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Abstract

The thermal behavior of new and aged low-density polyethylene (LDPE) insulations was investigated using an SDT Q600
thermal analyzer. The activation energy and pyrolysis reaction model were estimated using the non-isothermal and
masterplots methods. The thermal degradation processes present different behaviors of the LDPE insulations before and
after thermal aging. The thermogravimetric curves shift to the direction of higher temperature, for the aged LDPE
insulation. The values of activation energy evaluated using the Kissinger—Akahira—Sunose (KAS) and Flynn—Wall-Ozawa
(FWO) methods are almost same. However, the activation energy values estimated by the Friedman method were slightly
higher than those obtained using the KAS and FWO methods. The suitable pyrolysis reaction models of the new and aged
LDPE insulations were attributed to the “Contracting area” (R2) model, which was determined using the generalized
masterplots method. In addition, the pre-exponential factor and compensation effect are discussed. Finally, it should be
stressed that the aged LDPE insulation generally pyrolyzes more weakly and with more difficulty than the new insulation,

i.e., the ignition and flame spread of aged wire in old buildings are not relatively easy.
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Introduction

Polyethylene (PE) has a wide range of applications in
society, such as in sheaths, insulation, pipeline, medicine,
automobiles. [1, 2]. Particularly, low-density polyethylene
(LDPE) is extensively processed into wire insulation, cable
insulation, and cable sheaths, due to its excellent properties
of moldability, electrical insulation, and chemical stability.
Electrical wire or cable is a potential ignition source, and
its polymer insulations or sheaths are important com-
bustible materials in electrical fires [3, 4]. A large number
of fire accidents related to electrical wires are reported
annually [5]. Thermal degradation is the primary step in all
thermochemical processes, including fires [6, 7]. It can be
described as the pyrolysis of original materials into dif-
ferent phase/state products in an inert environment [8].
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Therefore, the thermal degradation of wire insulation is
significantly critical and must be paid much attention. A
laboratory fine wire coated with LDPE insulation was used
in this work, owing to the complicated fundamental study
of actual wire insulation pyrolysis.

Many studies on the pyrolysis characteristics of poly-
ethylene have been conducted using the thermogravimetric
analysis (TGA) technique [9-16]. Cho et al. [11] investi-
gated the pyrolysis kinetic parameters of LDPE and XLPE,
using TGA and the Kissinger equation. They predicted the
activation energy of LDPE and XLPE to be 146.8 and
170.4 kJ mol ™", respectively. Park et al. [13] studied the
thermal degradation of polymers, using the TGA tech-
nique, and  obtained activation energies  of
333.2-3432 kI mol™',  187.5-199.1 kI mol™',  and
219.2-230.1 kJ mol~! for HDPE, LDPE, and LLDPE,
respectively. Encinar et al. [17] conducted non-isothermal
TGA at heating rates of 5, 10, 15, and 20 K min~! on
LDPE, and determined activation energies of
220-259 kJ mol~!. Aboulkas et al. [15] performed TGA of
HDPE and LDPE, at different heating rates (2, 10, 20, and
50 K min~ ") in the temperature range 300-900 K, under
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nitrogen atmosphere. It was reported that the pyrolysis
reaction models of HDPE and LDPE can be described
using the R2 model, with activation energies of 238-247
and 215-221 kJ mol ™!, respectively. For the wire or cable
insulation and sheath, Benes et al. [18], Henrist et al. [19],
Xie et al. [3], Mo et al. [20], and Wang et al. [4] studied the
thermal degradation characteristics of PVC sheaths and
XLPE insulations. Sebaa et al. [21], Nedjar [22],
Wang et al. [23], Boukezzi et al. [24], and Geng et al. [25]
conducted the most studies focusing on the effect of ther-
mal aging on electrical and mechanical characteristics.
However, limited work was done to analyze the thermal
degradation properties of LDPE insulation for new and
aged wires, with regard to fire risk.

In this study, several thermogravimetry experiments
were carried out on the LDPE insulation of new and aged
fine wires, at different heating rates, to explore the thermal
degradation properties. The non-isothermal and master-
plots methods were used to calculate the activation energy
and determine the pyrolysis reaction model for the new and
aged LDPE insulations. The effect of thermal aging on the
pyrolysis process of the LDPE insulations is discussed.

