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Abstract: This research studies the effect of borax on the thermal stability and thermal kinetic behavior
of ethylene-propylene-diene (EPDM) rubber composites. Using a laboratory two-roll mill at room
temperature, carbon-black (N-220) as filler, and other additives such as zinc oxide, stearic acid, and
paraffin oil were incorporated into the EPDM rubber matrix. The composite was prepared at different
borax concentrations (25 and 50 phr). Thermogravimetric analysis was performed to characterize
borax’s effect onthermal stability before and after borax addition. Added borax to the host composite
rubber (EPDM composite without borax) significantly improved the composite’s thermal stability.
Borax-loaded composites behave differently at various temperatures. To investigate the kinetic-
thermal analysis of the prepared samples, three different models were applied. The activation
energy (Ea) and frequency factors (A) for the Horowitz-Metzger, Broido and Coats-Redfern models
were calculated. These models were compared and discussed based on their results. First-order
decomposition also represented the main decomposition stage. Kraus and Cunnen-Russel models were
used to test the interaction between rubber and borax based on previously published swelling results.
No interaction was found between rubber and borax.

Keywords: EPDM; rubber composite; thermal stability; kinetic thermal analysis; borax; kinetic
models; Horowitz-Metzger; Broido model; Coats-Redfern
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1. Introduction

In many heavy industries, different types of rubber are used for different applications (e.g.,
thermal insulation, leak prevention, etc.). These applications include shielding against ionizing
radiation and neutrons. EPDM rubber is one of the most popular rubber types used for these purposes.
EPDM rubber is preferable for radiation shielding when adding boron compounds or derivatives. These
compounds absorb radiation or convert it to lower-energy radiation. When using these materials for
such purposes, it is worthwhile to study their thermal stability. In addition, it is worthwhile to study
the effect of different weight ratios of additives on their thermal stability.

Ethylene-propylene diene terpolymer (EPDM) is a type of rubber produced from ethylene,
propylene and non-conjugated diene (EPDM). It can act as a suitable heat-insulator binder because it
has a glass transition temperature of —50 °C and a thermal conductivity of around 0.25 W/(m-K). Long
shelf life and exceptional low-temperature performance are two more key features of EPDM. On the
other hand, EPDM’s char yield and ablation resistance are quite low and require the strengthening of
fillers. One of the main fillers used to improve elastomers’ electrical and mechanical properties is
carbon black.

Farajpour et al. [1] investigated the effect of borax on the mechanical and ablation properties of
three different EPDM compounds containing 10 phr of carbon fibre, Kevlar, or carbon fibre/Kevlar.
Fumed silica powder (30 phr) and paraffin oil (10 phr) were used in all formulations. Adding borax to
composite samples containing carbon fibre or Kevlar fibre or their equal ratio mixture increased tensile
strength, elastic modulus and hardness while slightly decreasing elongation at break. The TGA results
revealed that borax added to rubber compounds increased char yield at 670 °C significantly. The
effect of loading high-density polyethylene with boron-based fire retardants and fibre on the mechanical,
fire and thermal performances of impregnated spruce wood floors was investigated by Cavdar et al. [2].
According to their findings, samples with borax provided better mechanical properties than samples
with boric acid. They showed a 19% improvement in tensile modulus for 40% fibre loadings compared
to control samples.

Many studies have been conducted to take advantage of borax to improve thermal conductivity
and as a fire retardant agent in materials [3-5]. Also, borax was used as a reinforced compound to
enhance polymers and rubbers’ thermal and mechanical properties [6-9]. In the fields of nuclear energy,
radiation therapy and the aerospace industry, flexible rubber composite materials are applied in the
manufacture of walls to prevent the escaping neutrons. They also absorb emitted radiation [10-12]. For
this purpose, many researchers were interested in using EPDM rubber loaded with carbon (fibre,
powder or nanotubes) and other materials at specific concentrations for radiation shielding and neutron
suppression [13]. Those materials include boron and its derivatives [14,15].

