
polymer structure. Tensile test, impact test, hardness 
test and dynamic mechanical analysis (DMA) were ap-
plied to the prepared composites. The novelty of this 
study is particularly based on thermal and mechanical 
properties of the PVC-ZB composite that was exhib-
ited with DMA studies.

2. Materials and Methods

2.1. Preparation of PVC-ZB composites

Zinc borate powder was synthesized with the proce-
dures of Mergen et al. [25]. Chemical precipitation 
method with ammonia was employed to synthesize zinc 
borate powder with a formula of 2ZnO·3B2O3·3.5H2O. 
Zinc nitrate hegzahydrate (Zn(NO3)2·6H2O; Merck, 
>99%) and borax pentahydrate (Na2B4O7·5H2O; sup-
plied from Eti Mine Works, 99.9%) were used as re-
agents. After stoichiometric amounts of Na2B4O7·5H2O 
and Zn(NO3)2·6H2O had been dissolved in distilled wa-
ter separately with a molar ratio of 1:8, respectively, 
they were mixed in batch reactor to synthesize micro-

sized zinc borate powder or in aqueous ammonia solu-
tion (NH3, Merck, 25%) to synthesize nano-sized zinc 
borate powder at 45°C.  A white powder with a formula 
of 2ZnO·3B2O3·3.5H2O was precipitated, washed and 
filtered with distilled water for three times. The filtered 
cake was dried in an oven at 70°C. The nano-sized zinc 
borate with a formula of 4ZnO·B2O3·H2O (fire brake) 
was crystallized with fast evaporation of ammonia af-
ter 2ZnO·3B2O3·3.5H2O powder had been dissolved in 
water-ammonia solvent.  2ZnO·3B2O3·3.5H2O solution 
was boiled to evaporate all of the ammonia solvent and 
precipitate the powder in 4ZnO·B2O3·H2O form.  The 
resultant nano-sized zinc borate powder, which had a 
chemical formula of 4ZnO·B2O3·H2O, was washed with 
distilled water and dried in an oven at 70°C.  

The synthesized nano/micro-sized zinc borate par-
ticles were doped  into PVC to obtain a flame retardant 
composite. The mean particle size of nano-sized zinc 
borate powder was 150 nm and the average particle 
size of micro-sized zinc borate powder was 10 µm. As 
reported in other studies on PVC-ZB composites, the 
concentration of flame retardant changed in the range 
of 1% to 5% [25, 26, 27]. Thus, in this study, 10 g and 
50 g of 2ZnO·3B2O3·3.5H2O and 4ZnO·B2O3·H2O pow-
der were added to 1 kg of PVC powder in order to 
obtain 1% and 5% by weight zinc borate containing 
composites, respectively. The mixtures were first sub-
jected to a very intense  mixing process. Prior to  plas-
tic injection process , the PVC-ZB composites were 
mixed using a mechanical mixer (Diosna W240) for 
30 minutes. They were then loaded into a twin screw 
(180-190ºС) [27] plastic injection device and mixed at 
a stirring speed of 50 rpm [28]. The composite pressed 
into the mold was cooled and removed from the mold. 

The appearances of the injection molds are  given in 
Figure 1.

Figure 1. Injection molds which were used for PVC-ZB composite 
preparation.

The samples were produced in dimensions of 
150×10×4 mm3 and 80×9×4 mm3 for tensile test, im-
pact test and dynamic mechanical analysis, respec-
tively (Figure 2).

Detailed sample contents of the produced composites 
were given in Table 1.
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2.2. Thermal and Mechanical Characterization of 
PVC-ZB composites

Tensile test (Zwick Universal Tensile Testing Machine 
Z010, according to ISO 37), impact test (Zwick Im-
pact, ASTM D4495), hardness test (Zwick, Shore D) 
was performed for 5 pieces of samples, and dynamic 
mechanic analysis (Perkin Elmer, DMA 8000) between 
30-180°C (in 1 Hz oscillation and 5°C/min heating rate 
conditions) were applied on PVC and PVC-ZB com-
posites prepared with different zinc borate formulations 
(2ZnO·3B2O3·3.5H2O and 4ZnO·B2O3·H2O), different 
ratios (1% and 5% by weight), and different particle 
sizes (nano- sized and micro-sized particles). Stress-
strain % values of polymers were determined with ten-
sile test. Stress is defined as the force that applied to 
per unit area of a polymer which causes the polymer to 
elongate or change shape, while strain is defined as the 
change in shape with the effect of applied stress and is 
usually expressed as a change percentage of original 
form. Impact test defines the capability of a polymer or 
a composite to withstand an applied load with absorb-
ing the energy and the results were expressed in unit 
of J/m2. The impact energy, which should be suddenly 
applied to a 1 m2 surface to fracture the material, is 
called impact strength. Also the hardness test was ap-
plied for investigatement of zinc borate doping effect 
on the resistance of PVC against plastic deformations. 
DMA works by applying a vibratory force to the material 
and records the temperature-dependent visco-elastic 
properties that occur in the sample. The applied oscil-
lating force determines the modulus of elasticity and 
damping. Tan δ is the ratio of the lost component to the 
stored component. When tan δ vs. temperature data 
are plotted according to temperature, the glass transi-
tion temperature is observed as a peak. All of these 
characterization techniques are useful and very impor-
tant to know the behaviors of polymer or composite 

material under special conditions and to control their 
processes.

