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Abstract

This study investigates the electro-thermal ageing (ETA) behaviour of neat polyamide-6
(PA6) and PA6/barium titanate (BTO) nanocomposites. Time–to–breakdown measurements
were performed at 333 K, 353 K, and 373 K at field strengths between 50 and 90 kV/mm to
assess the impact of nanofiller level on lifetime to failure. The ageing experiment showed
that moderate amounts of nanofiller improved the electro-thermal endurance while exces-
sive filler addition (20 wt.%) led to faster breakdown. The Dissado–Montanari–Mazzanti
(DMM) model was used to evaluate the ageing parameters for neat PA6 and PA6/10 wt.%
BTO across all three temperatures. Neat PA6 and PA6/10 wt.% BTO both showed nearly
identical activation enthalpy (H/k) values, indicating that the intrinsic thermally activated
ageing mechanism of PA6 is preserved in the nanocomposite. Variations in the field-
sensitivity parameters (C/k and b) align with an interpretation involving changes in charge
transport and interfacial trapping introduced by the addition of BTO. Furthermore, analysis
of all filler concentrations confirmed that 1–10 wt.% BTO maintains or slightly improves
the time to breakdown, while 20 wt.% significantly accelerated the ageing process. This
research forms part of the research programme of DPI, project #852.

Keywords: electrothermal ageing; life estimation; polymer-ceramic nanocomposite;
DMM model

1. Introduction
Insulation materials have very high electric-field breakdown strength and low conduc-

tivity to prevent current leakage between electrodes of different potential and to ensure safe
and stable operation of the power equipment. Polymer–ceramic nanocomposites are highly
promising candidates for next-generation high-voltage insulation materials [1–4]. Their
engineered microstructures deliver enhanced breakdown strength, higher permittivity, and
improved resistance to surface discharge when compared with conventional polymer com-
posites; there is variation related to filler type and concentration [5,6]. These advantages
are exploited in diverse applications, including power transmission cable insulation [2] and
energy storage systems such as capacitors and lithium-ion batteries [6–8]. Nanocomposites
containing ceramic fillers have been recognised as effective for capacitive energy storage
due to their combination of high permittivity and superior breakdown performance since
the energy storage density of dielectric materials is proportional to the permittivity and the
square of the breakdown field [3,6–8]. Barium titanate (BTO) is widely used as a ceramic
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filler in polymer nanocomposites [9] due to its superior ferroelectric, piezoelectric, and
dielectric characteristics. In silicone rubber–BTO nanocomposites, commonly used for
outdoor insulation, it has been shown to improve resistance to degradation processes such
as erosion and tracking, thereby enhancing overall insulation performance [10]. Among
candidate polymer matrices, polyamide-6 (PA6) is a semi-crystalline polymer widely used
in electrical insulation due to its favourable mechanical strength, thermal stability, and ease
of processing. It also exhibits moderate dielectric strength and relatively low dielectric loss,
making it suitable for high-voltage applications [11].

To date, much research has focused on improving short-term dielectric properties,
with relatively less attention given to the long–term reliability of nanocomposite insulation
under service conditions. The service conditions include wide range of temperatures,
pressures and electric fields depending on the application. In practical applications such
as capacitors, insulation materials are continuously exposed to electro-thermal stress [12],
which accelerates ageing and degradation, ultimately leading to electrical failure. Ageing
can be described as the process that alters the physical or chemical state of the material,
while degradation refers specifically to changes that impair performance—most critically,
the dielectric breakdown strength [13]. Failures observed at low fields and short times are
often attributed to localised degradation [13,14] rather than bulk deterioration. Previous
studies have linked ageing-induced increases in AC dielectric loss to changes at the interface
between the metal electrode and the insulation material, which in turn correlate with
reduced breakdown strength [15]. However, reported changes in DC conductivity with
ageing remain inconsistent across materials [14,15]. Comparable observations have been
made in fibre-reinforced epoxy systems, where AC dielectric changes were associated
with microcracking [4] and delamination [16]. These localised degradations may arise
from electrically driven weakening of the polymer–filler interface, eventually causing local
mechanical yielding [17,18]. The lifetime, ageing mechanisms, and breakdown phenomena
in nanocomposite dielectrics may differ significantly from those in unfilled polymers
due to nanofiller type, size, concentration, and surface functionalization. Therefore, the
understanding and prediction of insulation lifetime under such conditions is both important
and challenging [13,19]. Systematic experimental studies to clarify electro-thermal ageing
behaviour with different levels of nanofiller and to establish robust lifetime prediction
methods are therefore required.