There are several studies that have studied the thermal stability of EPDM rubber loaded fillers and
a minimal investigation on the kinetic thermal analysis using the thermal gravimetricanalysis [16-18].
For vulcanized EPDM loaded with different phr of borax, few articles were found related to such
composite [1,8], and we have to know the effect of borax on the thermal behavior and decomposition
mechanisms of the composite compared to raw rubber.

In this research, we focus on the study of gravimetric decomposition analysis (TGA) of EPDM
rubber composites with different borax ratios. Three different borax concentrations (0, 25 and 50 phr
of borax) were prepared. Possible decomposition mechanisms were also investigated to get better
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information about the decomposition of such composites. In addition, they were investigated to show
the effect of borax on the composite’s thermal behavior.

2. Theoretical approach
2.1. Kinetic thermal analysis

For TGA measurement, the decomposition rate or the conversion (alpha) is given based on Eq 1,

o =2 1)

mo—mf

where mo, m¢ and ms represent the sample’s initial weight, residual weight at time t and final weight,
respectively. The rate of conversion (da/dt) is given by Eq 2,

da

L = kf (@) e

where k is the rate constant, and f(a) is the conversion function. The conversion function (Eq 3) is
directly proportional to the amount of non-decomposed material and can be represented as

fl@=0-a)" @)

where n represents the order of the reaction. The Arrhenius formulation can be used to describe the
temperature dependency of the rate constant (Eq 4) and it is given as

k= Aexp(5) 4)

where, E is the apparent activation energy, A is the pre-exponential factor, R is the gas constant and T
is the absolute temperature. By substituting in the previous equations (Eq 4) and replacing the
differentiation from dt (time) to dT (temperature), we get

da A E
o = 5 SXP(—pdl (®)

By integrating Eq 5, (from the beginning of the reaction temperature to the peak corresponding
to the highest reaction rate and from o = 0 to 1), we get the following equation

d A (T E
9(@) = Iy G = Iy exp (= 57) 47 ©)

For solving the above integration (Eq 6), several strategies have been developed. These methods
can be divided into two groups; the 1% group employs data from a single heating rate, and the 2" based
on using multi-heating rates. Differential and integral methods can be applied to both types of
procedures. The Kissinger [19] and Friedman [20] techniques are differential approaches, while the
Flynn-Wall-Ozawa [21,22], Coats-Redfern [22] and Horowitz-Metzger methods [23] are all integral
methods.

This research article will investigate a comparison between one of the differential solution
models (Friedman model) and the other based on the integral solution models (Coats-Redfern models).
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2.1.1. Broido model

The activation energy (Ea) for pyrolysis was calculated using the Broido mathematical model [24].
Broido calculates the activation energy based on the following expression (Eq 7) and assuming a first-
order decomposition process:

Ln[In(1/Y)] = —(E/RT) + In A (7)
Where
Y = (wr — wi)/(Wi — wr) (8)

where in Eq 8, wt denotes the sample weight at temperature T, wr denotes the sample’s final weight,
wi denotes its initial weight, and Y is the fraction of initial molecules that have not yet decomposed.
The activation energy and the constant A can be determined from the most linear fitting region
of In[In(1/Y)] vs. 1/T.

2.1.2. Horowitz-Metzger model

Typical approximation methods are illustrated by the Horowitz-Metzger equation (Eq 9),

]— £9 forn+1 9)

{1-1-a)* "}
log "~ 2.303RTZ’

1-n

For n = 1, the left hand side of Eq 9 would be log[—log(1 — a)]. It is conceivable to write the
Horowitz Metzger equation (Eq 9) as follows for a first-order kinetic process

log (log (%)) =_%9 -10g2.303, forn=1 (10)

"~ 2.303RT2

Ts is the temperature at which (1 —a)=0.368, 6 =T — Ts, w = wf — W, wf = mass loss at the completion

of the reaction (g) =1—a.
T

Using Eq 10, the plot of log[log(1 — a)]vs 8 or In[in(1 —a)] vs & was drawn and found to
be linear from the slope of which E can be calculated. The pre-exponential factor, A, was calculated
from Eq 11,

E E
w7 = A/ [Bexp(—70)| (11)
B is the heating rate.

