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Abstract. This article presents the results of kinetic property prediction for low-
density polyethylene using the Netzsch Kinetics Neo software, based on differential
scanning calorimetry (DSC) data. The kinetic prediction includes a review of
thermoanalytical data for chemical processes, process behavior, and temperature
optimization. A multi-reaction model approach was applied, incorporating several types
of reactions: an n™-order reaction, a diffusion-controlled reaction, an autocatalytic model,
and the Avrami-Erofeev model. For each reaction, the activation energy and reaction
order were determined, which define the heat flow under specific conditions. The DSC
curve shows an endothermic peak at 118 °C, corresponding to the melting point of low-
density polyethylene. The prediction of isothermal curves revealed behavior typical
of processes governed by an autocatalytic or reaction-diffusion mechanism, where an
initial induction period is followed by an increasing reaction rate, rapid heat release, and
reaction completion. Isothermal lifetime simulations were conducted at temperatures
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ranging from 10 to 160 °C for conversion degrees (o) from 0.02 to 0.8. Additionally,
modeling of DSC curves under dynamic conditions at different heating rates (1-16 °C/
min) produced DSC peaks that demonstrate the dependence of heat flow on heating
rate. Analyzing adiabatic curves at different initial heating temperatures offers insights
into the thermal runaway temperature and time, which are vital for assessing material
performance in environments without heat loss.

Keywords: differential scanning calorimetry, Netzsch Kinetics Neo, reaction,
activation energy, isothermal lifetime, adiabatic curves
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Annoranusi. by makanaza TOMEH THIFBI3ABIKTaFbl TOMUATHICHHIH KHHETHKAIBIK
kacuertepin Netzsch Kinetics Neo Oarmapmamackl apKbUibl OOJDKay HOTHIXKENIEpi
YCBHIHBUIFAH, O YIIiH OacTamkel AepeKk peTiHae audQepeHuranpl CKaHUpIeyi
kajopumetpus (DSC) monimerTepi naigananbuiasl. KuHETHKAIBIK O0JIKAY XUMUSITBIK,
MPOLECTEPAiH TEPMOAHATUTUKANBIK JIEPEKTEePiH, TPOLECC MiHE3-KYJIKbIH >KOHE
TEeMIIepaTypaHbl OHTAWIAaHABIPYIbl KaMTHABL. bipHemie peakuusi TYpiHEH TypaTbiH
MOJICTIB/IIK TOCLT: N-TOPTINTI KapanaibiM peakuus, Auddy3usMeH meKTelres peakuus,
ABTOKATAINTHKAIBIK MOAENb *oHe ABpamu—EpodeeB Moneni KonmaHbULABL. OpOip
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peaxiys yIliH aKkTHBALMsI SHEPTHACHl MEH PEaKUusl TOPTiOl HAKTBUIAHbIN, OYJ1 MOHAEP
Oenrini Oip *araiap/a *bUly aFbIHBIH CUIIATTAHTHIHBI aHBIKTAIBI. DSC KUCHIFBIHIA
118 °C temneparypana SHAOTEPMHUSUIBIK LIOKbEI OaliKasa bl, Oy TOMEH THIFbI3IBIKTAFbI
MOJMATHIICHHIH 0aJKy TeMIlepaTypachiHa colikec Keieni. 30TepMUsUIbIK KUCHIKTap bl
Ooinkay aBTOKATAIUTHKAIBIK HeMece peakuus-Iu(Qy3usuiblK MEXaHU3MIe ToH
MIHE3-KYJIBIKThI KOPCETTi: OacTamnKpla MHIYKIMs Ke3eHI OalKabll, KeHiH peakius
KBUIJAMIBIFBI apTaJIbl, KBIIIAM KbLTY 001y KYpeadl KoHe PeakL s TOJBIK asKTalaabl.
WzoTepMusIbIK KaFaaiiia MaTepuaiabiH eMip cypy yakbiTel 10—160 °C temneparypa
apanbpIFbIHAa, TypieHy aspexenepi (o) 0.02-gen 0.8-re neifiHri MoHAep YIIiH
MozenbaeHai. COHbIMEH Karap, opTYpil KbI3AbIpy >KbuimamuabirbiHaa (1-16 °C/mun)
DSC kuchIKTapbIH MOJEIBACY OAPBICHIH/IA YKBLUTY aFbIHBIHBIH KbI3ABIPY KbUIIaM/IBIFbIHA
TOYENIUNrT KepiHic TanTbl. OpTypii OacTamnkbl KbI3ABIPY TeMIIEpaTypaiapblHAAFbl
annadaTanblK KUCBIKTapIbl TAAAY TEPMUSLIIBIK TYPAKCHI3ABIKTHIH TEMIIEPAaTypachl MeH
YaKbITHl J)KOHIHAE akmapar Oeperdi. byn martepuanmapipl *KbUly >KOFalybl OonMaraH
Karainapaa KoJJaHFran a MaHbI3/Ibl KOPCETKIII OOJIBIN TaObLIa bl