The present work addresses this gap by experimentally investigating the electrother-
mal ageing of PA6 and PA6/BaTiO3 (BTO) nanocomposites. The effect of nanofiller content
(0–20 wt.%) was studied at two temperatures (353 K and 373 K) under electric fields ranging
from 60 to 90 kV/mm. In addition, a comparison between neat PA6 and PA6/10 wt.% BTO
nanocomposites was performed over three temperatures (333 K, 353 K, and 373 K) and
five electric-field levels (50–90 kV/mm). The lifetimes derived from time–to–breakdown
measurements are analysed using the Dissado–Montanari–Mazzanti (DMM) life model
and compared to the long-term performance of the neat polymer. The aim is to compare
the ageing behaviour of neat polymers and nanocomposites in order to provide an insight
into the role of nanofiller concentration in enhancing long-term dielectric reliability.

2. DMM Model
Several empirical and semi-empirical models have previously been used to predict the

lifetime of polymeric insulation under electrical and thermal stress, including Arrhenius
thermal ageing, the Inverse Power Law (IPL), exponential voltage–endurance models, and
phenomenological multi-stress formulations [20]. Although these approaches are simple
to implement, they suffer from a fundamental limitation: they treat electrical and thermal
stresses as independent or additively combined, despite clear evidence that real insulation
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degradation is governed by coactive and strongly nonlinear interactions between multiple
stressors. Their fitting parameters lack physical meaning, as they do not account for charge
injection or space-charge-induced field enhancement [21].

In contrast, the Dissado–Montanari–Mazzanti (DMM) model provides a fundamen-
tally grounded physics-based description of electro-thermal ageing by representing the
polymer as a system of molecular units undergoing a thermally activated degradation
process whose activation barrier is lowered by the applied electric field through charge
trapping and local field intensification. The DMM parameters—activation enthalpy, field-
acceleration coefficient, and field exponent—are directly linked to material behaviour and
microstructural features. As a result, the DMM model captures curvature in lifetime–field
plots, predicts electrical and thermal threshold effects, and identifies the onset of irreversible
degradation rather than only final breakdown. These features make the DMM framework
significantly more robust, interpretable, and reliable than traditional empirical methods for
modelling the long-term electro-thermal performance of polymeric insulation [21].

Electro-thermal ageing in polymeric insulation is understood as a progressive accu-
mulation of irreversible chemical and structural changes within the material. In the DMM
framework, the polymer is modelled as an ensemble of local molecular units that can exist
in two inter-convertible states: an unaged (reactant) state and a degraded (product) state.
Ageing proceeds through a thermally activated reversable reaction mechanism between
these states, with the applied electric field lowering the effective energy barrier for the
transition [22]. When the fraction of degraded units within a local region reaches a critical
threshold, electrical breakdown initiates [23,24]. This microscopic description of ageing
leads directly to a physical electro-thermal lifetime expression that relates the time to failure
of the insulation to the applied electric field and temperature, expressed by the DMM life
model in Equation (1) [25]:

L =

(
h

2kT

)
exp

(
H
kT

)
exp

(
−CEb

2kT

)−ln
[
(Aeq−A∗)

Aeq

]
cosh

(
∆−CEb

2kT

)
, (1)

Here h is Planck’s constant, k is Boltzmann’s constant. E is the electric field (kV/mm),
and T is the absolute temperature (K), The parameters H/k, C/k, and b are the model’s char-
acteristic ageing coefficients, corresponding to the activation enthalpy, a field-acceleration
term, and a field-dependence exponent, respectively. A∗ is the critical degradation thresh-
old at which breakdown occurs, and the quantity Aeq denotes the equilibrium degraded
fraction which is defined by Equation (2):

Aeq =
1[

1 + exp
(

∆−CEb

kT

)] , (2)

Here, ∆ is the energy difference between the reacted and unreacted states. In the
limited field range of the current data, ∆ has little effect, and we will take it to be zero for
simplicity. When the reaction process reaches the critical value of A∗, runaway breakdown
occurs. Here, A∗ is taken to be approximately 0.43, as suggested by previous studies on
thin polymer samples [25].