2.1.3. Coats-Redfern method

The Coats-Redfern model is used in determining the activation energy (Ea) and frequency
factor (A) for 1% order decomposition by using the following expression (Eq 12),

Ing(a) = ——+1In (’;—2) (12)
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Forn =1, g(o) = —In[(1 — a)/T?], and from the most linear fitting region of In[g(a)] vs. 1/T, the
activation energy and the frequency factor A can be determined.

2.2. Swelling
2.2.1. Swelling at saturation (Q.,) and rubber volume fraction (V)

Equation 13 represent the swelling at saturation Q... It is given by

Qo = 21 % 100 (13)
my
where my is the non-swollen sample mass (gm), and mz is the swollen sample mass at saturation.
The rubber volume fraction (Eq 14) is related to the swelling at saturation using

1
Pr
1+Qe0—
Qoo

. (14)
where p, and p, represents the rubber and solvent densities respectively (o0 EPDM = 0.92 gm/cm?3, p
toulene = 0.87 gm/cm®). From the values of rubber volume fraction one can determine the value of
crosslink density ve directly using Flory-Rehner equation. In a previous study, the cross-link density
of the samples was calculated [25].

2.2.2. Kraus and Cunneen-Russel models

These theoretical models predict the interaction between the filler (borax) and rubber matrix.
Kraus’ equation is written as

Yro _ 1 _ £

V_rf =1 m -7 (15)
where V/, is the rubber volume fraction for the pure gum and V¢ is the rubber volume fraction for the
rubber loaded by the filler. Z is the volume fraction of filler in the vulcanizate. The parameter m can be
obtained from the slope of Eq 15.

Another model is used; which is represented as

T = ge~? + b (16)
Vrf

Equation 17 represents another form of Eq 16 in terms of the swelling of filler-reinforced vulcanizes.
—=e“+b (17)

where Q is the amount of the solvent embedded per unit weight of the rubber, f and g refer to the filled
and gum samples and a and b are two constants that depend on the filler activity. The values of the
parameters a and b can be determined from the linear relation of Eqgs 16 and 17. A high value of a and a
low value of b indicate strong polymer attachment.
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3. Experimental work
3.1. Sample preparation

Carbon-black (N-220) was used as filler in the synthetic EPDM reinforcement. In the
vulcanization process, zinc oxide was used as an inorganic activator and stearic acid as an organic
activator. All of these ingredients were mixed at room temperature using a two-roll mill. During mixing
these ingredients, paraffin oil is gradually added as a softener (see Table 1). For simplicity, samples
are coded and listed in Table 2.

Table 1. The ingredients of the EPDM rubber composite samples.

Material Role Amount (phr)
EPDM (local market) Rubber base 100
Carbon-black (N-220) (Degussa) Reinforcement (filler) 50

Paraffin oil (ZMTH-Egypt) Softener (plastizer) 50

Steric acid (Behn Mayer) Activator 2

Zn0 (Zinc Egypt) Activator 5

Z.K (Behn Mayer) accelerator 3

Sulfur (Polychem-Egypt) Curing agent 3

Table 2. The sample code and description.

Sample code Sample description Note

EPDM_Gm Pure EPDM (Gum) Pure without any additives

EPDM_C EPDM host rubber composite  EPDM with ingredient (Table 1) without borax
EPDM_C25B EPDM host + 25 phr Borax EPDM with ingredient (Table 1) with 25 phr borax
EPDM_C50B EPDM host + 50 phr Borax EPDM with ingredient (Table 1) with 50 phr borax

The obtained master-batch was weighted and divided into equal parts, and borax (25 and 50 phr) was
added to the prepared product. The composites were mixed again using the two roll mills and
vulcanized (cross-linked) by a compressive method at 153 °C and 4 MPa. The prepared composite was
compressed in the form of a circular disc with a diameter of 10 cm and a thickness of 4 mm. Figure 1
shows a photographic picture of the prepared samples.

