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Abstract
In this study, polypropylene/polyethylene/zincborate composites (PP/HDPE/Zinc Borate) were prepared using high-density 
polyethylene, isotactic polypropylene, and a certain percentage of zinc borate. The composites were characterized using by 
X-Ray Diffraction (XRD), Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDX), Fourier Transform 
Infrared (FT-IR) spectroscopy analyses. The thermal behavior of the materials was investigated using thermogravimetric 
analysis (TG), Differential Thermal Analysis (DTA), and Differential Thermogravimetry (DTG). The thermal degradation 
kinetics of the PP/HDPE/Zinc Borate15% composite was investigated. The apparent activation energies (Ea) were obtained 
following the differential and integral methods of Kissenger and Flynn-Wall-Ozawa (FWO). Using Kissinger's and Flynn–
Wall–Ozawa methods to define thermal degradation of PP/HDPE/Zinc Borate%15, their activation energies were 233.3 kJ/
mol and 189.3 kJ/mol, respectively. The mechanism of the studied conversion range was found to be the R3 deceleration 
model using the Coats–Redfern. The viscosity and shear stress of PP/HDPE/Zinc Borate15% were determined using a cone-
plate type rheometer. PP/HDPE/Zinc Borate15% composite shows plastic-type fluidity, according to rheological analysis.
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Introduction

As general thermoplastics, polypropylene (PP) and polyeth-
ylene (PE) have been widely used in many fields because 
of their outstanding chemical stability, low price, process-
ability, and high-temperature resistance [1, 2] and as known, 
commercial PE and PP have been used as mixtures in mate-
rial production for many years because of their superior 
properties [3, 4]. Although preparing these mixtures is a 
solution to many problems, some important deficiencies 

cannot be eliminated. Composites have been prepared with 
some inorganic materials to overcome the shortcomings of 
PP/PE blends in the literature and for industrial applications, 
and to gain new and superior properties [5, 6]. Zinc borate 
is commonly used as a flame retardant in the cellulose fiber, 
rubber, plastic, textile, and paper industries. They are also 
used in pigments, paints, and adhesives. Frequently used 
commercial polymers such as polyethylene and polypropyl-
ene can easily form molten drops or catch fire in the case of 
possible combustion. By adding zinc borate to this type of 
material, carbon chains are supported and easy melting is 
prevented. Even when heated above a certain temperature, 
it preserves the integrity of the material to which it is added 
and maintains its flame retardant effect. Zinc borate is a 
halogen-free, environmentally friendly, flame retardant with 
high thermal stability [7–9]. Considering the usage areas and 
quantities, it is very important to prepare blend composites, 
as in this study, for the recovery and reuse of PE and PP, 
which have high plastic waste rates.

Although PE/zinc borate and PP/zincborate composites are 
primarily studied as flame retardants, data on their degradation 
kinetics are scarce [10, 11]. As it is known, the degradation 
of commercially prepared polymeric composites is the focus 
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of many studies on materials management. In addition, the 
analysis of the degradation kinetics of polymeric materials 
is very important for modeling the degradation process [12, 
13]. It is thought that the thermal degradation kinetics of the 
PP/HDPE/Zincoborate composite presented in this study will 
contribute to the processing of similar materials prepared in 
previous studies.

In this study, PP/HDPE/Zincoborate polymer composites 
were prepared and reported for the first time in the litera-
ture. The thermal stability of zinc borates added at different 
percentages to the polymer blend was investigated. Ther-
mal degradation kinetics were investigated using integral 
(Flynn–Wall–Ozawa (FWO), Coats–Redfern method) and 
differential (Kissinger) methods for the composite with the 
highest thermal resistance. The apparent activation energies 
for the thermal degradation of PP/HDPE/ZincBorate were 
obtained using Kissinger, FWO, and Coats methods.

Kinetic analysis

Throughout modern history, many investigators have been 
interested in the kinetic analysis of thermal decomposition 
processes. Thermal decomposition causes kinetics to be vital 
for explaining any sample undergoing thermal decomposition; 
kinetics are also intrinsically linked to the mechanisms under-
lying decomposition. To postulate the mechanisms for thermal 
decomposition, we must have a thorough understanding of the 
mechanism or vice versa. In addition, kinetic equations can be 
used to postulate the mechanisms of thermal decomposition. 
To obtain the kinetic parameters, such as the reaction rate, 
activation energy and pre-exponential factor, it is necessary 
to first determine the appropriate equation based on kinetics 
mechanism studies [14, 15].

As follows:

Several methods for the calculation of kinetic parameters A, 
Ea, and � based on integral or differential methods are used, 
where β is the heating rate (β = dT∕dt) , A is the pre-exponential 
factor, Ea is the activation energy, R is the gas constant, and the 
fractional conversion � is expressed as a function of temperature.