3. Materials and Methods
3.1. Sample Preparation

The samples were prepared by melt compounding polyamide-6 (PA6) with barium
titanate (BTO) nanoparticles using a twin-screw extrusion process. PA6 (Akulon K122,
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Envalior) was used as the base polymer, while barium titanate nanoparticles (BTO, Nanos-
tructured & Amorphous Materials Inc., Katy, TX, USA) were used as the nanofiller. The
PA6 pellets and BTO nano powder were fed into a twin-screw compounding extruder
through separate gravimetric feeders to ensure accurate formulation and homogeneous
mixing. Following compounding, the extrudate was cooled in a water bath and subse-
quently pelletised to produce uniformly sized PA6/BTO nanocomposite pellets. Prior to
sample fabrication, the pellets were dried in a vacuum oven at 353 K for 24 h to remove
residual moisture. After drying, the pellets were processed by extrusion to produce thin
films. The extrusion was carried out at a screw speed of approximately 30 rpm, with
processing temperatures maintained around 513 K (above the melting temperature of PA6)
along the extrusion barrel. Thin films used for the electrothermal ageing experiments were
then prepared from the dried pellets, resulting in samples with a nominal thickness of
approximately 50 µm. The PA6/BTO nanocomposite materials were manufactured by
Envalior (Eindhoven, The Netherlands). The thickness of the samples prepared for the
electrothermal experiments was nominally 50 µm and the BTO particle size was between
100 and 200 nm. The morphology and dispersion of BTO nanoparticles within the PA6
matrix were examined using scanning electron microscopy (SEM) equipped with an energy-
dispersive X-ray spectroscopy (EDX) detector (Bruker XFlash 6-60, Billerica, MA, USA).
The observations were carried out at an accelerating voltage of 5 kV. As shown in Figure 1,
the BTO nanoparticles are relatively uniformly dispersed within the PA6 matrix, which is
consistent with previous report [26]. The nanocomposite sample filler contents are listed in
Table 1.

(a) (b) 

(c) (d) 

 

(e)  

Figure 1. SEM images (20,000× magnification) show the dispersion of BTO nanoparticles in PA6
nanocomposites: (a) neat PA6, (b) PA6/1 wt.% BTO, (c) PA6/5 wt.% BTO, (d) PA6/10 wt.% BTO,
and (e) PA6/20 wt.% BTO. The bright regions correspond to BTO nanoparticles dispersed within the
PA6 matrix.
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Table 1. Polymer–ceramic (PA6-BTO) nanocomposite details.

Sample Sample Formulation

1 Neat PA6

2 PA6/1 wt.% BTO

3 PA6/5 wt.% BTO

4 PA6/10 wt.% BTO

5 PA6/20 wt.% BTO

3.2. Electro-Thermal Ageing Experimental Setup

To investigate the combined influence of electrical and thermal stress, the experimental
configuration, illustrated in Figure 2 was employed. A Genlab laboratory oven provided
controlled thermal stress, while a test cell equipped with eight cylindrical brass electrodes
served as the high-voltage (HV) chamber. The electrodes were connected to a 100 kV DC
power supply (Glassman 100 kV, 3 mA), with the brass electrodes functioning as the HV
terminals and an aluminium plate as the grounded electrode. The high-voltage electrodes,
designed in accordance with IEC 60243, had a diameter of 2 cm and a 3 mm edge curvature
to eliminate sharp edges that could otherwise cause local field enhancement and premature
breakdown. The electrode surfaces were polished with 1 µm diamond paste to ensure
a uniform electric field across the specimen. The top electrodes were connected to the
HV source through a current limiting safety resistor, whilst the bottom electrode was
grounded. Test samples were positioned between the electrodes, and the entire assembly
was immersed in silicone oil to prevent surface flashover between the terminals.