—

Figure 1. A photographic picture for the prepared samples.
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3.2. Thermogravimetric analysis

Thermogravimetric analysis studies were carried out using a TGA-50 (Shimadzu Company, Japan)
at a heating rate of 10 °C/min under nitrogen gas atmosphere from room temperature to 600 °C.

4. Results and discussion
4.1. Thermogravimetric analysis (TGA)

The TGA (weight-loss) curve and its 1% derivative for EPDM gum (EPDM_Gm) in nitrogen are
shown in Figure 2. The TGA curve is a one-step decomposition. The curve reveals that the weight loss
is relatively small (less than 3%) in the temperature range below 200 °C and reaches approximately 5%
at about 380 °C. This indicates the extent of thermal stability of the material in this range of
temperatures. The main decomposition stage of the sample starts at about 380 °C and reaches complete
decomposition at temperatures above 500 °C. The fast rate of decomposition can be noted from the
sharpness of the first derivative curve, as shown in Figure 2. The temperature corresponding to the
maximum decomposition rate occurs at 452 °C (DTGA peak). The initial loss before the onset
temperature, between room temperature and 380 °C, can be attributed to the loss of volatile
components in the sample, which was neglected (<5%). The decomposition temperature range for the
EPDM_Gm sample (from 380 to 500 °C) is in agreement with other references [26,27].

100

DTGA

TGA

100 200 300 400 500 600

Temperature T (°C)

Figure 2. TGA and DTGA curves of pure EPDM gum in Na.

Figure 3a shows a comparison between the thermal decomposition curves for EPDM_Gm and
host composite sample (EPDM_C). The degradation behavior of EPDM + Gm sample is completely
different from that of the host EPDM_C sample. The EPDM_C sample show less thermal stability
than the EPDM_Gm sample. The Tonset for the EPDM_Gm sample is 437 °C, while for the EPDM_C
sample (without borax) is 264 °C.

Figure 3b represents the DTGA curves for EPDM_Gm and EPDM_C samples. Rubber gum has
only a single narrow peak, while the EPDM_C sample has more than four peaks. The main
decomposition peak for gum is located at 485 °C, while for the composite sample, it is located at 475 °C.
The additives used during the processing of the EPDM_C sample, in addition to the thermal
treatment and vulcanization process, may cause a significant change in the thermal behavior of the

AIMS Materials Science Volume 10, Issue 4, 556-574.



563

host polymer (EPDM_C). It is noted that the decomposition curve becomes more complex and
includes several stages of decomposition besides the main decomposition stage (Figure 3b). The
additive (sample ingredients) and the vulcanization process represent the main reasons for the
reduction of the thermal stability of the composite host sample (EPDM_C) compared with the
EPDM_Gm. The mass loss values at 400 °C for EPDM_Gm and EPDM_C were about 3.8% and 19%,
respectively. Host rubber composite (EPDM_C) comprises volatile components such as oil,
accelerators, etc. Some of these components dissolve and evaporate as volatile components through
the first temperature stage (from 50 °C to 150 °C). Other components are released through the second
stage (from 150 °C to 400 °C). It is clear that EPDM_Gm decomposes rapidly and through a narrow
range of temperatures (from 410 °C to 480 °C). In the case of the host sample, the EPDM
decomposition peak is accompanied by a group of peaks that confirm the presence of other compounds
or elements decomposed in this range of temperatures. The presence of the shoulder (or small peak) at
atemperature of 418 °C and the broadening of the main decomposition peak of EPDM can be attributed
to the fracturing of some bonds in the host rubber chains, which results in the existence of small rubber
chain with free radicals. These free radicals may accelerate the decomposition of these portions,
which will decompose easier than the main chains of the EPDM_Gm sample. They will appear as a
superimposed peak with the principal decomposition peak. The high-temperature decomposition peaks
are located beyond the main decomposition region of rubber and have a centre of maximum
decomposition rates at about 525 °C and 550 °C. These two peaks can be classified as strong
decomposition due to non-volatile residual materials (except carbon black).