Tyiiin ce3nep: nuddepenunanasl ckanupieymi kanopumerpus, Netzsch Kinetics
Neo, peakuusi, aKTUBaIHs YHEPTUSICHI, U30TEPMUSUIBIK OMip CYPY YaKbIThI, aaHadaTabiK
KHCBIKTap
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Netzsch Kinetics Neo, mpu 3ToM B KadecTBE HMCXOAHBIX JaHHBIX HMCIOJIb30BAINCDH
pe3yabraThl uddepeHuanbpHoi ckanupyroiei kanopumerpuu (DSC). Kunernueckoe
MOJICTTMIPOBAaHHUE BKIIIOUAET B ce0sl aHAU3 TEPMOAHATUTUICCKUX TaHHBIX XUMHUYECKUX
MIpPOLIECCOB, MOBEAEHHE MpoIEecca M ONTUMHU3ALUI0 TEMIIEPaTypHOrO pPeXHMA.
IIpuMeHEH MOAENBHBINA MOAXOJ, BKIIOYAOIIMNA HECKOJIBKO THUIIOB PEaKLUW: IPpOCTast
peaxknys n-ro mopsiaKa, peakuusi C OrpaHnIeHUEM 10 TUQQy3UH, aBTOKaTATUTHYECKAs
Mozenb M moxenb ABpamu—EpodeeBa. Jlns kakmod peakuu ObUTM ONpPEAETICHBI
SHEpPrusl aKTHBALMHU M MOPSIOK PEaKIMH, YTO IMO3BOJIIET ONUCATh TEIUIOBOW MOTOK
B ompenenéHublx ycnouax. Ha kpusoit DSC nabirogaercsi SHAOTEPMUYECKUN MHK
npu temneparype 118 °C, 4To cOOTBETCTBYET TeMIepaType IUIaBIeHUs MOIUITHIIEHA
HU3KOM moTHOCTH. [IporHo3upoBanne n30TepMUUYECKUX KPUBBIX TIOKA3aJ10 TIOBEACHNE,
XapaKkTepHOE [UIs aBTOKATAIUTHYECKOTO WIIH PEaKUUOHHO-IU((PY3MOHHOTO MEXaHU3Ma:
MEePBOHAYATBHO HAOMIOAACTCS WHAYKIHMOHHBIN IIEPHO, 3aTeM MIPOMCXOJUT YCKOpEHHE
peakLuu, MHTEHCUBHOE BBIJIENIEHUE TEIUIa U 3aBeplIeHNe peakuu. B n3orepmudeckux
YCIIOBHSIX CMOJIETMPOBAHO BpeMs JKU3HU MaTepuasa B TeMIeparypHoM auamnazone 10—
160 °C npu crenensix mpespamieHwst (o) ot 0.02 1o 0.8. Kpome Toro, npu MoaenpoBaHuN
kpuBbix DSC mpu pasnnusbix ckopocTsx HarpeBa (1—16 °C/muH) Oblia BBISIBIEHA
3aBHCUMOCTb TEIJIOBOTO TIOTOKA OT CKOPOCTH HarpeBa. AHaIN3 ainabaTuIeCKUX KPUBBIX
[PU pa3IWYHBIX HAadaJbHBIX TeMIlepaTypax HarpeBa MpenocTaBiIseT WHPOPMALHIO O
TEeMIepaType U BPEMEHH TEIUIOBOTO PAa3rOHA, YTO SIBJISETCS BaKHBIM MOKa3aTeseM Ipu
HCIIOJIb30BAHUN MAaTe€pHUAJIOB B YCIOBUSAX OTCYTCTBHS TEIUIOOTAAYH.