Materials and experimental procedure
Materials

The fine wire consisted of a copper core and polymer
insulation and had an external diameter of 0.80 mm and an
insulation thickness of 0.15 mm. The samples used in this
work were the polymer insulations taken from new and
aged fine wires. The main components of the polymer
insulations were LDPE and additives. There was no flame
retardant in the polymer insulations. Before the tests, all the
samples were dried at 60 °C for 24 h, to remove moisture.

Experimental
Aging procedure

The fine wires were aged in an air-circulation oven (GHX-
100L, Hefei Anke Environmental Test Equipment Co. Ltd,
Hefei City, China). The wire samples were cut into several
parts with a length of 200 mm and were hung below a steel
grid with enough space to ensure that the circulated air
passed through and around each sample without restriction.
The preset temperature in the oven was 90 £ 0.1 °C. The
wire samples were removed from the oven at certain time
intervals of 0, 15, and 32 days (LDPE-0, LDPE-15, and
LDPE-32), respectively. Thereafter, the removed samples
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were stored under constant conditions (a temperature of
25 °C and humidity of 60%) until the thermal degradation
properties could be further studied using a thermal
analyzer.
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Fig. 1 TG curves (inset: DTG curves) for different heating rates
under nitrogen atmosphere: a LDPE-0, b LDPE-15, and ¢ LDPE-32
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TGA procedure

A TA Instruments SDT Q600 thermal analyzer was
employed to monitor the whole decomposition process.
5 + 0.2 mg of the sample was placed into an alumina
crucible, in each test. All the experiments were conducted
under nitrogen atmosphere, with a flow rate of
50 mL min~'. For the thermal degradation of a cable
sheath and insulation, BeneS et al. [18] considered five
heating rates of 1.5, 5, 10, 15, and 20 K minfl, in the
temperature range 20-800 °C. Xie et al. [3] conducted
thermogravimetry experiments at 5, 15, 25, and
35 K min~", from room temperature to a temperature more
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than 1000 K. Wang et al. [4] also chose five heating rates
of 10, 20, 30, 40, and 50 K min~ ', and the test temperature
range was 300-1200 K. Therefore, the samples were
heated from room temperature to 800 °C, at four heating
rates of 5, 10, 15, and 20 K min~".

Results and discussion
Thermal degradation

Figure la—c shows the profiles of relative mass loss (TG)
and mass loss rate (DTG) of the new and aged LDPE
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Fig. 2 Comparison of TG of LDPE insulation for new and aged wires under nitrogen atmosphere: a 5 K min~', b 10 K min~"', ¢ 15 K min™",

and d 20 K min™!

Table 1 Pyrolysis parameters of LDPE insulation

Heating rate/K min~"

LDPE-0 LDPE-15 LDPE-32
pDTG/% K~' pT/K  tMass/% pDTG/% K~' pT/K  tMass/% pDTG/% K~'  pT/K  rMass/%
5 2.74 7267 276 3.10 7269  2.66 3.04 7273 173
10 2.61 7327 0.59 2.60 7363 123 2.77 7371 1.73
15 2.98 7452 178 2.92 7455 1.62 2.76 7463 2.19
20 2.96 750.6  1.74 2.99 7527 1.09 2.69 7547 1.88
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insulations under nitrogen atmosphere, for different heating
rates of 5-20 K min~'. The TG and DTG curves show
almost the same trend, regardless of the heating rate, which
indicates that the samples underwent a similar pyrolysis
process due to the similar chemical bonds in their molec-
ular structures. The thermal degradation of LDPE is gen-
erally considered to be a one-step process [15, 16, 26, 27].
This can be confirmed by the presence of only a single step
in the TG curve and a single DTG peak. This could be
attributed to the random cleavage of the chains and the
formation of free radicals [2]. As the heating rate increased,
it should be noted that there was a lateral shift to a higher
temperature in the TG and DTG curves. This phenomenon
has been described and explained by different researchers
[10, 13, 15, 28].