 
Figure 2. Schematic of electro-thermal experimental test setup to detect the time to breakdown of
the test.

A MATLAB-based data-acquisition programme (MATLAB R2019b, MathWorks, Nat-
ick, MA, USA) interfaced with an Arduino Uno Rev3 board was developed to automatically
record the time to breakdown of each sample. Breakdown events were detected by the
Arduino, which immediately reduced the applied voltage to zero and stored the breakdown
time on a connected PC. The DC voltage was ramped at a constant rate of 200 V/s until the
target field was reached, after which it was held constant until breakdown occurred. Both
the applied voltage and the corresponding electric field were continuously monitored via
the Arduino interface. The oven temperature was tracked using a thermocouple to ensure
stable thermal conditions. Prior to testing, all samples were pre-dried in a vacuum oven
at 348 K for 15 h to remove moisture. Electro-thermal ageing tests were conducted at five
DC electric–field levels (50–90 kV/mm) and three temperatures (333 K, 353 K, and 373 K).
For each electric–field level and nanofiller concentration, eight samples were tested, as
illustrated in Figure 2. However, due to the time-consuming nature of the ETA experiments,
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the effect of nanofiller concentration was evaluated using the experimental data obtained
at 353 K and 373 K across the same range of electric–field levels.

4. Results
4.1. Electro-Thermal Ageing Results

Figure 3 shows the time to breakdown of neat PA6 and PA6/BTO nanocomposites
under DC fields at three temperatures. From Figure 3 and the quantitative comparison
summarised in Table 2, at high electric-field strengths (70–90 kV/mm), the addition of
nanofillers has little influence on breakdown behaviour at 333 K and 353 K. The only excep-
tion is the data obtained at 373 K, where the lifetime of the nanocomposites is significantly
lower than the neat polymer, with reductions reaching approximately 60% at 80–90 kV/mm,
as reported in Table 2. This suggests that under high electrical stress, the breakdown is
dominated by the intrinsic dielectric strength of the polymer. Overall, the high-field results
indicate that the addition of BTO generally reduces the lifetime relative to neat PA6 at
333 K and 373 K, while only a slight lifetime increase (less than 15%) is observed at 353 K.
In contrast, at lower electric fields (<70 kV/mm), the role of nanofillers becomes more
evident. As shown in Figure 3 and Table 2, PA6 containing 10 wt.% BTO, representative
of polymer–ceramic nanocomposites, exhibits a substantially longer time to breakdown
than neat PA6 at the lowest applied electric field. Lifetime improvements of approximately
30–50% are observed at 333–353 K, increasing to more than 70% at 373 K under an applied
electric field of 60 kV/mm, suggesting an enhanced resistance to degradation.

 

Figure 3. Time to breakdown of neat PA6 and PA6/BTO nanocomposites under DC electric fields at
different temperatures.

All samples demonstrated a reduced lifetime at 373 K, confirming that elevated tem-
peratures accelerate ageing processes. This behaviour is consistent with thermally activated
degradation, in which higher temperature increases the probability that reactant units
overcome the activation barrier, thereby accelerating the chemical and physical ageing
reactions. At 353 K and 373 K, however, the nanocomposite with 20 wt.% BTO displayed
a shorter lifetime than neat PA6. This suggests that excessive filler loading may induce
filler agglomeration [27] or interfacial defects [28,29], which act as weak points under
combined electrical and thermal stress. In such cases, the presence of a high concentration
of nanofillers may actually facilitate degradation (due to the introduction of weak points in
the insulation) rather than improve ageing resistance, which can be confirmed by the data
extraction from the DMM model.
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Table 2. Relative change in time to breakdown (%) for PA6/10 wt.% BTO compared with neat PA6 at
electric fields between 60 and 90 kV/mm and temperatures of 333 K, 353 K, and 373 K.