KioueBblie cioBa: nuddepeHnmanbHas ckaHUpyIomas kajgopumerpusi, Netzsch
Kinetics Neo, peaxuus, 3HEprusi akTHUBAalMH, H30TEPMHUYECKOE BpEMsS >KU3HH,
annabaTHYecKre KPUBbIE

Introduction. Polyethylene, as one of the most widely used thermoplastics, plays a
critical role across a broad range of industries due to its favorable mechanical properties
and chemical stability. However, its thermal decomposition behavior under different
heating regimes remains a key concern, particularly in safety-critical applications
such as polymer processing, transportation, and storage (Hong et al., 2022). A detailed
understanding of its decomposition kinetics is essential for predicting behavior under
thermal stress and for designing appropriate thermal hazard mitigation strategies (Li et
al., 2012).

Many works are devoted to the investigation of polyethylene. The complex
morphology of low-density polyethylene influences the crystallization kinetics and
dynamic mechanical properties of the polymers, which are key to the processability
and applications (Saalwéchter et al., 2023). It is very important to conduct research
in the field of crystallization kinetics, crystallinity, lifetime, and thermal properties of
this polymer (Poh et al., 2022). Understanding the thermal stability and decomposition
mechanisms of polyethylene is essential not only for optimizing manufacturing
conditions but also for ensuring safe application in environments where heat exposure is
inevitable. Thermal analysis methods play a critical role in this context, with Differential
Scanning Calorimetry (DSC) being one of the most widely used techniques. DSC
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provides insights into thermal transitions, such as melting and crystallization, as well as
more complex phenomena like exothermic degradation reactions. By tracking heat flow
as a function of temperature or time, DSC enables the investigation of polymer stability
and decomposition kinetics (Alonso et al., 2022).

A particularly powerful application of DSC is under adiabatic conditions, where no
heat is lost to the environment. This setup closely simulates real-life scenarios where
heat generated by an exothermic reaction is retained within the system, potentially
leading to thermal runaway. Adiabatic DSC curves are valuable for identifying key
safety parameters, such as the Self-Accelerating Decomposition Temperature (SADT)
and the induction time before decomposition onset (Lynch et al., 2024).

In addition to thermal profiling, kinetic analysis is critical for modeling the complex
reaction pathways involved in polymer decomposition. Multistep kinetic models,
incorporating various reaction mechanisms such as nth-order reactions, diffusion-
limited steps, autocatalytic processes, and phase transformations, offer a comprehensive
approach to describing the thermal degradation behavior of polyethylene. These models
help in quantifying important parameters like activation energy, reaction order, and rate
constants, providing deeper insight into the material's thermal response under different
heating regimes.

Kinetic analysis helps to improve safety standards for handling and storage of
energetic materials, predict the behavior of materials under influence of different
conditions. Sufficient longevity and good thermal stability are therefore essential
(Harter et al., 2022). One of the key importances of this method is the prediction of the
material degradation for specific temperature and time conditions. Knowledge of the
thermal stability and understanding the decomposition process in the solid state allows
for optimizing its storage conditions (Manic et al., 2020)

The study of the kinetics of isothermal crystallization of polyethylene is an active
area of research. Numerous studies have been devoted to determining the kinetic
characteristics of various types of polyethylene. For example, Patel conducted an
extensive investigation of the crystallization kinetics of high-density and linear low-
density polyethylene, analyzing changes in the obtained kinetic data depending on the
conditions (Patel et al., 2012). These studies showed that the rate and mechanism of
polyethylene crystallization strongly depend on temperature, molecular structure, and
the presence of comonomers.

Modern methods of thermokinetic analysis not only make it possible to study thermal
decomposition and oxidative degradation processes but also to predict the behavior of
materials under various temperature conditions. One of the effective tools in this area
is the Netzsch Kinetics Neo software, which enables the modeling of reaction kinetics
based on thermogravimetric analysis (TGA) data.

The application of kinetic analysis using software such as Kinetics Neo allows
researchers not only to explore the fundamental aspects of polyethylene (PE)
crystallization but also to address practical challenges. For instance, the work (Harter at
al., 2022) demonstrates how isothermal crystallization data of high-density polyethylene
(HDPE), obtained via DSC and analyzed using Kinetics Neo, can be employed to
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optimize injection molding parameters, highlighting the practical relevance of such
analyses (Harter et al., 2022; Manic et al., 2020).