A comparison of the TG curves of the LDPE insulations
of new and aged wires is presented in Fig. 2a—d. The onset
and peak temperatures from the DTG (pT) of the pyrolysis
process, corresponding to LDPE-15 and LDPE-32, are
slightly higher than those of LDPE-0, regardless of the
heating rate. Differences in the peak DTG (pDTG) and
residue mass (rMass) between the new and aged wire
insulations were also observed. In other words, the pyrol-
ysis differences between the new and aged wire insulations
were all similar when the heating rates were 5, 10, 15, and
20 K min~"'. The pyrolysis parameters of LDPE-0, LDPE-
15, and LDPE-32 are listed in Table 1. All these results
show that the aged wire insulation starts to pyrolyze with
more difficulty, which suggests that the active chemical
composition and structure of the LDPE insulation decom-
posed, and was released during thermal aging.

Determination of activation energy

In this work, some commonly used isoconversional meth-
ods of Kissinger—Akahira—Sunose (KAS) [29, 30], Flynn—
Wall-Ozawa (FWO) [31, 32], and Friedman [16, 33, 34]
were employed to calculate the activation energy. The
KAS method can be represented as follows:

B AR E,
gz =tn (Eag(oo) "RT W

where f = dT/dt is the heating rate (K s™'); A is the pre-
exponential factor (s™"); R is the universal gas constant
(8.314 ] mol ! K_l); E, is the activation energy of the
reaction (J molfl); T is the absolute temperature; and g(o)
is an integral function of the conversion, which can be
written as:

“da A [T E,
= [ 1= ) exp(—ﬁ)dr )
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Fig. 3 KAS plots for various conversion rates: a LDPE-0, b LDPE-
15, and ¢ LDPE-32

where o is the conversion rate and can be defined as
o =(my—my)/(m;—my). m;, m, and my are the initial mass, the
mass at time ¢, and the mass after the reaction, respectively.
f (o) is the function of conversion. The conversion rate was
chosen between 0.1 and 0.9, with a step size of 0.1 under
different heating rates.
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Table 2 Activation energy values obtained using the KAS method

LDPE-32

LDPE-15

LDPE-0

a
54

E,/kJ mol™!

R2

E,/kJ mol™!

RZ

E,/kJ mol™!

173.95 £ 12
208.27 £ 8

0.1

13945 £+ 15 0.967

0.1

0.979
0.933

130.04 £ 5

0.1

0.999

0.2

0.967

151.05 £+ 13
165.51 &£ 8

0.2
0.3

140.84 £ 7

0.2
0.3

0.999

227.01 £ 10

0.3

0.970
0.975

0.969
0.981

150.32 + 4
159.80 + 6
167.54 £ 7

0.998

23454 £ 9

0.4
0.5

178.07 £+ 10
188.95 + 6

0.4
0.5

0.4
0.5

0.998

23453 £ 7

0.982

0.987

235.67 +£ 13 0.997

0.6

0.987

196.44 + 9
20223 £ 5

0.6
0.7

0.991

175.09 £ 11
181.24 £ 9
186.83 + 8

0.6
0.7

239.80 £+ 12 0.996

245.01 £ 7

0.7

0.990

0.992

0.995

0.8

0.993

206.39 £ 8

0.8

0.994

0.8

0.994

25448 + 6

0.9

0.992

209.94 £+ 11

0.9

193.10 &+ 13 0.998

0.9

Hence, E, can be obtained from the slope of the straight
line between In(f/7T%) and 1/T. Figure 3a—c presents the
plots of In(f/T?) against 1000/T for different conversion
rates of the new and aged LDPE insulations. The values of
E, estimated using the isoconversional KAS method are
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Fig. 4 FWO plots for various conversion rates: a LDPE-0, b LDPE-
15, and ¢ LDPE-32
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shown in Table 2, for LDPE-0, LDPE-15, and LDPE-32. It
was found that the E, first increases and then tends to
stabilize with an increase in the o. The E, of LDPE-32 is
higher than that of LDPE-15, and LDPE-0 has the lowest
E, under the same conversion rate. The mean values of E,,
were 164.98, 182.00, and 228.14 kJ mol™! for LDPE-0,
LDPE-15, and LDPE-32, respectively.