3. Results and Discussion

3.1. Tensile Test

Tensile strength is the ability of a material to resist a 
force that tends to pull it apart [29]. Tensile strength test 
results of PVC-ZB composites are given in Figure 3. 
Tensile test yield points were measured as 35 MPa for 
PVC, 35 MPa for PVC/nZB2335-1, 33 MPa for PVC/
mZB2335-1 and 36 MPa for PVC/nZB2335-5 sample. 
The tensile strengths of PVC and PVC-ZB composites 
with zinc borate additive are given in Table 2.

The tensile strength of the PVC slightly decreased after 
addition of zinc borate. The highest decrease ratio was 
achieved with 5% (w/w) addition of mZB2335. Fang et 
al. [14], inspected the effect of zinc borate doping (6% 
by weight) on the mechanical properties of wood flour-
PVC composite (WF-PVC). They indicated that the 
tensile strength of the composite decreased after 19% 
(w/w) zinc borate addition and this result was attributed 
to the poor interface compatibility between ZB and WF-
PVC composite.

Figure 2. Produced PVC-ZB composites with injection molding 
technique.

Figure 3. Stress-strain test results of PVC and PVC-ZB compos-
ites: A) PVC, B) PVC/nZB2335-1, C) PVC/mZB2335-1, D) PVC/
nZB2335-5.

Table 1. Sample contents of prepared PVC-ZB composites.
Sample Number Sample Content 

PVC/nZB2335-1 Nano zinc borate (2ZnO·3B2O3·3.5H2O) doped PVC composite, 1% (w/w) 
PVC/mZB2335-1 Micro-sized zinc borate (2ZnO·3B2O3·3.5H2O) doped PVC composite, 1% (w/w) 
PVC/nZB2335-5 Nano zinc borate (2ZnO·3B2O3·3.5H2O) doped PVC composite, 5% (w/w) 
PVC/mZB2335-5 Micro-sized zinc borate (2ZnO·3B2O3·3.5H2O) doped PVC composite, 5% (w/w) 
PVC/nZB411-1 Nano zinc borate (4ZnO·B2O3·H2O) doped PVC composite, 1% (w/w) 
PVC/nZB411-5 Nano zinc borate (4ZnO·B2O3·H2O) doped PVC composite, 5% (w/w) 
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Figure 4. SEM images of A) PVC and B) PVC/nZB2335-1 compos-
ite.

The tensile strengths of zinc borate doped PVC com-
posites are lower than that of PVC sample. However, 
it may be said that the addition of nano zinc borate did 
not lead a significant decrease in the tensile strength 
of PVC. While the tensile strength of PVC without zinc 
borate additive was 47 MPa, the tensile strength of 
PVC doped with nano-sized 2ZnO·3B2O3·3.5H2O was 
46.08 MPa and that of 1% nano-sized 4ZnO·B2O3·H2O 
doped PVC was 46.4 MPa. Thus, it was seen that 1% 
(w/w) nano zinc borate additive did not significantly af-
fect the tensile strength of PVC. The addition of 1% 
micro-sized 2ZnO·3B2O3·3.5H2O reduced the tensile 
strength of PVC to 45.6 MPa. When zinc borate ad-
ditive ratio was increased to 5%, the tensile strength 
decrease was more pronounced for both nano and 
micro-sized zinc borate. 2ZnO·3B2O3·3.5H2O and 
4ZnO·B2O3·H2O additive decreased the tensile 
strength of PVC to 43.15 MPa and 43.5 MPa, respec-
tively. The same additive ratio (5%) of micro-sized 
2ZnO·3B2O3·3.5H2O affected the tensile strength of 
PVC and decreased it to 40.2 MPa. These results 
showed that micro-sized zinc borate additive affected 
the tensile strength of PVC composite in the nega-
tive way. However, while this decrease was slight with 
the addition of nano-sized zinc borate, the addition of 
micro-sized zinc borate resulted in more decrease of 
tensile strength. The tensile strength of PVC compos-
ite decreased as the zinc borate additive ratio was in-
creased. The decrease in the tensile strength of PVC 
means a decrease in its resistance to mechanical ef-
fects and this is an undesirable situation. Increasing 
the zinc borate additive ratio may increase the flame 
resistance of PVC-based products while it decreases 
the mechanical strength quality. 