In addition to studies on neat polyethylene, considerable attention is given to
modified systems, such as PE-based nanocomposites (Khan et al., 2023). For example,
the study (Kourtidou et al., 2021) investigated short-chain branched polyethylene (SCB-
PE) modified with graphene nanoplatelets (GNPs). In this work, the (non-isothermal)
crystallization behavior and nanomechanical properties of these nanocomposites were
examined using DSC. The authors demonstrated that pre-treatment by ball milling
improves filler dispersion, significantly affecting the crystallization process and leading
to substantial enhancement of the mechanical properties of the composites. This example
emphasizes how various factors, including composition and processing methods, can
influence the crystallization behavior of polyethylene-based materials.

In another study (Tarani et al., 2024), HDPE-based composites containing tannic
acid (TA) were developed. The authors employed DSC to investigate the non-isothermal
crystallization kinetics using the Friedman and Vyazovkin methods, as well as the
Sbirrazzuoli model. It was shown that the addition of TA influences the crystallization
behavior of HDPE: lower TA concentrations promote nucleation, while excessive
TA disrupts the ordering of polymer chains and reduces the degree of crystallinity.
Furthermore, the addition of TA was found to accelerate the crystallization process of
HDPE, as evidenced by a decrease in activation energy values. This study highlights the
importance of examining the impact of various additives on the crystallization kinetics
of polyethylene and demonstrates the applicability of non-isothermal analytical methods
for understanding complex mechanisms.

The decomposition behavior of the polymer was also studied using isothermal
and dynamic methods. The isothermal method involves maintaining the sample at a
constant temperature over time, allowing precise observation of reaction kinetics under
stable thermal conditions. This approach is particularly effective for studying long-
term stability, slow degradation processes, and reaction mechanisms with minimal
interference from temperature gradients. In contrast, the dynamic method is applied
at a controlled heating rate to the sample, capturing the material’s thermal response as
temperature increases continuously.

This study aims to characterize the thermal decomposition behavior of polyethylene
using a combination of the above-mentioned modeling methods. The goal is to better
understand the mechanisms governing its thermal degradation and to assess the
implications for safety and process control in thermal environments.

Materials and methods

Dynamic Differential Scanning Calorimetry (DSC) analysis was performed using
a DSC 300 Caliris® Classic instrument (NETZSCH, Germany) under a nitrogen
atmosphere with a flow rate of 40 mL/min to prevent oxidative degradation.

Low-density polyethylene (LDPE) grains supplied by Kazanorgsintez (Russia) were
used as the test material. Samples were accurately weighed using a RADWAG® five-
digit analytical balance and sealed in NETZSCH Aluminum Concavus® pans using a
NETZSCH sealing press. To prevent pressure buildup during heating, a small pinhole
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was made in each pan lid. An empty aluminum pan of the same type was used as a
reference.

Samples were heated from 30°C to 300°C at a scanning rate of 8K/min. All
measurements were conducted under consistent conditions, and thermal events such
as melting, crystallization, and degradation were recorded during the heating cycle.
NETZSCH Proteus -80(Germany) and NETZSCH kinetics-Neo software (Germany)
were used to analyze the collected data and thermal behavior prediction.

Results and discussion

The following graph presents the prediction result using the Multiple Step method,
where the X-axis represents DSC (mW/mg) and the Y-axis represents time (minutes)

Prediction
9:; i MultipleStep

DSC / mW/mg

=

0 20 40 60 80 100 120
Time / min

Figure 1. Time-dependent behavior of DSC

The presented graph shows the predicted thermal behavior of the sample using the
Multiple Step kinetic model based on DSC data. A sharp exothermic peak is observed at
approximately 20 minutes, indicating a rapid and intense reaction phase. The steep rise
and immediate drop in the DSC signal suggest that the primary reaction occurs quickly
and is highly exothermic, followed by a gradual decline in the DSC signal, suggesting
the presence of slower secondary processes such as residue decomposition or delayed
structural relaxation.