Differential method

Kissinger method  In simplest terms equation for approxima-
tion, the activation energy, Ea, is as follows [16–18]:

(1)d�∕dt = (1∕β)Ae−(Ea∕RT)f (�)

(2)E = −R

dIn
(

�

T2
max

)

dT−1
max

where R is the gas constant, β is the heating rate, and Tmax 
is the temperature corresponding to the position of the rate 
peak maximum. Most commonly, Tmax is determined as the 
temperature of the peak signal (maximum or minimum) 
measured by DSC, DTA or (DTG).

A more informative form of the Kissinger equation is 
the integral:

where A is the pre-exponential factor, αmax is the maximum 
degradation fraction, and n is the reaction order.

According to the Kissenger method, the plots of 
In(�∕T2

max
 ) versus (1000∕Tmax) can yield straight lines with 

a slope equal to - Ea∕R.

Integral methods

Flynn‑Wall‑Ozawa method  can be used to calculate the acti-
vation energy of a decomposition process without knowing 
the reaction order and differential data of the TGA [19, 20]. 
In Eq. (4), the integration from To, which corresponds to the 
degree of conversion �0, to Tmax, where � = � max, yields:

where g(�) represents the integral function of the conversion. 
Assuming that � = Ea∕RT , Eq. (4) can be written as:

Ozawa’s method is based on Doyle’s approximation.
Log p(x) ≈ 2.315 − 0.457x
Or lnp(x) ≈ 5.330 − 1.052x
The equation can be written as:

In this case, A and R are constants, and g(α) is also constant for 
any given conversion. Therefore, the value of E can be calculated 
using Ozawa's method for any given degree of dissociation by 
determining the linear dependence of the log � versus 1∕T plot 
at different heating rates, without knowing the reaction order.

Coats‑Redfern method  The order of reactions is frequently 
preticted using a model-fitting method, the Coats-Redfern 
model. The basic equation for coats- Redfern method is 
given below [21, 22];
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where � represents the heating rate, R represents the univer-
sal constant (0.008314 kJ/mol) and g(α) is a kinetic func-
tion of the different reaction mechanisms obtained from the 
integration of f(� ). The activation energy can be calculated 
by drawing a graph between 1000∕T  and ln [g(�)∕T2] and 
calculating the slope from the straight line drawn. The solid-
state reactions can be described using the reaction models 
presented in Table 1 [23–25].

Experimental

Materials

Polypropylene (isotactic, Mn=67,000, Sigma-Aldrich), 
Polyethylene (High density, melt index 12 g/10 min (190 
°C/2.16kg), Zinc Borate (2ZnO·3B2O3·3.5H2O, 95%, 
TEKKİM), p-Xylene (anhydrous, ≥99%, Sigma-Aldrich)

Instrumentations

Fourier transform infrared spectroscopy (FTIR) spectra 
were recorded on a PerkinElmer FTIR Spectrum One-B 
spectrometer (USA), XRD (X-Ray Diffraction) XRD 
(X-Ray Diffraction) analysis was performed with a Thermo 
Scientific ARL K-Alpha, X-ray source: Cu-Kα, Normal 
scan speed: (0.1° 2θ/s), Cu radiation 1.5406 Ao (0,15406 
nm). All scanning electron microscopy (SEM)images were 
obtained using a field emission scanning electron micro-
scope Thermo Scientific Apreo S SEM under a high vacuum 
at a voltage of 15.0 kV and a working distance of 6.0 mm. 

The related samples were coated with AuPd alloy for SEM 
and EDX analysis by sputter coating in a 100 s diffuse 
technique. Images of the coated samples were obtained 
using an in-column secondary electron detector in the ref-
erence Polaroid 545 at an acceleration voltage of 15 kV 
under a high vacuum. EDX analyses were performed using 
a 129 keV electron detector in the visible region. Images 
and EDX analyses were obtained with a 30 μm aperture 
aperture, scanning speed of 5.4 seconds for a 1024x768 
pixel image. Thermogravimetry (TG) measurements of the 
polymer nanocomposites were obtained on a PerkinElmer 
Diamond TA/TGA (USA) from 25 °C to 600 °C at 10 °C a 
heating rate at a constant flow rate of 100 mLmin-1 under 
nitrogen atmosphere.

A cone-plate rheometer was used to observe the shear 
viscosity and shear stress of the compatibilized PP/HDPE/
ZincBorate15% composite. Lamy Rheology Instrumenets 

Table 1   Algebraic Expressions of g(� ) for the Most Frequently Used Mechanisms of Solid-State Processe [22–24]

Symbol Solid-State Processes g(�)

A2 Nucleation and growth [-In(1-�)]1/2

A3 Nucleation and growth [-In(1-�)]1/3

A4 Nucleation and growth [-In(1-�)]1/4

R1 Phase boundary controlled reaction (one-dimensional movement) �

R2 Phase boundary controlled reaction (Contracting area) [1- (1-�)1/2]
R3 Phase boundary controlled reaction (Contracting volume) [1-(1-�)1/3]
D1 One-dimensional diffusion �2