The FWO method is derived from the integral isocon-
versional method. Based on Doyle’s approximation [35],
the FWO method can be expressed as:

Inf =In AB, _ 5.331 — 1.052& (3)
Rg(a) RT

Therefore, the plot of Inf versus 1/7 should be a straight
line, whose slope can be applied to evaluate the activation
energy of the reaction. Figure 4a—c shows the plots of Inf} as
a function of 1000/T for various conversion rates of the new
and aged LDPE insulations. The activation energy values
calculated using the FWO method are listed in Table 3, for
LDPE-0, LDPE-15, and LDPE-32. The value of E, ranges
135.09-196.38 kJ mol ™', with an average value of
169.08 kJ mol ', for LDPE-0; 146.63-212.45 kJ mol ™',
with an average value of 185.71 kJ molfl, for LDPE-15;
and 177.47-254.82 kJ mol~!, with an average value of
229.46 kJ mol ™', for LDPE-32.

The Friedman method is a common differential iso-
conversional method [34], whose logarithm equation is
frequently used in the following form [36]:

In @‘) =1In (/3 j;) = In[f(2)A] — % 4)

By plotting In[f(da/dT)] against 1 /T for the whole range
of conversions (0.1-0.9), the activation energy can be

nitrogen atmosphere. The E, estimated using the Friedman
method is presented in Table 3, for LDPE-0, LDPE-15, and

LDPE-32. The activation energy values were
139.19-205.09 kJ mol " for LDPE-O0,
159.45-221.92 kJ mol ™' for LDPE-15, and

207.11-269.95 kJ mol ™" for LDPE-32, under different
conversion rates. The mean values of the activation energy
are 185.10, 205.46, and 237.49 kJ mol ™' for LDPE-O,
LDPE-15, and LDPE-32, respectively.

The activation energy values for each o of LDPE-O0,
LDPE-15, and LDPE-32, based on the three isoconver-
sional methods of two types (integral and differential), are
summarized in Fig. 6. It is worth noting that a satisfactory
agreement was found in the activation energy distribution,
between the KAS and FWO methods, and their curves were
almost overlapping, with less deviation. However, the
activation energy values evaluated using the Friedman
method were slightly higher than those obtained using the
KAS and FWO methods. This could be ascribed to the
different approximations used in the algorithms [36]. It is
also evident that the values of the activation energy of the
aged insulation are higher than those of the new insulation.
It must be stressed that the LDPE insulation of the aged
wire had a larger activation energy, resulting in poor
pyrolysis. This parameter implies that the ignition of aged
wires in fire is difficult (Table 4).

Determination of reaction mechanism
The reaction mechanism f(a) could be determined using

the generalized Criado masterplots method [15, 16],
expressed as follows:

determined from the slope. Figure 5a—c depicts the plots for 2 (@) _ flvele) _ ( T, >2 (do/dr), (5)

the determination of E, at different conversion rates under Z(0.5)  £(0.5)g(0.5) Tos/) (da/dt)gs

Table 3 Activation ener:

values obtained using thinWO LDPE-0 LDPE-13 LDPE-32

method o E,/kJ mol™! R? o E,/kJ mol™! R? o E,/kJ mol™! R?
0.1 135.09 £ 11 0.984 0.1 146.63 £ 8 0.974 0.1 177.47 £ 13 1
0.2 14437 £ 13 0.945 0.2 155.10 £ 15 0.972 0.2 21033 £ 9 1
0.3 155.27 £ 10 0.974 0.3 169.79 £+ 11 0.974 0.3 228.27 £ 11 0.999
0.4 164.38 £ 9 0.984 0.4 181.82 £ 13 0.978 0.4 23552 £ 7 0.998
0.5 171.81 £ 12 0.989 0.5 192.23 £ 8 0.985 0.5 23557 £ 9 0.998
0.6 179.06 £+ 8 0.992 0.6 19942 + 4 0.989 0.6 236.72 £ 6 0.997
0.7 18497 £ 6 0.993 0.7 204.98 £ 7 0.991 0.7 240.70 £ 12 0.997
0.8 190.35 £ 7 0.995 0.8 208.99 £ 5 0.994 0.8 24573 £ 8 0.996
0.9 196.38 + 3 0.998 0.9 21245 £ 9 0.993 0.9 254.82 £ 10 0.995
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Fig. 5 Friedman plots for various conversion rates: a LDPE-0,
b LDPE-15, and ¢ LDPE-32