T (K) E (kV/mm) % Change in the Time to Breakdown
Between PA6/10BTO and Neat PA6

333

90 −12.0
80 −17.6
70 −10.6
60 +46.8

353

90 +10.4
80 +15.6
70 −23.3
60 +31.0

373

90 −57.7
80 −60.0
70 +15.7
60 +70.8

4.2. Life Estimation of Neat Polymer and Nanocomposite

The lifetime behaviour of neat PA6 and PA6/10 wt.% BTO nanocomposites was anal-
ysed using the Dissado–Montanari–Mazzanti (DMM) life model. The model parameters—
H/k, C/k, and b—were obtained by fitting the experimental time-to-breakdown data across
the 50–90 kV/mm field range at three test temperatures. The combined experimental data
and DMM fits are shown in Figure 4.

 

Figure 4. Experimental lifetime data with 95% confidence limits (markers) and Dissado–Montanari
–Mazzanti (DMM) model fitting for neat PA6 (solid lines) and PA6/10BTO (dashed lines).

According to the extracted parameters summarised in Table 3, both materials display
very similar ageing characteristics, with H

k ≈ (1.69 − 1.72) × 104 K, C
k ≈ 1.36 − 1.34,

and b ≈ 1.74 − 1.77. The closeness of the parameter values and the similarity of the
fitted lines indicate that the incorporation of BTO nanofillers does not fundamentally
alter the ageing mechanism but does slightly modify the strength of the electric-field
influence on the ageing process. Importantly, comparison of the fitted curves with the
experimental data for these two representative systems—polymer (PA6) and polymer–
ceramic nanocomposite (PA6/10BTO)—reveals a clear field-dependent effect. In the high-
field regime (70–90 kV/mm), the addition of BTO results in a reduced lifetime compared to
neat PA6, whereas at lower electric fields (<70 kV/mm) the PA6/10BTO system exhibits an
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increased lifetime. This behaviour is consistent with the trends reported in Table 2 and can
be attributed to the slight reduction in C/k from 1.36 for neat PA6 to 1.34 for PA6/10BTO.
The influence of this parameter change on the fitted lifetime curves are further examined
through a sensitivity analysis, which is discussed following the detailed assessment of
nanofiller effects on the electro-thermal ageing (ETA) behaviour.

Table 3. Extracted DMM model fitting parameters (H/k), (C/k), and b for neat PA6 and PA6/10 wt.%
BTO over the electric field range of 50–90 kV/mm, samples at 333 K, 353 K and 373 K.

Sample ID (H/k) K (C/k) K(kV/mm)−b b

Neat PA6 1.692 × 104 1.362 1.74

PA6/10 wt.% BTO 1.72 × 104 1.344 1.77

To examine the influence of barium titanate (BTO) nanofiller concentration on the
electro-thermal ageing behaviour of PA6/BTO nanocomposites, the DMM model was fitted
to the experimental data. The fitting was performed (see Table 1 for materials used) as
shown in Figures 5 and 6, using experimental lifetime data obtained at two temperatures,
353 K over the 50–90 kV/mm field range and 373 K over the 60–90 kV/mm range. The
model parameters are extracted for each composition, and the results are summarised in
Table 4.

Figure 5. Experimental lifetime data and DMM model fitting for neat PA6 and PA6/BTO nanocom-
posites at 353 K.

 

Figure 6. Experimental lifetime data and DMM model fitting for neat PA6 and PA6/BTO nanocom-
posites at 373 K.
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Table 4. Extracted DMM model fitting parameters (H/k), (C/k), and b for all samples at 353 K and
373 K.

Sample ID (H/k) K (C/k) K (kV/mm)−b b

Neat PA6 1.70 × 104 1.4311 1.750

PA6/1 wt.% BTO 1.68 × 104 1.4421 1.740

PA6/5 wt.% BTO 1.71 × 104 1.4348 1.760

PA6/10 wt.% BTO 1.72 × 104 1.4222 1.770

PA6/20 wt.% BTO 1.66 × 104 1.7914 1.700

In all cases, the activation enthalpy (H/k) changed between 1.66 × 104 K and
1.72 × 104 K. Similarly, the electric field-related parameters C/k and b exhibited small
variations with filler concentration. At low and moderate loadings (1–10 wt.%), both C/k
and b values remained close to 1.4 and 1.75, respectively, indicating similar field-dependent
ageing characteristics to those of the neat polymer.