D2 Two-dimensional diffusion (bidimensional particle shape) Valensi equation (1-� ). In(1-�)+�
D3 Three-dimensional diffusion (tridimensional particle shape) Jander equation [1-(1-�)1/3]2

D4 Three-dimensional diffusion (tridimensional particle shape) Ginstling–Brounshtein (1-2 �∕3)-(1-�)2/3

F1 Random nucleation with two nucleus on the individual particle -In(1-α)
F2 Random nucleation with two nucleus on the individual particle (1-α)-1-1
F3 Random nucleation with two nucleus on the individual particle (1/2)[(1-α)-2-1

Fig. 1   Preparation of PP/Zinc Borate, HDPE/Zinc Borate and PP/
HDPE/Zinc Borate composites
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(RM 200 CP4000 PLUS Model, FR) with CP4005 cone  
(40 mm, 0.5°, 12N, 2 to 0,5M mPa.s Viscosity range) was 
used for this purpose. The shear rates were varied from (20 
to 200 s−1) and (200 s-1 to 20) at 105 °C. Regression models 
were performed according to Newton’s method. Rheological 
analysis was performed with a 50% (w/w) p-xylene suspen-
sion of the PP/HDPE/ZincBorate15% derivative.

A General procedure for the preparation 
of composites containing zincborat

Polypropylene/zincborate (PP/ZincBorate), High Density 
Polyethylene/zincborate (HDPE/ZincBorate) and polypro-
pylene/high density polyethylene/ZincBorate (PP/HDPE/
ZincBorate) were prepared to contain 5%, 10% and 15% 

Table 2   Blending conditions in 
the preparation of composites

Composites Amount (gram) Solvent oC Hour

PP HDPE ZincBorate

PP/ZincBorate5% 1.9 - 0.1 p-Xylene reflux 24
PP/ZincBorate10% 1.8 - 0.2
PP/ZincBorate15% 1.7 - 0.3
HDPE/ZincBorate5% - 1.9 0.1
HDPE/ZincBorate10% - 1.8 0.2
HDPE/ZincBorate15% - 1.7 0.3
PP/HDPE/ZincBorate5% 0.95 0.95 0.1
PP/HDPE/ZincBorate10% 0.9 0.9 0.2
PP/HDPE/ZincBorate15% 0.85 0.85 0.3

Fig. 2   FT-IR spectra of PP/Zinc Borate, HDPE/Zinc Borate and PP/HDPE/Zinc Borate composites
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zincborates. Firstly, polymers are mixed for 2 hours at boil-
ing temperature in p-Xylene. Zinc Borat in ethanol is kept in 
an ultrasonic bath for 2 h and then mixed for 2 h. A blurry 
white Zinc Borat suspension is added to the polymer solution 
and the mixture is continued at 800 rpm for 24 hours. After 
the solvent evaporated, the remaining solid is washed with 
ethanol and dried in a vacuum oven at 50 °C. The details of 
the composite preparation are presented in Table 2. Figure 1 
schematically shows the experimental method.

Results and discussion

Surface characterization of PP/ZincBorate, HDPE/ZincBo-
rate, and PP/HDPE/ZincBorate composites was performed 
by SEM analysis. The distributions of boron, carbon, zinc, 
and oxygen elements in the composite were examined using 
EDX. The crystal structures of the PP/HDPE/ZincBorate 
composites were elucidated by determining the 2θ dif-
fraction angles using XRD. Their thermal behaviors were 
determined using TG, DTG, and DTA analyses. The ther-
mal degradation kinetics of the PP/HDPE/Zinc Borate15% 
composite was determined using differential and integral 
methods. Apparent activation energies (Ea) were calculated 
and interpreted. Rheological analyzes of PP/HDPE/Zinc 
Borate15% were also performed.

FT‑IR analyses

FT-IR spectra of PP/Zinc Borate, HDPE/Zinc Borate and 
PP/HDPE/Zinc Borate composites are shown in Fig. 2. 
According to Fig. 2, characteristic CH stretching of PP at 
2960; 2938: 2856 cm-1, CH2 deformation peaks at 1460 cm-1 
and symmetrical deformation CH3 peaks at 1380 cm-1 can be 
seen clearly. The isotactic PP band can be seen at approxi-
mately 1000 cm-1 and 880 cm-1. The C-C bending vibration 
of the main skeleton of PP is approximately 1180 cm-1 [26]. 
Main absorptions of HDPE in the IR region are observed in 
Fig. 2. These main vibrations can be described as follows 
(cm-1): strong CH2 asymmetric stretching 2930, strong CH2 
symmetric stretching 2815, strong bending deformations 
1453 and 1433, medium wagging deformations 1386 and 
1371, and medium rocking deformations 730–750 [27]. In 
the FT-IR spectra of PP/Zinc Borate, HDPE/Zinc Borate 
and PP/HDPE/Zinc Borate composites, the peaks outside the 
characteristic aliphatic vibration regions of PP and HDPE 
belong to zinc borate. The FT-IR spectrum of zinc borate 
used in this study is shown in Supporting Fig. 1 (SF1). In 
Fig. 2, the vibration of the crystal water of zinc borate and 
vibration of O-H groups can be seen between about 3250-
3500 cm-1. Due to the low percentages of zinc borate in 
composites and heterogeneous distribution, these peaks are 
of weak intensity. As expected, it is most severe in com-
posites with 15% zinc borate. These peaks are quite weak 