100 @) (b)
r - < 1.00
<0 EOBOL LPDM zum O
L =
60 A 0
5 2 ;
= = o050t /\
L = )
L E /
5 025} / \/ \
0 : . . L 0.00 o——=— el .
100 200 300 400 500 600 100 200 300 400 500 600
Temperature T (°C) Temperature T (°C)

Figure 3. A comparison between (a) TGA and (b) DTGA curves of EPDM_Gm and the
vulcanized EPDM_C in Nz gas.

Figure 4 shows the TGA decomposition curves of the basic composite sample and samples loaded
with different weight ratios of borax (0, 25, and 50 phr borax). The addition of borax reduces the
thermal stability of the composite sample in the temperature range from 120 °C to 450 °C. There are no
significant changes in the decomposition phase of the host rubber (EPDM_C) (as seen in the temperature
range from 450 °C to 500 °C). This is an indication that the addition of borax did not affect the basic
structure of the elastomer (EPDM_Gm), but it had an effective effect on the thermal decomposition of
other volatile elements.
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—— EPDM_C
— EPDM_C25B
—— EPDM_C50B

TGA %

100 200 300 400 500 600 700
Temperature T (°C)

Figure 4. The TGA curves for composite sample and samples loaded with different phr of
borax (0, 25, and 50 phr).

The thermal parameters extracted from the TGA data at different degradationstages are shown in
Table 3. It is noticed that the Tse and Ty decrease with the increase in the percentage of borax.

Table 3. Some TGA thermal parameters (Tsw%, Too% and Tmax) for EPDM host composite
(EPDM_C) and borax loaded composite samples (EPDMCXxB).

Sample Tso Toow T rmax
EPDM_C 292.9 580.6 453.2
EPDM_C25B 242.3 549.3 430, 485
EPDM_C50B 172.3 525.2 480

Figure 5 displays the first derivative of the TGA curves for the host sample and the borax-loaded
samples. It is clear from the figure that the addition of borax displacements the maximum
decomposition peak at higher temperatures. The DTGA curve shape was modified for the sample
loaded with 50 phr borax. The multiple peaks for the host composite and 25 phr borax were merged
into three smooth peaks and separated from each other. The disappearance of the small peaks, or
especially the shoulder associated with EPDM decomposition (peak 2), is evidence that the addition
of borax contributed to an increase in the homogeneity of the sample and a decrease in the presence of
various entanglements.

Figure 6a—c show the peak separation of the superimposed decomposition process using Origin
Lab 8.0 software to get more understanding and deep information about the decomposition process.
Figure 6a shows the DTGA behavior of the host composite sample (EPDM_C). The decomposition
process of this composite is complex and includes many overlapping processes. There are five
processes with different thermal centres (maximum decomposition rate). Some of these processes can
be attributed to a well-known source. For example, the components or compounds that are easy to
volatilize and decompose appear together in the first decomposition region (blue- or 1% peak from left).
The centre of the maximum decomposition rate for such a compound can be considered at a
temperature of about 320 °C, which can include paraffin oil, processing oil, curing agent, etc.
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Figure 5. Normalized DTGA curves for (a) composite EPDMOB and sample loaded with
(b) 25 phr borax, (c) 50 phr borax and (d) all curves of DTGA for comparison.
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Figure 6. Peak separation for host composite and composite loaded with 25 and 50 phr borax.

The presence of two convergent peaks (red and blue, or the 2"¥ and 3™ peaks from the left)
represents the main reaction of EPDM polymer. This complex decomposition region is composed of
small and large peaks. Several EPDM chains and molecules could have been partially decomposed
and reflected in the small one. The second peak can be considered as the main decomposition of EPDM
rubber. It is located in a thermal range that matches many previous studies. Finally, there are two other
peaks (4" and 5™ peaks) located beyond the main decomposition region of rubber and have a centre of
maximum decomposition rates at about 550 °C and 600 °C, respectively. These two peaks can be
attributed to residual non-volatile materials (strong decomposition).