The shape of the curve aligns well with a reaction mechanism involving multiple
overlapping stages, such as initial n-th order reaction kinetics (F, ), diffusion-limited steps
(D,), autocatalytic effects (A ), and phase transformation processes (C)). This supports
the application of a multistep kinetic model to accurately describe the material’s thermal
decomposition behavior.
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The shape of the curve corresponds to the multi-step reaction model consisting of
reactions of F,D,,A ,and C .

1. F, — ann-is order reaction, where the reaction rate is proportional to the degree
of conversion.

The reaction corresponds to the formula.

do/dt = k-(1—a)"

Where a is the degree of conversion, k is the rate constant, and n is the reaction order.
According to the selected model, the reaction order corresponds to 4.3.

2. D3 — Diffusion model (3D: Jander model).

This model describes diffusion-controlled processes in solid materials (Wang et al.,
2022). The reaction equation is:

[1—(1—a)"] =kt

Diffusion  of reactants  occurs  through  the  reaction  product.
This stage indicates that the reaction proceeds with the formation of a product that slows
down further reaction progress (e.g., hydroperoxides or stable radicals).

3. A, — Autocatalytic reaction model (Zhao et al., 2023)

do/dt = k-a™(1—a)"

According to the equation, the reaction starts slowly, then accelerates sharply, and
finally slows down.

4. C_ — Phase growth model (Avrami-Erofeev) (Duan et al., 2022)

Ultimately, new phases may form in solid materials.

a=1— el (@n

Structured domains may form in the process. The reaction follows a complex
mechanism that may involve diffusion limitations, an autocatalytic effect, and phase
transformations.

Kinetic parameters of the DSC of polyethylene for each step (reaction) are presented
in the following table.

Table 1. Kinetic parameters derived from DSC measurements of polyethylene

A—B(F) C—D (D,) E—F(A) G—H(C )
Activation energy (kcal/mole) 26.416 79.144 20.434 88.554
Pre-exponential factor 1.185 3.69 -0.788 9.7
Reaction order 42 1.032 1.522
Contribution 0.48 0.211 0.219 0.09
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Each step is characterized by its activation energy, pre-exponential factor, and
reaction order, indicating the complexity of the overall thermal degradation process.
The activation energies range from 20.434 kcal/mol (E—F) to 88.554 kcal/mol (G—H),
suggesting varying energy barriers associated with different decomposition mechanisms.
The highest contribution to the overall process (48%) comes from the A—B (F))
step, which also exhibits the highest reaction order (4.2), indicative of a complex,
multi-molecular reaction. The total apparent activation energy for the polyethylene
decomposition is calculated as 41.82 kcal/mol (174.97 kJ/mol), reflecting the weighted
contribution of all reaction steps.

Forecast by isothermal curves

On the DSC isothermal curves taken at temperatures from 10 to 160 degrees (Figure
2), different process intensities are observed in the first 3 minutes.

90
F-F-—-— T - """+ """ "-""—--"\—-—""-"\F—"—"—"—""—""—"—"—"—"—"—"— ' —-— - — 80
77777777777777777777777777777777777777 70

_______________________________________ 50

DSC / mW/mg
o
/

Time / min

Figure 2. Isothermal curves at various temperatures

As can be seen from the program data, the lower the temperature, the faster the
reaction. At temperatures from 10 to 100 degrees Celsius, the DSC isothermal curves do
not demonstrate a pronounced exothermic peak, which indicates a slow or insignificant
reaction or the reaction rate is so low that it cannot be recorded. Thus, to select the mode
of heat treatment of the polymer, polyethylene, you should select temperature values
from 100 degrees.

Sharp exothermic peaks appear from 110 degrees. The maximum value of the thermal
effect is observed at 160 degrees and is equal to 12.3 mW/mg 0.1 minutes after the start
of the reaction, respectively, for the peaks at 150, 140, 130, 120 and 110 degrees these
values are equal to - 7.4 mW/mg, 0.3 min., 4.6 mW/mg, 06 min., 2.5 mW/mg, 1.4 min.,
1.3 mW/mg, 2.2 min., 0.67 mW/mg, 4.6 min.
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That is the time of completion of the complete melting of the sample at 160 degrees.
At a temperature of 130 °C, a pronounced exothermic peak is observed with a maximum
at 2.5 minutes after reaching isothermal conditions. The maximum thermal power is
1.143 mW/mg, which indicates a high intensity of the ongoing exothermic process
(probably a chemical reaction or curing).