Fig. 3   SEM images of PP/HDPE/Zinc Borate composites (A:5%, B:10%, C:15%)

Table 3   Atomic percentage distribution of PP/Zinc Borate compos-
ites obtained from EDX analysis

Element Atomic %

PP/ZincBorate5% PP/ZincBorate10% PP/ZincBorate15%

B 5.97 5.27 5.12
C 86.95 82.48 79.11
O 5.68 9.75 11.74
Zn 1.40 2.50 4.03

Table 4   Atomic percentage distribution of HDPE/ZincBorate com-
posites obtained from EDX analysis

Element Atomic %

HDPE/ 
ZincBorate5%

HDPE/ 
ZincBorate10%

HDPE/ 
ZincBorate15%

B 6.54 5.66 4.97
C 86.38 81.97 82.62
O 4.96 9.05 7.91
Zn 2.12 3.32 4.50
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for the composite derivatives containing 5% zinc borate. 
In addition, the stretching vibrations of the H-O-H bands 
between 1600 and 2000 cm-1 are due to the crystal water 
from zincborate. Different vibration frequencies of borate 
bands can also be seen in all composite derivatives in Fig. 2. 
Some of them can be said to be (cm-1), in-plane bending of 
B-OH between 1250 cm-1-1500 cm-1, stretching vibration of 
the (B-O-H) from 1000 cm-1 to 1100 cm-1, boron to oxygen 
bands between 800 cm-1-1000 cm-1 [28].

SEM‑EDX analyses

SEM images of PP/HDPE/Zinc Borate composites are 
shown in Fig.  3. SEM images of PP/Zinc Borate and 
HDPE/Zinc Borate composites are given in SF2 and 

SF3, respectively. As it is known, smooth and flat sur-
faces are observed in the SEM images of pure HDPE. 
However, pits are seen on the surfaces in mixtures with 
Zinc Borate. The change in morphology, brittleness and 
roughness of HDPE increased as the percentage of Zinc 
Borate increased [29]. As in pure HDPE, SEM images 
of pure PP are generally observed straight without lines. 
On the other hand, in the SEM images of PP/Zinc Borate 
composites, an uneven distribution of zinc borate particles 
is seen on the PP surface, showing heterogeneous mixture 
[30]. In general, when looking at the SEM images of PP/
Zinc Borate and HDPE/Zinc Borate composites, there are 
agglomerates of particles distributed heterogeneously on 
the surface rather than the usual PP and HDPE appear-
ances. SEM images of PP/HDPE/Zinc Borate composites 
show agglomerates like droplet structure, small holes as 
well as zinc borate fragments dispersed in the PP/HDPE 
matrix [31, 32].

The atomic percentages of PP/Zinc Borate, HDPE/Zinc 
Borate and PP/HDPE/Zinc Borate composites obtained 
from EDX analysis are given in Tables 3, 4 and 5, respec-
tively. According to this table, although the atomic % 
results are proportional to the composition percentages 
of the components in the composites, there is no linear 
increase due to the heterogeneous distribution. As expected 
for all composites, although there is no linear increase as 
the percentage of zinc borate in the mixtures increases, the 
atomic percentages of zinc, boron and oxygen increase. 

Table 5   Atomic percentage distribution of PP/HDPE/ZincBorate 
composites obtained from EDX analysis

Element Atomic %

PP/HDPE/ 
ZincBorate5%

PP/HDPE/
ZincBorate10%

PP/HDPE/
ZincBorate15%

B 5.57 5.15 6.78
C 84.35 81.3 71.86
O 8.68 10.12 15.84
Zn 1.40 3.43 5.52

Fig. 4   XRD patterns of PP/
HDPE/Zinc Borate composites
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Depending on this result, the carbon atomic percentage 
decreases. EDX analyzes of PP/Zinc Borate, HDPE/Zinc 
Borate and PP/HDPE/Zinc Borate composites are shown 
in the Figure in SF4.