where (do/dr),s and Tys are the conversion rate and
temperature corresponding to o = 0.5, respectively. The
left side of Eq. (5) is the theoretical masterplot that signi-
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Fig. 6 Dependence of activation energy on the conversion o for
thermal degradation of LDPE, according to the KAS, FWO, and
Friedman methods

fies the characteristics of each reaction mechanism
described in Table 5, whereas the right side of the equa-
tion, associated with the reduced rate, can be obtained from
experimental data. For multiple heating-rate data, the
masterplots must be obtained for all the heating rates, and
the most suitable model is selected based on the agreement
between the theoretical masterplots and experimental
reduced rate plots.

Figure 7 presents the masterplots of various kinetic
models and experimental data for different heating rates of
the new and aged LDPE insulations. As shown in Fig. 7,
the “Contracting area” model (R2), with a better fitting
degree, is more appropriate to describe the thermal
degradation process of the LDPE materials used in this
study; this is basically consistent with earlier studies [16].
However, it should be noted that the experimental mas-
terplots slightly deviate from the theoretical masterplots
when the conversation rate is above 0.5, and this deviation
is pronounced for the aged LDPE insulation. This indicates
that the whole degradation process is complex, involving
successive, parallel, and/or reversible reactions, diffusion,
etc. This could be ascribed to the changes in chemical
composition and structure inside the materials, after ther-
mal aging, leading to a variation in the reaction
mechanism.

The pre-exponential factor A can be estimated using the
Constable plot [37], also known as the compensation
method [34], after the reaction mechanism f(o) is deter-
mined. In a more generalized form, the relationship
between E, and InA, can be written as [36, 38]:
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Table 4 Activation energy LDPE-0 LDPE-15 LDPE-32
values obtained using the
Friedman method o E,/kImol™" R’ o E,/kImol™" R’ o E,/kImol”" R’
0.1 139.19 £ 16 0.980 0.1 159.45 £ 13 0.985 0.1 207.11 £ 14 1
0.2 164.83 + 14 0.992 0.2 194.53 £ 10 0.986 0.2 24237 £ 10 0.999
0.3 17558 £ 11 0.986 0.3 209.26 £ 9 0.993 0.3 245.68 £ 12 0.997
0.4 183.96 £ 9 0.994 0.4 21841 + 11 0.999 0.4 22722 +9 0.996
0.5 194.80 + 10 0.999 0.5 22192 + 8 0.999 0.5 218.08 + 11 0.991
0.6 201.12 £ 7 1 0.6 217.62 £ 5 1 0.6 22952 £ 7 0.993
0.7 200.38 £ 5 1 0.7 213.19 £ 7 0.995 0.7 243.02 £ 10 0.992
0.8 20091 £ 8 0.999 0.8 207.57 £ 3 0.994 0.8 254.48 £ 8 0.990
0.9 205.09 £ 6 0.992 0.9 207.24 £ 8 0.987 0.9 26995 £ 5 0.987
Table 5 Algebraic expressions
of common reaction Model /) 8(®)
mechanisms P2 Power law 20/2 ol/?
P3 Power law 32/3 ol/3
P4 Power law 43/4 ol/4
A2 Avrami-Erofeev 2(1 — a)[—In(1 — o)]'/? [—In(1 —o)]'/?
A3 Avrami-Erofeev 3(1 — o)[—In(1 — a)}2/3 [—In(1 — oc)}l/3
A4 Avrami-Erofeev 4(1 — a)[—In(1 — oc)}3/4 [~ In(1 — oc)}l/4
R2 Contracting area 2(1 — o)l [1 —(1- oc)l/z]
R3 Contracting volume 3(1 “)2/3 [] —(1— o()1/3]
D1 One-dimensional diffusion 1/207! o?
D2 Two-dimensional diffusion [—In(1 —a)]”! [(1—=o)In(1 —a)]+o
» . e -1 2
D3 Three-dimensional diffusion—Jander 3/2(1 — 05)2/3 [1 (- 1)1/3] [1 - oc)'/3]
D4 Three-dimensional diffusion—Ginstling 3 [(1 _ a)71/3—1] 1—20/3 — (1 —0)*?
F1 First order l—o —1In(1 — o)
F2 Second order (1—0a)? (1—o)"' =1
F3 Third order (1-a) [(1 - a)*zfl] /2
InA, =aE, + b (6) fitted line of the new LDPE insulation is almost in agree-