The higher the temperature, the faster the crystallization process.

After the peak, the DSC signal drops sharply and reaches a minimum value of 3
minutes, which indicates a rapid progression of the main stage of the reaction. Then the
curve gradually levels out, which indicates a slowdown in the reaction and reaching a
state close to completion.

Such kinetics is typical for processes occurring by an autocatalytic or reaction-
diffusion mechanism, where at the initial stage an induction period with an increasing
rate is observed, followed by rapid heat release and completion of the reaction.

Isothermal lifetime

Based on the kinetic model developed using the NETZSCH Kinetics Neo software, an
isothermal simulation of the material’s lifetime was conducted at various temperatures
ranging from 10 °C to 160 °C, for degrees of conversion from a = 0.02 to 0.8 (Figure 3).

Prediction Legend
q:; : IsothermalLifetime All Curves
A 0,02

100

0,001

0.0001
22 24 26 28 3 32 34 36
1000/T / 1/K

Figure 3. Lifetime curves of polyethylene at different degradation degrees and various temperatures

Here, a = 0.02 corresponds to the onset of material degradation, o = 0.05 to the loss
of functional properties, and o = 0.8 to the complete degradation of the material.

The following table shows the time required (in hours) to reach each degree of
conversion at different temperatures.
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Table 2. Time required to reach the degree of conversion at different temperatures

Temp/°C/ 0,02 0,05 {0,110 (0,20 |0,30 [0,40 |0,50 [0,60 |0,70 [0,80

Conversion

degree (a)

160,0 0,001 {0,001 {0,003 {0,010 |0,035 {0,099 |0,236 {0,496 |1,086 |4,561
150,0 0,001 {0,002 {0,004 (0,012 0,042 {0,119 |0,282 {0,595 |1,349 |6,723
140,0 0,001 {0,003 {0,006 0,015 0,051 {0,143 10,339 {0,717 |1,691 | 10,116
130,0 0,001 {0,004 {0,009 {0,021 0,062 [0,173 0,409 [ 0,868 |2,139 | 15,561
120,0 0,002 {0,005 {0,012 0,033 /0,076 {0,210 |0,495 [ 1,057 |2,734

110,0 0,003 {0,007 {0,017 {0,049 0,097 {0,258 |0,604 | 1,293 |3,535

100,0 0,004 10,010 {0,024 {0,071 0,151 {0,320 [0,742 | 1,593 |4,626

90,0 0,005 10,013 {0,032 {0,100 (0,233 {0,419 (0,921 | 1,978 | 6,138

80,0 0,006 {0,017 {0,043 (0,139 0,337 {0,672 | 1,163 |2,479 |8,261

The thermal stability of the material was evaluated through isothermal lifetime
simulations across a wide temperature range (10°C to 160°C), and the results
demonstrate a pronounced temperature dependence of the degradation kinetics. As
shown in the figure, the lifetime of the material decreases exponentially with increasing
temperature, confirming the Arrhenius-type behavior typically observed in thermally
induced degradation processes.

At low temperatures (10-50 °C), the material exhibits relatively long lifetimes for
low degrees of conversion. For example, at 10°C, the time required to reach a = 0.02
is 0.059 hours, and for o = 0.05, it is 0.166 hours. These values correspond to the early
onset of degradation and the point at which material properties are notably diminished.
The time required for these transitions rapidly decreases as temperature increases: from
9 minutes to 2.5 minutes between 10-50 °C, and further down to 3—25 seconds in the
110-160 °C range. Full degradation (o = 0.8) is achieved in just 4.5 hours at 160 °C,
while significantly longer times are observed at lower temperatures—15 hours at 130
°C, 10 hours at 140 °C, and 6 hours at 150 °C.

The isothermal lifetime prediction curves in the figure confirm the strong temperature—
time correlation. Each curve corresponds to a specific degree of conversion (from o =
0.02 to a = 0.98), and all show a steep decline in lifetime with increasing temperature.
This trend is consistent with the kinetic model's prediction of exponential degradation
behavior: the higher the temperature, the faster the degradation occurs.