XRD analyses

Figures 4 and 5 show the XRD patterns of PP/HDPE/
Zinc Borate composites and PP/Zinc Borate; HDPE/Zinc 

Fig. 5   XRD patterns of PP/Zinc Borate and HDPE/Zinc Borate composites

Fig. 6   TG (A), DTG (B) and DTA (C) curves of PP/Zinc Borate



	 Journal of Polymer Research (2023) 30:391

1 3

391  Page 8 of 16

Borate composites, respectively. It can be seen the char-
acteristic 2θ (2theta) diffraction angles of polyethylene, 
polypropylene and zincborate in these figures. Accord-
ing to Fig. 4, moderate and low intensity characteristic 
peaks of polyethylene are evident at 22° and 24o [33, 34]. 
The good known peaks of polypropylene at about 14°, 
17o and 18° [35, 36] are clearly visible in the Fig. 4. It is 
possible to see diffraction peaks of different intensities 
between 15°-50° with it varies depending on the operat-
ing temperature and pH of Zinc Borate. The peak area 
where it is most intense is around 15°-25°, where the dif-
fraction peaks of PE and PP are seen, so it is not possible 
to distinguish the characteristic peaks of zinc borate in 
this region. The other diffraction peaks of zinc borate are 
clearly visible at approximately 26°, 30°, 32°, 36°, 45°, 
47° and 50° degrees [37, 38]. It can also be seen that the 
intensity of the peaks increases with the percentages of 
zincborate in the composite. Information about the dif-
fraction peaks is also given on the Fig. 4. By looking at 
the Figs. 4 and 5, it is understood that the PP/PE/Zinc 

Borate mixture shows the characteristic PE, PP and Zinc 
Borate diffraction peaks. The XRD results support the 
successful preparation of the mixture.

Thermal analyses

TG, DTA and DTG curves of PP/Zinc Borate, HDPE/Zinc 
Borate and PP/HDPE/Zinc Borate composites are given in 
Figs. 6, 7 and 8, respectively. According to Figs. 6-A, 7-A 
and 8-A, It was not observed important changes the ther-
mal stabilty of the PP/Zinc Borate, HDPE/Zinc Borate and 
PP/HDPE/Zinc Borate composites. As expected, the ther-
mal resistance of the composites increased proportionally 
with the percentage of zinc borate. In the PP/Zinc Borate, 
HDPE/Zinc Borate and PP/HDPE/Zinc Borate composites, 
the residual masses in all derivatives containing 5%, 10% 
and 15% zinc borate were observed to be approximately 
5%, 10% and 15%. In Fig. 8-A, the remaining amounts 
in PP/HDPE/Zinc Borate composites containing 10% and 

Fig. 7   TG (A), DTG (B) and DTA (C) curves of HDPE/Zinc Borate composites
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15% zinc borate are very close unlike the other composites 
TG curves. The reason for this is related to the method of 
preparing the mixture. Although homogeneous composites 
with good dispersion were obtained throughout the study, 
homogenization was not achieved very well in PP/HDPE/
Zinc Borate10% and PP/HDPE/Zinc Borate15% composites. 
Although the blending method used in the study is a cheap, 
accessible and easy method, it cannot provide a high  
rate of mixing and good dispersion as well as extrusion.  
As seen in Fig. 11, the polypropylene and polyethylene 
used in the study have no residual mass at approximately 
500 °C [39]. PP, HDPE and Zinc Borate used to pre-
pare the composites have one thermal degradation step, 
and similarly all composites show one degradation step. 
According to Fig. 11, the thermal stability of the zinc 
borate used in the study is lower than that of PP and PE. 
Therefore, the thermal stability of PP/HDPE/Zinc Borate 
composites is seen between zinc borate and PP/HDPE.

It is seen that in Fig. 6-B, the decomposition of PP/Zinc 
Borate composites starts at approximately 400 °C and the 
maximum decomposition temperature (Tmax) is 460 °C. 
According to Fig. 7-B, the HDPE/Zinc Borate composites 
begin to decompose at about 425 °C, and the Tmax is about 
490 °C. However, here, the thermal stability and Tmax value 
of the HDPE/Zinc Borate15% derivative is lower than the 
other derivatives. The reason for this is the heterogeneous 
distribution due to the random mixture of the composites 
prepared in the study. When we look at the DTG curves of 
PP/HDPE/Zinc Borate composites in Fig. 8-B, it is seen that 
the decomposition starts at about 425 °C and the maximum 
decomposition temperature is 475 °C. The results obtained 
from the TG and DTG curves show that PP/HDPE/Zinc 
Borate composites have better thermal stability compared to 
PP/Zinc Borate and HDPE/Zinc Borate composites. Another 
conclusion to be drawn from this is that PP, HDPE and Zinc 
Borate, which have limited miscibility, mix successfully and 

Fig. 8   TG (A), DTG (B) and DTA (C) curves of of PP/HDPE/Zinc Borate composites
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form a composition close to homogeneous, as supported by 
other characterization results.