where a and b are constants known as the compensation
effect parameters. In this relationship, £, and InA, are in a
good linear correlation. Hence, a change in E, due to the
experimental factors must make the InA, change accord-
ingly. The values of E, and InA,, are listed in Table 6, and
the corresponding fitted lines are shown in Fig. 8. The
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ment with that of the aged insulation. Therefore, it can be
concluded that thermal aging has little influence on the
compensation effect parameters of the LDPE insulations
used in this study. The linear fit of the three LDPE insu-
lation samples can be expressed as:

InA, = 0.165E, — 1.916; R* = 0.999 (7)
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Fig. 7 Theoretical masterplots
for different reaction models,
and experimental reduced rate
plots for different heating rates:
a LDPE-0, b LDPE-15, and

¢ LDPE-32
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;Z'V”v'ea: ; f;e?illgnp%“iﬁiﬂfﬁifﬁi g;nversion rate  LDPE-0 LDPE-15 LDPE-32

for different conversion rates E, InA,/In E, InA,/In E, InA,/In

/kJ mol™! s ! /kJ mol™! s7! /kJ mol™! 5!

0.1 139.19 20.82 159.45 24.16 207.11 32.27
0.2 164.83 24.99 194.53 29.90 242.37 37.92
0.3 175.58 26.94 209.26 32.50 245.68 38.56
0.4 183.96 28.45 218.41 34.09 227.22 35.59
0.5 194.80 30.35 221.92 34.72 218.08 34.13
0.6 201.12 31.43 217.62 34.01 229.52 35.95
0.7 200.38 31.29 213.19 33.24 243.02 38.05
0.8 200.91 31.28 207.57 32.22 254.48 39.76
0.9 205.09 31.97 207.24 32.18 269.95 42.19

50
O LDPE-O
O LDPE-15
A LDPE-32 A
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Fig. 8 Compensation effect for the three LDPE insulations
Conclusions

In this study, a series of thermogravimetry experiments
were carried out for LDPE insulations of new and aged fine
wires, at different heating rates of 5-20 K min~! under
nitrogen atmosphere. The displacement of the whole TG
and DTG curves for the aged LDPE insulation tends to the
direction of higher temperature, regardless of the change in
heating rate. The activation energy was evaluated using
three isoconversional methods (KAS, FWO, and Fried-
man), for various conversion rates. The results illustrate
that the activation energy of the LDPE insulation after
thermal aging is clearly higher than that of the new insu-
lation. The masterplots method was utilized to obtain the
reaction mechanisms of the new and aged LDPE insula-
tions. The pre-exponential factor was also calculated. The
thermal degradation models of LDPE-0, LDPE-15, and
LDPE-32 could be described using the R2 model, in this
work. The relationship of the compensation effect for the
three samples is identical. In addition, it could also be

@ Springer

deduced that the LDPE insulation of aged wire is harder to
pyrolyze and tougher to ignite. However, more gaseous
products in decomposition, ignition, and combustion tests
are needed as the next step to verify the conclusions of this
work. Actually, the fire risk for electric wires or cables is
more related to electrical failures (including overloads,
short circuits, poor contacts). In such cases, thermo-ox-
idative aging plays a major role in the lifetime limitation of
cables by deteriorating both the mechanical and electrical
properties. These are also worth studying in the future.
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