Scanning electron microscopy images of PVC com-
posites and PVC polymer after the tensile strength test 
are exhibited in Figure 4. The nano-zinc borate parti-
cles were observed to be agglomerated and dispersed 
homogenously in the polymer. This provided an uni-
form composite stucture. However, in Figure 4(B) it 
seems that the nano-sized particles were agglomer-
ated and formation of ZB agglomerates lead formation 
of weak zones in composite structure [30, 31]. Since 
these zones caused a decrease in tensile strength of 
the composites, it can be inferred that additive ratio 
and tensile strength are inversely proportional.

3.2. Impact Test

The impact strength of PVC and PVC-ZB composites 

are given in Table 3. The impact resistance of PVC 
was determined to be decreasing with zinc borate ad-
dition. While the effect of 1% by weight of nano-sized 
zinc borate additive on impact strength of PVC com-
posite was negligible, there was significant decrease 
in impact strength when the ratio of the zinc borate 
doping was increased to 5% as expected. However, 
the effect of the addition of micro-sized zinc borate on 
impact resistance was more unfavorable. When micro-
sized zinc borate was added at 5% weight ratio, the 
impact strength decreased from 13 kJ/m2 to 6.8 kJ/m2.

Table 2. The tensile strength of PVC and zinc borate doped PVC 
composites.

Scanning electron microscope images of PVC and 
PVC-ZB composite after impact test are illustrated in 
Figure 5. Mixing process was applied for half an hour, 
before the PVC-ZB composite was loaded into the 
extruder. SEM photographs obtained after the impact 
strength test of the composite showed that the mix-
ing process time was sufficient and the particles were 
homogeneously distributed in the polymer structure. 
However, it was observed that there was a significant 
decrease in the impact strength of composites con-
taining 5% ZB additive which can be attributed to ag-
glomeration of particles [30, 31].

Table 3. The impact strength of PVC and PVC-ZB composites.

Sample Tensile Strength (MPa) 
PVC 47.016  0.691 
PVC/nZB2335-1 46.080  0.180 
PVC/mZB2335-1 45.630  0.724 
PVC/nZB2335-5 43.150  0.790 
PVC/mZB2335-5 40.268  1.010 
PVC/nZB411-1 46.446  0.394 
PVC/nZB411-5 43.522  0.431 

 

Sample Impact Strength (kJ/m2) 
PVC 13.38  2.38 
PVC/nZB2335-1 12.4  1.68 
PVC/mZB2335-1 11.66  1.36 
PVC/nZB2335-5 7.9  1.23 
PVC/mZB2335-5 6.8  1.19 
PVC/nZB411-1 12.2  1.04 
PVC/nZB411-5 9.65  2.27 
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Figure 5. SEM images of A) PVC and B) PVC/nZB2335-1 compos-
ite after impact test.

3.3. Hardness Test

Hardness test results of PVC and PVC-ZB composites 
were very close to each other. The hardness values of 
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the samples were not affected by zinc borate additive 
ratio and particle size. Hardness values for all samples 
ranged between 69-71 Shore D as listed in Table 4. 
The hardness value of composites prepared with mi-
cro-sized zinc borate particles were slightly lower than 
the composites containing nano-sized zinc borate. The 
increase of free volume formed by micro-sized particles 
were more than the free volume formed by nano-sized 
ZB powder. Thus, the increase in free volume lead a 
decrease in hardness of the composite. However, it can 
be said that both micro and nano-sized particles have 
the same effect on hardness of the PVC-ZB compos-
ite. Yerleşen and Taşdemir [32], studied on the effect of 
zinc oxide and zinc borate on mechanical properties of 
high density polyethylene (HDPE). They detected that 
zinc borate addition to HDPE did not change the hard-
ness value of the polymer up to 5% doping ratio and 
the hardness value of the composite increased when 
the doping ratio was 10-15% by weight.

Table 4. Hardness of PVC and PVC-ZB composites.
Sample Hardness (Shore D) 

PVC 70  1.0 
PVC/nZB2335-1 70  0.5 
PVC/mZB2335-1 69  1.0 
PVC/nZB2335-5 71  1.0 
PVC/mZB2335-5 70  2.0 

 

3.4. Dynamic Mechanical Analysis

The viscoelastic properties of the polymeric materials 
is measured by using a dynamic mechanical analyzer 
(DMA). The mechanical properties of polymers vary 
greatly in the temperatures at glassy transition temper-
ature region (Tg). Glassy transition can be assumed as 
the most important mechanical characteristic of a poly-
mer. When the results of dynamic mechanical analysis 
of the PVC sample in the range of 30-180°C were ex-
amined, the detected modulus value was zero around 
100°C (Figure 6). Tg value of PVC was detected as 
102°C according to tan δ peak. On the other hand, this 
value was detected to be 82°C in terms of modulus.