At a higher loading (20 wt.% BTO), C/k increased to 1.79, while b slightly decreased
to 1.70, indicating a stronger field sensitivity and a reduction in the nonlinearity of the
field dependence.

To clarify the physical significance of the DMM parameters, a sensitivity analysis
was performed by independently varying each parameter, while keeping the remaining
parameters fixed at their average values calculated from the data in Table 4. Variations in
the activation enthalpy H/k, as shown in Figure 7, primarily result in an approximately
parallel shift in the lifetime–electric field curves, indicating that H/k governs the intrinsic
thermal timescale of the ageing process.

 

Figure 7. Effect of activation enthalpy H/k on the DMM model.

In contrast, changes in the field-sensitivity parameter C/k, illustrated in Figure 8,
significantly modify the curvature of the fitted curves, particularly at high electric fields.
Increasing C/k from 1.504 to 1.804, while keeping the other model parameters constant,
results in a reduction in lifetime across all electric-field levels. This effect is more pro-
nounced at higher fields (70–90 kV/mm), where the lifetime decreases by approximately
80%, compared to a reduction of about 50% at lower fields (50–60 kV/mm). Similarly,
variations in the field exponent b, shown in Figure 9, strongly affect the slope of the lifetime
in the high-field regime, highlighting its influence on the nonlinearity of field-driven ageing.
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Increasing b from 1.74 to 1.80, while keeping the other parameters constant, significantly
accelerates electrical ageing, resulting in a substantial reduction in lifetime across all electric-
field levels. This effect is most pronounced at higher fields (70–90 kV/mm), where the
lifetime decreases by more than 90%. Taken together, this sensitivity analysis explains
why relatively small variations in C/k and b, as observed in Tables 3 and 4, can lead to
pronounced differences in lifetime behaviour. The PA6/10 wt.% BTO composite has the
lowest value of C/k and the highest value of H/k from all samples; hence, it shows the
longest life at applied electric fields below 70 kV/mm. The slightly higher value of the
exponent b means that the trend is reversed, and the PA6/10 wt.% BTO composite shows
reduced life at the highest applied fields in comparison with neat PA6. The results suggest
that the presence of nanofillers primarily modifies the strength and field dependence of the
ageing process.

 

Figure 8. Effect of the field-sensitivity parameter C/k on the DMM model.

 

Figure 9. Effect of the field exponent b on the nonlinearity of the DMM model.

5. Discussion
The combined experimental and modelling results provide a comprehensive under-

standing of the electro-thermal ageing behaviour of neat PA6 and PA6/BTO nanocom-
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posites. The experimental data demonstrated clear reductions in lifetime with increasing
temperature across all materials, confirming that thermal activation accelerates chemical
degradation [30] and microstructural change within the polymer matrix [31,32]. At high
electric fields (70–90 kV/mm), the lifetime differences between neat PA6 and the nanocom-
posites were minimal, suggesting that breakdown in this region is governed predominantly
by intrinsic electric field-driven failure [26]. Under such strong fields, rapid charge injec-
tion, localised field intensification, and avalanche-like carrier multiplication dominate the
failure process, minimising the influence of microstructural modifications introduced by
nanofillers [33].

A closer examination of the high-field region highlights a clear temperature-dependent
reversal in performance, as summarised in Table 2. At 373 K and electric fields of
80–90 kV/mm, the PA6/10 wt.% BTO nanocomposite exhibits a noticeably shorter time to
breakdown than neat PA6, with the lifetime reduced by approximately 60%, as shown in
Table 2, indicating that under extreme electrical and thermal stress the presence of ceramic
nanoparticles can accelerate degradation rather than delay it. At an elevated temperature,
charge transport and charge injection processes become more active, while the strong
permittivity mismatch between BTO particles and the polymer matrix promotes interfa-
cial (Maxwell–Wagner) polarisation and pronounced local electric-field concentration at
polymer–particle interfaces, analogous to the interface-controlled field localisation reported
for BTO-based dielectrics under DC stress [34]. Studies on other titanate ceramics have
shown that such localised field enhancement occurs at internal barrier regions and governs
degradation at high electric fields, as the effective local field can greatly exceed the applied
macroscopic field [35]. Direct experimental evidence from single-crystal titanates further
demonstrates that defect redistribution under combined electric field and temperature
leads to highly non-uniform field profiles and local field maxima that dominate leakage
current growth and degradation kinetics [34]. These local field enhancements are known to
promote non-ohmic (Schottky-type) conduction, increased leakage current, and accelerated
failure at high fields and temperatures, as established in classical BTO capacitor failure
studies [36]. In contrast, neat PA6 lacks such internal field-concentrating interfaces and
therefore experiences a more uniform electric-field distribution, allowing it to maintain a
longer lifetime under the same high-field and high-temperature conditions.