Those peaks determined for the host composite will be compared to those corresponding to the
sample loaded with borax. Figure 6b,c show the peak separation for the decomposition process for
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samples loaded with 25 and 50 phr borax, respectively. These figures show that there are three basic
decomposition processes, but the presence of heterogeneity within the composite has shown some
secondary processes, such as the decomposition processes of a fraction of the EPDM chains, which
appears in the form of a shoulder accompanying the main decomposition process of the host rubber.
Also, the appearance of a small peak at high temperatures represents the decomposition of the
remaining chains. These chains are isolated by the previous combustion products. As mentioned earlier,
the addition of borax supports the distribution of the sample ingredients and resolves the entanglement
of the chains. This improves the DTGA curve shape.

By studying the different models that predict the values of the activation energy Ea and the
exponent factor A for thermal decomposition, useful information can be obtained to clarify the thermal
stability and thermal behavior of materials at high temperatures. There are several methods for
determining the kinematic parameters of solid interactions. These models are useful in investigating
the thermal behavior of homogeneous and heterogeneous solids and comparing the results predicted
by those models.

Three different models were applied to investigate the effect of borax on the thermal behaviour
of the host rubber composite. These models are the Broido model (Egs 7 and 8), the Horowitz and
Metzger model (Eqs 10 and 11) and the Coats-Redfern model (Eq 12). Figures 7-9 illustrate the
application of Broido, Horowitz and Metzger and Coats-Redfern models for the main decomposition
stage (region II), respectively. According to each model, both the activation energy and the exponent
factor A are calculated and listed in Table 3.

Horowitz and Metzger have higher activation energies in five of the nine comparisons than Coats-
Redfern by about 15%. Comparing Broida with Coats-Redfern, four are less than 15% different.
However, we observed convergence in the overwhelming majority of activation energies calculated by
these models. The values of A’s factors calculated from the Horowitz and Metzger and Coats-Redfern
models are close to each other. The largest difference was found in the Broido model values.

There are different mathematical treatments applied to each of these three models, which can
explain fluctuations in activation energy calculations. This appears in the difference in straight region
extension. By reviewing the linear regions for each case, it will be noticed that there is congruence in
some cases and differences in others (at the same stage of decomposition).

In an attempt to correlate the change in the activation energy of thermal decomposition with the
rate of decomposition, let us consider (for example) the third decomposition stage for the three
samples (the host composite and composite loaded with borax). Compared to the other samples loaded
with borax, the host rubber composite sample has a lower decomposition rate (decomposition rate is
the slope of the straight region of the TGA curve during decomposition). The fastest decomposition
was for the sample loaded with 25 phr borax. By comparing the activation energy values in Table 4, it
is observed that the sample with 25 phr borax has the largest activation energy of the three models.
This is followed by 50 phr borax, followed by the host rubber composite sample. This means that the
addition of 25 phr borax was the optimal amount to interact with the EPDM rubber chains. In the case
of 50 phr borax, the borax residue (which did not react with the rubber chains) reduced the average
decomposition activation energy.
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Table 4. The calculated activation energy and predicted exponent factor for host rubber and rubber loaded with 25 and 50 phr borax.

E Stages  Horowitz and Metzger Broido Coats Redfern E (average)
Slope Intercept E (kJ/mol) A Slope Intercept E (kJ/mol) A Slope Intercept E (kJ/mol) A

oB 1t 7.05 1157 57.69 3.6x10° 7.08 11.63 58.86 1.3 %108 6 3 49.9 2.0 x10* 555
2nd 20.15 26.34 176.12 1.5x10% 19.86 25.95 165.12 6.2 <10 184  10.8 153 1.5 %10 164.8
3rd 81.1  98.12 611.5 3.9 x10® 88 106.42 727.63 2.4 x10% 79 82.1 656.8 6.0 x10%* 666.5

25B 1% 6.98 11.4 60.8 2.7 x10% 7 11.47 58.2 1.1 %108 59 3.2 49.1 2.4 x10* 56.7
2nd 18.23 23.9 163 4.2 x10° 18.7 24.54 159.47 1.4 x10** 16.7 8.7 138.8 1.6 154.8
3rd 100.1 123.32 839.7 2.7 x10% 9528 117.3 792.16 1.4 x10% 972  106.3 808.1 24 x10° 8214