According to Fig. 8-C, in DTA analysis of PP/HDPE/
Zinc Borate composites, the existence of endothermic 
peaks at nearly 120 °C and 160 °C which corresponds to 
the crystalline phase transition of PE and PP due to melt 
can be observed. In addition, the mass loss correspond-
ing to the loss of water adsorbed on the zinc borate is seen 

at approximately 120 °C as in HDPE. The second peak at 
about 480 °C corresponds to the main thermal degradation 
of HDPE and PP [40, 41]. Low-intensity and sequential exo-
thermic decomposition peaks of zinc borate are observed 
between 420-430 °C. These low-intensity degradation peaks 
are more sharp in PP/HDPE/Zinc Borate10% and PP/HDPE/
Zinc Borate15% derivatives than PP/HDPE/Zinc Borate5% 
derivative because of Zincborate percentage in composites 

Fig. 9   Cyclic shear rate/shear stress 
rheological measurement results

Fig. 10   Cyclic shear rate/viscosity 
rheological measurement results
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as expected [42]. DTA curves of virgin PP, HDPE and Zinc 
Borate used in the study can be seen in SF5.

Reologic analyses of PP/HDPE/Zinc borate15% composite

Figures 9 and 10 show the rheological measurements of the 
PP/HDPE/Zinc Borate15% derivative composite. The analysis 
was performed at variable shear rates in cyclically and con-
tinuously conditions to determine the dynamic behavior of 
the composite. In the analysis, which was started to increase 
from 50 s-1 to 200 s-1, the composite was analyzed at a shear 

rate of 200 s-1 for a certain period of time. Likewise, the 
analysis was terminated so that the shear rate decreased 
from 200 s-1 to 50 s-1. Figure 9 shows shear rate/shear stress 
graph and according to this figure, with the increase in shear 
rate, it can be clearly observed that the shear stress of the 
PP/HDPE/Zinc Borate15% Composite increased following a 
non-Newtonian behavior. Non-Newtonian fluids can have a 
nonzero or zero yield stress. If a fluid has a non-zero yield 
stress, a non-zero and finite shear stress should be applied in 
order for the fluid to start flowing. As in this study, the sim-
plest model describing such a fluid is the Bingham Plastic 

Fig. 11   Typical TG curve PP, 
HDPE, Zinc Borate and PP/
HDPE/Zinc Borate15% in N2 
atmosphere at heatig rates 10 °C

Fig. 12   (A) Typical TG and (B) DTG curves PP/HDPE/Zinc Borate15% composite in N2 atmosphere at heatig rates 5 °C, 10 °C, 15 °C and 20 °C
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Model [43], where shear stress is a linear function of shear 
rate. Conspicuously, share stress decreases linearly at a con-
stant shear rate of 200 s-1. This can be explained by the 
fatigue between molecular chains. It can be observed that 
PP/HDPE/Zinc Borate15% again showed Bingham Plastic 
behavior while decreasing from 200 s-1 shear rate to 50 s-1.

Complex materials such as polymer suspensions, emul-
sions and solutions tend to exhibit non-Newtonian behav-
ior. With increasing shear rate, viscosity decreases (shear 
thinning) or, less commonly, increases (shear thickening). 
These results are due to the complex microstructure and 
rearrangement of the material under applied pressure and 
are beneficial in many application areas. As seen in Fig. 10, 
the dynamic viscosity values of PP/HDPE/Zinc Borate15% 
composite conform to the shear thinning profile against 
increasing shear rate. As expected in the cyclic analysis, 
the viscosity value increases with decreasing shear rate. 
Although lower values are read below the viscosity values 

according to beginning of the analysis, these results show 
that the structural decomposition of the composite under 
a certain force is not very high. According to the curves 
obtained from Figs. 9 and 10, PP/HDPE/Zinc Borate15% 
composite generally shows a plastic low probability pseu-
doplastic type fluidity [44]. The data of rheological analysis 
are given in Supporting Table 1.

Thermal degradation kinetic of PP/HDPE/Zinc 
borate15% composite

Figures 11 and 12 is demostrated PP, HDPE, zinc borate 
and PP/HDPE/Zinc Borate15% termograms. These termo-
grams were taken from 30 °C to 600 °C with a heating rate 
of 10 °C/min at nitrogen atmosphere. The PP and HDPE 
have almost the same thermal stability. The mass loss of 
PP and HDPE begins at 442 °C and 437 °C, respectively. 
At 514 °C, PP and HDPE were completely decomposed 
and consumed. The TG curves of both PP and HDPE also 
indicate one reaction stage which is reflected as one deg-
radation reaction peak. Wu et al. noted that the pure PP ther-
mogram showed one-step decomposition in the range of 
382-475 °C, and a negligible char remained above 475 °C  
[7]. Awad et al., on the other hand, performed thermal 
gravimetric analysis to examine the thermal properties of 
pure HDPE and HDPE composites. The HDPE thermo-
grams obtained are in conformity with the HDPE TGs in 
our study [45]. It can be seen from the TG thermogram of 
the zinc borate molecule in Fig. 11 that there is degrada-
tion in 2 steps. The weight loss in the 100-130 °C step in 