When the modulus curves and tan δ curves were 
examined, approximately similar behaviors were ob-
served for each PVC-ZB composite sample. Tg values 
of the PVC/nZB2335-5 composite were detected as 
80°C and 100°C according to modulus curve and tan 
δ curve, respectively. In this case, it can be concluded 
that the zinc borate additive with 5% ratio lead a slight 
decrease of glass transition temperature. The start-
ing modulus value of the PVC/nZB2335-5 composite 
was 10×1010 Pa (Figure 7). This value was found to 
be higher than that of pure PVC which had a modulus 
value of 7×106 Pa at 30°C temperature.

Figure 7. Modulus and dissipation factor (tan delta) graph of PVC/
nZB2335-5 between 30-180°C.
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Tg values of the PVC/nZB411-5 composite were de-
tected as 75°C and 100°C according to modulus curve 
and tan δ curve, respectively. The Tg values obtained 
from the tan δ for PVC-ZB composites and PVC did 
not have a significant difference. PVC/nZB411-5 com-
posite with 5% ratio caused a slight decrease in glassy 
transition temperature. The starting modulus value of 
the PVC/nZB411-5 composite was 10×1010 Pa (Figure 
8). This value was found to be higher than the starting 
modulus of PVC which had a modulus value of 7×106 

at 30°C as starting temperature.

Figure 6. Modulus and dissipation factor (tan delta) graph of PVC 
between 30-180°C temperatures.

Figure 8. Three dimensional AFM view of 5μm x 5μm are of worn 
surfaces of balls after four ball tests. Surfaces of ball tested with a. 
Spindle oil, b. Spindle oil with Span 60 c. Spindle oil with Span 60 
and zinc borate heated for 15 hours.
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Table 5. Tg and initial modulus values (E’) of PVC and PVC-ZB 
composites.

Tg and initial modulus values (E’) of PVC and PVC-ZB 
composites are given in Table 5 as a summary. The 
initial modulus at 30°C increased significantly with the 
addition of zinc borate to the PVC structure and the Tg 
values were decreased. The presence of single peak 
in the tan δ curves corresponded to the single type 
polymer composition [33, 34]. The higher difference 
between Tg values according to E’ curve and tan δ 
curve, signifies less molecular mobility [35]. Lower mo-
bility means that the polymer has more flexible back-
bone polymer chains. According to the data in Table 
5, PVC/nZB411 composites had lowest molecular or 
chain mobility. Agglomeration of nanoparticles caused 
an increase of free volume and Tg value of the com-
posites decreased [36].

5. Symbols
w/w	: Weight/weight ratio

Tg	 : Glass transition temperature

E’	 : Modulus value
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Sample Tg (E’  
curve, °C) 

Tg (tan δ 
curve, °C) 

Modulus 
at 30°C (Pa) 

PVC 82 102 7.3×106 

PVC/nZB411-1 75 100 8.2×1010 
PVC/nZB411-5 75 100 13×1010 
PVC/nZB2335-1 81 100 5.8×1010 
PVC/nZB2335-5 80 100 9.7×1010 
PVC/mZB2335-1 77 100 8.6×1010 
PVC/mZB2335-5 80 101 12.5×1010 

 
4. Conclusions

Although it has a high fire resistance, adding flame re-
tardant and smoke suppressant zinc borate to PVC is 
an important process to reduce the loss of life in fires 
due to the toxicity of the gases released as a result of 
combustion. In the present study, the investigation of 
the effect of zinc borate additive on the mechanical 
properties of PVC has provided an idea on the lim-
its of the use of zinc borate in PVC products. Tensile 
strength, impact resistance, hardness and dynamic 
mechanical properties were examined and scanning 
electron microscope images of the materials were ob-
tained after mechanical tests. Although zinc borate ad-
ditive did not lead any change in the physical appear-
ance and hardness of PVC, it was observed that nano 
or micro-sized zinc borate particles agglomerated dur-
ing composite preparation process. In the perspective 
of influencing mechanical properties, additive ratio of 
ZB was more effective than particle size and chemical 
formulation of ZB. In the aspect of flame retardancy, 
other researchers, who studied on PVC-ZB compos-
ites, applied the concentration of flame retardant in 
the range of 1% to 5% [25, 26, 27]. For a desired me-
chanical strength, the doping ratio more than 5% by 
weight can negatively affect the mechanical strength 
and quality of the PVC-ZB composite. Poor interface 
compatibility between ZB and PVC and agglomeration 
of nano-sized particles were determined as the main 
reasons for the weakening of mechanical strength. As 
a solution suggestion, surface active agents such as 
PEG 300 [37] or oleic acid [38, 39] can be utilized in 
the synthesis process of ZB to prevent the agglomera-
tion and improve the interaction of PVC and ZB inter-
faces.
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