An especially notable feature in the figure is the appearance of a lifetime minimum of
around 640 °C, observed when projecting a total exposure time of 500,000 minutes. This
anomaly may suggest a secondary degradation mechanism, such as thermal breakdown
with the formation of volatile compounds or pyrolysis, leading to an endothermic effect
in the material. As the predicted exposure time is reduced to 100 minutes, this minimum
shifts to around 590 °C, reinforcing the concept of temperature-time coupling, where
shorter desired lifespans shift thermal instability to lower temperatures.

This behavior exemplifies a fundamental principle in decomposition kinetics:

The longer a material is expected to remain stable, the lower the temperature must

43




ISSN 2224-5227 3.2025

be to ensure its structural integrity. Conversely, even slight temperature increases can
dramatically reduce material lifespan if long-term stability is not managed.

Isothermal modulated

The following graph illustrates a modulated isothermal DSC prediction in the
temperature range of approximately 119.1 °C to 121 °C.

1HE LLE T LT 13 13

The data reveal distinct oscillatory patterns characteristic of modulated DSC,
capturing the dynamic thermal behavior of the material under tightly controlled
isothermal conditions.

At lower temperatures (up to ~50 °C), the response remains sinusoidal with low-
amplitude fluctuations in the DSC signal (0.08-0.45 mW/mg), indicating relatively
stable, reversible thermal processes. However, around 100 °C, this regularity is disrupted,
and the heat flow range broadens to approximately 2 mW/mg, suggesting the onset of
slower kinetic activity or overlapping transitions. At temperatures beyond 150 °C (not
shown here), the amplitude of temperature modulation reportedly decreases, while the
DSC response may reach values as high as 18 mW/mg, indicating more intense thermal
activity such as degradation.

Within the displayed temperature window (119.1-121 °C), the widening of curves
and increasing amplitude, up to ~1.6 mW/mg, suggest nonlinear behavior, possibly due
to structural changes or relaxation phase. In contrast, the dense clustering of lower-
amplitude curves (~0.2 mW/mg) reflects thermally stable regions with minimal energy
exchange.

At lower temperatures (up to ~50 °C), the response remains sinusoidal with low-
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amplitude fluctuations in the DSC signal (0.08-0.45 mW/mg), indicating relatively
stable, reversible thermal processes. However, around 100 °C, this regularity is disrupted,
and the heat flow range broadens to approximately 2 mW/mg, suggesting the onset of
slower kinetic activity or overlapping transitions. At temperatures beyond 150 °C (not
shown here), the amplitude of temperature modulation reportedly decreases, while the
DSC response may reach values as high as 18 mW/mg, indicating more intense thermal
activity such as degradation.

Within the displayed temperature window (119.1-121 °C), the widening of curves
and increasing amplitude, up to ~1.6 mW/mg, suggest nonlinear behavior, possibly due
to structural changes or relaxation phase. In contrast, the dense clustering of lower-
amplitude curves (~0.2 mW/mg) reflects thermally stable regions with minimal energy
exchange.

Forecast by dynamic curves

The presented DSC data (Figure 5) illustrate the thermal decomposition behavior
of polyethylene under dynamic heating conditions, with heating rates ranging from 1
to 16 K/min. The results demonstrate a strong dependence of thermal reactivity on the
applied heating rate.

Prediction
a:; = Dynamic

DSC / mW/mg

[ 50 100 150 200 250
Time / min

Figure 5. DSC data in the dynamic regime

As the heating rate increases, a shift in peak position and amplitude is observed.

At the lowest heating rate of 1 K/min, the decomposition peak appears at 87 minutes
with a relatively low heat flow of 0.19 mW/mg. In contrast, at the highest heating rate
of 16 K/min, the peak shifts dramatically to 7.7 minutes, with a significantly higher
amplitude of 2.3 mW/mg.

This pronounced shift highlights the kinetic nature of the decomposition process,
where increased heating rates lead to a more rapid accumulation of thermal energy, thus
accelerating the reaction onset and intensifying the exothermic response.
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The table data confirm the thermal shift as the onset temperature increases from
83.7 K at 1 K/min to 99 K at 8 K/min and drops slightly at 16 K/min to 78.4 K, possibly
due to overlapping processes or heat transfer limitations. Similarly, the end temperature
of the decomposition reaction expands significantly at higher heating rates, from 91.3 K
at 1 K/min to 140.8 K at 16 K/min. These changes reflect the non-equilibrium nature of
dynamic heating and the limited time for heat dissipation, leading to apparent shifts in
the reaction interval with increasing B (heating rate).