Table 6   Initial Temperature of a Decomposition Process (Ti). Maxi-
mum Degradation Temperature (Tmax). Final Temperature of a 
Decomposition Process (Tf). and Residual Mass (α)

Heating 
Rate (β)
(oC/min)

Ti (oC) Tmax (oC) Tf (oC) Residue (1 
-α) at 600 °C

5 356 726.1 483 10.6
10 383 738.5 490 10.7
15 395 747.0 500 11.3
20 400 750.0 503 11.6

Fig. 13   Kissinger plot for PP/
HDPE/Zinc Borate15%
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the first stage is due to the loss of water molecules from 
the surface of zinc borate molecule (approximately 4.3%). 
The second decay stage is between 352 and 437 °C and 
is about 9%. This step is due to the degradation of the 
crystalline water in the structure of Zinc Borate. Simi-
lar results were also found by Wu et al. When compared 
with the thermogram in their work using Zinc Borate 
(2ZnOx3B2O3x3.5H2O), they saw a single decay with 
an initial temperature of 318 °C. The reason for the shift 
of the initial temperature of this decomposition step to 
352 °C was that 2ZnOx3B2O3x3H2O, that is, the crystal 
structure 3 water, caused a stronger bonding and a shift 
in the initial temperature of the decomposition step. Zinc 
Borate is thermally stable after 352 °C, with 85.0% resid-
ual consisting of ZnO and B2O3 [7]. Although the TG of 
PP/HDPE/Zinc Borate15% shows a single degradation step 
similar to PP and HDPE, its thermal stability seems to 
have decreased. This is thought to be because Zinc Borate 
weakens the interaction between PP and HDPE polymer 
chains and reduces the thermal stability of the mixture. 
The thermal stability of polymer blends depends on the 
composition of the respective polymers and on the ionic 
and covalent interactions between them. There are many 
factors such as functional groups, molecular weight, 
degree of branching, crosslinking and crystallinity in 
the polymer structure that affect the thermal stability of 
blends [46]. The decrease in the thermal stability of the 
PP/HDPE/Zinc Borate15% composite is due to these rea-
sons. While PP and HDPE are completely decomposed at 

500 °C, the Zinc Borate molecule is present at a rate of 
85% at this temperature. So, the remaining substance of 
our composite containing 15% zinc borate after 500 °C is 
the residue from Zinc Borate. The Zinc Borate ratio in our 
blend was calculated as 14.8% in the calculations made 
using the Zinc Borate molecular weight and the remaining 
ZnO and B2O3 molecular weights after the degradation of 
3xH2O. The theoretically calculated Zinc Borate ratio in 
the synthesized composite has been proven by thermo-
gravimetric analysis.

Decomposition activation energy (Ea) provides an approach 
used to better understand thermal decomposition behavior and 
thermal stability of polymer composites and blends. For this 
purpose, in our study, two integral methods, namely Flynn-
wall-Ozawa method (FWO) and Coast Redfern, and a differ-
ential method, which is Kissenger's method, were analyzed 

Fig. 14   The logarithm of heat-
ing rate versus temperature at 
constant conversion (0.10, 0.20, 
0.30, 0.40, 0.50, 0.60, 0.7 and 
0.8) for the degradation of PP/
HDPE/Zinc Borate15%

Table 7   Activation Energies 
Obtained Using the Flynn-Wall-
Ozawa Method

α Ea (kJ/mol) r2

0.1 137 0.92
0.2 165 0.99
0.3 181 0.99
0.4 192 0.99
0.5 201 0.99
0.6 201 0.99
0.7 214 0.99
0.8 223 0.99
Mean 189±28
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using. Fig. 12, TG and derivative curves (DTG) of PP/HDPE/
Zinc Borate15% taken in nitrogen atmosphere at 5, 10, 15, 20 
°C are shown. The initial temperature (Ti) of a decomposi-
tion process, the maximum decomposition temperature (Tmax), 
the final temperature (Tf) of a decomposition process and the 
residual mass (1-a) TG characteristics at heating rates (5 °C, 
10 °C, 15 °C and 20 °C) are listed in Table 6. As shown in 
Fig. 12 and Table 6, the quantities of ash that remain after 
thermal degradation of the PP/HDPE/ZincBorate15% with 
increasing heating rates have values between 10.6 and 11.6 
for decomposition stage.

Based on differential (Kissenger method) and integral 
methods (Flynn-Wall-Ozawa and Coast-Redfern), kinetic 
parameters (activation energy and pre-exponential factor) 
were calculated for the PP/HDPE/Zinc Borate15% in order to 
obtain more information about its thermal stability. In addi-
tion, kinetic studies were conducted in order to determine 
the mechanism of stage.