50B 1 6.73 106 56.3 6.3 %102 6.75  10.66 56.12 48x10" 55 4.1 46 5.8 x10* 56.2
2nd 4257 55.45 352.9 6.3 <102 423 5511 351.68 6.1 <107 416 409 345.6 4.0 <10t 351.9
3rd 89.6 1094 813.11 1.2 <10 875  106.9 731.48 3.9 %10 864 921 718.1 1.4 <10** 758.9

The addition of borax did not significantly affect the activation energy of decomposition for the 1% stage (the volatilized components) (no
interaction between such components and borax atoms). The range of activation energies for this stage was between 46 and 61 kJ/mol for the
applied models. Also, through each model, the energy of decomposition for this stage was nearly independent of the addition of borax (as its
average for the Horowitz and Metzger model is about 58 kJ/mol, in the Broido model about 57.8 kJ/mol and in the Coats-Redfern model
about 48.4 kJ/mol).

Different equations representing the decomposition mechanisms of solid materials were used to identify the most common decomposition
mechanisms applicable to our case. Our goal was to determine the closest mechanism to describe how EPDM host composites and composites
loaded with borax decompose. Figure 10 summarizes a number of equations illustrating decomposition mechanism. Most of them do not give a
straight line for the main decomposition region or give unacceptable values (very large) that are far from practical results and references (excluded). It
was noticed from the figure that the Avrami-Erofeev equation (first-order decomposition) is the most reliable of these mechanisms that can be
used to compare its results with the models studied.
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Figure 10. Application of some degradation mechanism equations.

4.2. Swelling measurement

As indicated in Table 5, drawing relations (15), (16), or (17) giving scattered points (not
straight lines) fails to satisfy Kraus or Cunnen-Russel, models. We can conclude that there is no
interaction between the filler (borax) and the EPDM rubber composite. This is expected because
the addition of borax to the samples had no significant effect on the rubber volume fraction Vr and
cross-link density [26]. This has also been observed from the measured values of mass for samples
containing (0, 25, 50, 75, and 100 phr borax) i.e. no significant increase in the mass of the samples
although the concentration of borax increased. This can be explained as an increase in borax and the
expulsion of a similar amount of rubber.

Table 5. The calculated swelling parameters (Vr rubber volume fraction, Z filler volume
fraction and swelling at saturation).

Sample mi(gm) m2(gm) Vr Qoo Z e—z Z Vio Quy
m Vrf Qoog

0 phr Borax 0.3 0.58 0.5 91.71 O 1 0 1 1

25 phr Borax 0.28 0.54 054 78.95 0.037 0.964 0.038 0.926 0.86

50 phr Borax  0.32 0.6 0.5 88.72  0.037 0.964 0.038 1 0.967

75 phr Borax  0.34 0.6 051 78.06 0.074 0.929 0.08 0.98 0.85

100 phr 0.33 0.59 052 76.49 0.055 0.946 0.058 0.96 0.834

5. Conclusions

The effect of adding borax on the thermal stability and kinetic analysis of the EPDM composite (host
rubber composite) was investigated in this study. The predicted values for the activation energy (Ea)
and the frequency factor (A) for the main decomposition stages of the TGA curve were determined.
Three different models were applied to investigate the kinetics of thermal analysis: the Horowitz-
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Metzger model, the Broido model, and the Coats-Redfern model. The activation energies predicted
using these models are almost equal. The values of the frequency factor are close to each other for
those derived from the Horowitz and Metzger and Coats-Redfern models. The difference was found
in the Broido model values. The variations in the calculated values from these models are attributed to
the different mathematical treatments followed by each. The host rubber composite sample has the
lowest decomposition rate than the other samples loaded with borax (decomposition rate is the slope
of the straight region of the decomposition stage of the TGA curve). While the fast decomposition rate
was for the sample loaded with 25 phr borax. The sample with 25 phr borax has the largest activation
energy calculated from the three models. It is followed by 50 phr borax, and then the host rubber
composite sample. The activation energy of decomposition for the first stage (the volatilized parts)
was not significantly affected by borax. The range of activation energies for this stage was
between 46 and 61 kJ/mol for the applied models.
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