Table 2. Onset and end temperatures of reactions

Heating rate (K/min) | Reaction Onset temperature (K) | Reaction End temperature (K)
16 78,4 140,8
8 99 123
4 90,4 110,8
2 91,6 100,8
1 83,7 91,3
Adiabatic prediction

Prediction

— 1500
160 °C

DSC / mW/mg
2

01
D &«TL
50
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Figure 6. Adiabatic DSC Curves at Varying Initial Temperatures (10°C to 160°C)

The graph shows that as the initial temperature increases, the induction time — the
period before observable heat release begins — decreases significantly. This suggests that
higher temperatures lower the activation energy barrier for the decomposition reaction,
accelerating the onset of self-heating. This behavior is in agreement with autocatalytic
thermal decomposition, where the reaction products or intermediates enhance the rate
of further reaction.

The system exhibits a strong temperature dependence, indicative of Arrhenius-type
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kinetics. The exothermic reaction, likely involving radical chain mechanisms common
in polymeric oxidation, becomes increasingly vigorous with temperature, resulting in
earlier and sharper heat evolution peaks.

As temperature increases, the rate of heat generation surpasses the rate of heat
loss, leading to an uncontrolled temperature rise in an adiabatic environment. This
phenomenon poses a serious safety hazard, particularly in industrial-scale polymer
processing or storage.

From the adiabatic temperature-time profiles, a critical threshold is evident:
around 80°C, a rapid rise in heat flux initiates, marking the onset of self-accelerating
decomposition. This aligns with the concept of the Self-Accelerating Decomposition
Temperature (SADT), which is a key parameter in the hazard evaluation of reactive
materials.

Furthermore, starting from an initial temperature of 120°C, the curves show a
plateau or diminished change in thermal behavior, suggesting that the major exothermic
reactions have been completed. Beyond this point, thermal stability is regained, and no
further chemical transformations significantly contribute to the heat output. This can be
interpreted as the system reaching thermal and chemical exhaustion — the depletion of
reactive species or the formation of a thermally stable residue.

Conclusion. The complex morphology of low-density polyethylene affects the
crystallization kinetics and the dynamic mechanical properties of the polymer, which
are important for its processability and applications. Therefore, it is very important
to conduct research in the field of crystallization kinetics, crystallinity, lifetime, and
thermal properties of this polymer. A multi-reaction model approach was applied to
DSC data in the Netzsch Kinetics Neo program, incorporating several types of reactions:
an nth-order reaction, a diffusion-controlled reaction, an autocatalytic model, and the
Avrami—Erofeev model. The total activation energy obtained from the simulation is
41.82 kcal/mol or 174.97 kJ/mol. The DSC curve shows an endothermic peak at 118 °C,
corresponding to the melting point of low-density polyethylene.

The prediction of isothermal curves revealed behavior typical for processes governed
by autocatalytic or reaction-diffusion mechanisms, where an initial induction period is
followed by an increase in the reaction rate, rapid heat release, and completion of the
reaction. The isothermal calculation showed that complete degradation of the material
is reached in 4.5 hours at 160 °C. At 130, 140, and 150 °C, the corresponding times are
15, 10, and 6 hours. At 10 °C, the material reaches a conversion degree of 0.02 in 0.059
hours and 0.05 in 0.166 hours. This confirms an exponential dependence of the reaction
rate on temperature. Modeling of DSC curves at different heating rates (1-16 °C/
min) under dynamic conditions showed that the decomposition reaction accelerates
with increasing temperature, which is consistent with the mechanism of autocatalytic
degradation of polyethylene.

According to the adiabatic prediction, it was found that the higher the starting
temperature, the less time is required for the system to reach the maximum heat release
— that is, the beginning of decomposition under adiabatic conditions. The maximum
power (heat flow) shifts toward higher temperatures. The starting temperature of
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thermal runaway was shown to be around 800 °C. These findings highlight the practical
value of kinetic modeling and prediction, as they provide critical insights into the
thermal behavior and stability of polymers. Such information is essential for optimizing
processing conditions, enhancing material safety, and extending the service life of
polymer-based products in thermal environments.
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