According to the method of Kissinger activation enegry 
was calculated from plot In (β/T2

max) versus 1000/Tmax. The 
activation energy and correlation obtained from the clas-
sical method of Kissinger for PP/HDPE/Zinc Borate15% is 
233.3 kJ/mol and r2= 0.9912, respectively. The Kissinger 
plot of PP/HDPE/Zinc Borate15% is given in Fig. 13. Acti-
vation energies found in the Kissinger method for virgin PP 
and HDPE in similar studies are 170-180 kJ·mol−1 and 220-
230 kJ·mol−1, respectively. The activation energy of the PP/
HDPE/Zinc Borate15% composite is about the same as that 
of the pure HDPE polymer, and it can be said that it has a 
relatively high activation energy [47–49].

Figure 14 plots log� and 1000∕T as functions of conversa-
tion using the Flynn-Wall-Ozawa method, Activation energies 
and correlation calculated by Flynn-Wall-Ozawa method are 
given in Table 7. The activation energies for the decay rates of 
0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.7 and 0.8 were calculated 
using the Eq. 6 and the mean value was determined as 189±28 
kJ/mol. Activation energy values in studies conducted with 
the FWO method for pure PP and HDPE have been found to 
be 180-190 kJ·mol−1 and 230-240 kJ·mol−1, respectively. The 
Ea value found for PP/HDPE/Zinc Borate15% in this study is 
approximately 190 kJ·mol−1 and has a value equal to the aver-
age of two pure polymers [47, 49, 50].

Table 8   Activation Energies Obtained Using the Coats-Redfern Method 
for Several Solid-State Process

Mechanism E (kJ/mol) r

(a) Heating Rate of 5 °C/min
A2 98 0.9984
A3 61 0.9980
A4 43 0.9975
R1 158 0.9917
R2 182 0.9983
R3 191 0.9991
D1 329 0.9922
D2 359 0.9967
D3 394 0.9992
D4 370 0.9979
F1 209 0.9987
F2 274 0.9840
F3 353 0.9588
(b) Heating Rate of 10 °C/min
A2 99 0.9802
A3 62 0.9787
A4 43 0.9771
R1 161 0.9931
R2 185 0.9900
R3 193 0.9877
D1 336 0.9934
D2 365 0.9920
D3 399 0.9888
D4 376 0.9910
F1 211 0.9813
F2 275 0.9514
F3 351 0.9153
(c) Heating Rate of 15 °C/min
A2 128 0.9979
A3 75 0.9974
A4 56 0.9969
R1 205 0.9885
R2 236 0.9964
R3 248 0.9977
D1 427 0.9891
D2 465 0.9943
D3 511 0.9978
D4 481 0.9959
F1 272 0.9982
F2 357 0.9862
F3 459 0.9631
(d) Heating Rate of 20 °C/min
A2 126 0.9992
A3 78 0.9990
A4 55 0.9987
R1 202 0.9865
R2 232 0.9960
R3 243 0.9978

Table 8   (continued)

Mechanism E (kJ/mol) r

D1 419 0.9871
D2 457 0.9933
D3 502 0.9979
D4 472 0.9952
F1 267 0.9994
F2 351 0.9900
F3 452 0.9687
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The activation energy for all g(α) functions is represented 
in Table I by Coats and Redfern. Activation energies and 
correlation calculated by the Coats-Redfern method are 
given in Table 8 at different heating rate such as 5 °C, 10 °C, 
15 °C and 20 °C.

As can be seen from these tables, the activation energy 
value calculated using the R3 mechanism (191.0 kJ/mol) 
is very close to Flynn-Wall-Ozawa activation energy value 
(189.3 kJ/mol) at 5  °C/min heating rate. The pyrolysis of 
HDPE was explained by the “Shrinking cylinder” model (R2) 
in a study [49]. The result in this study strongly suggests that 
the solid state thermal degradation mechanism follows the 
deceleration (R3) type in PP/HDPE/Zinc Borate15%.

Conclusions

In this report, new PP/HDPE/Zinc Borate composites have 
been synthesized using blending method and characterized 
using FTIR, TG-DTA, SEM-EDX and XRD. The thermal 
degradation of PP/HDPE-Zinc Borate15% in nitrogen is 
one-stage reaction. Activation energies of thermal deg-
radation of the PP/HDPE-Zinc Borate15% computed with 
Kissinger’s and Flynn–Wall– Ozawa method in a nitrogen 
atmosphere were 233.3 and 189.3kJ/mol. respectively. 
Analysis of the experimental conclusions proposed that the 
reaction mechanism was R3 deceleration type that is phase 
boundary controlled reaction (contraction volume). When 
the compare PP, HDPE and PP/HDPE-Zinc Borate’s ther-
mal resistance, PP/HDPE-Zinc Borate’s is higher than that 
of pure PP or HDPE. Some important information neces-
sary to characterize and control product performance is 
provided by rheological analysis. According to the results 
obtained from here, PP/HDPE/Zinc Borate15% compos-
ite can maintain its plasticity under a certain force. The 
molecular structure does not undergo much degradation.
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