At lower electric fields (<70 kV/mm), significant differences emerged. The PA6/10 wt.%
BTO nanocomposite consistently showed longer time to breakdown than neat PA6 at all
temperatures. In the range 333–353 K, the PA6/10 wt.% BTO nanocomposite exhibits
a lifetime enhancement of approximately 30–50%, which further increases to over 70%
at 373 K under an applied electric field of 60 kV/mm. This enhancement may be at-
tributed to the presence of well-dispersed nanoparticles that introduce deep and shallow
interfacial traps [37–39], suppressing charge mobility [40,41], charge injection [27,33,42]
and moderating the internal electric-field distribution [37,43], while void reduction at the
polymer–particle interface [3] may further contribute to the improved performance. These
interfacial trapping mechanisms delay the onset of space-charge-induced ageing processes.
This interpretation is supported by the dielectric spectroscopy measurements reported
in [26], which showed that the introduction of nanoparticles reduces charge-transport
processes in PA6/BTO nanocomposites at 353 K, particularly for the 5 wt.% and 10 wt.%
BTO formulations, thereby extending the lifetime. The improved performance at 10 wt.%
BTO aligns with established theories of polymer nanocomposites, where moderate filler
concentrations create a beneficial trap distribution that impedes charge transport and
stabilises dielectric response.

The behaviour at very high filler loading (20 wt.% BTO) deviated from this trend.
These samples exhibited shorter lifetimes than neat PA6. At 353 K, the reduction in lifetime
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ranges from approximately 90% at 90 kV/mm to about 20% at 50 kV/mm. At 373 K, the
reduction is more pronounced at higher electric fields (80–90 kV/mm), where the lifetime
decreases by approximately 60–80%. This reduction can be attributed to nanoparticle
agglomeration [27] and a change in interfacial bonding at high filler concentrations [28],
which lead to the formation of localised defects [3], micro voids [44], and sharp field-
enhancing regions. These microstructural imperfections accelerate charge injection [26],
enhance local electric stress, and promote early degradation, thereby negating the beneficial
effects of nanofiller addition.

The DMM modelling results further support and clarify these observations. For neat
PA6 and PA6/10 wt.% BTO, the DMM fit was performed over three temperatures (333,
353, and 373 K) and across the full 50–90 kV/mm field range. The extracted parameters
(H/k, C/k, and b) for both materials were similar. This confirms that the intrinsic ther-
mally activated ageing mechanism remains unchanged by the addition of nanofillers. The
activation enthalpy term H/k, which reflects the thermal energy barrier associated with
molecular degradation [17], was higher for the 10 wt.% BTO composite than the neat PA6.
Slight increases in the H/k value accompanied by a decrease in the C/k value for the
10 wt.% composite indicate modest improvements in thermal robustness, consistent with
the experimental observation that the nanocomposite provides extended lifetime at low
electric fields (<70 kV/mm), as shown in Table 2. In this regime, the PA6/10 wt.% BTO
samples demonstrate an increase in lifetime of approximately 31% at 353 K, 46.8% at 333
K, and 70% at 373 K compared to neat PA6. The slight changes in C/k and b suggest
subtle modifications to the field-induced degradation kinetics [17] introduced by interfacial
charge trapping, but not a fundamental change in ageing mechanism.

When the DMM model was applied to nanofiller concentrations (1, 5, 10, and
20 wt.% BTO), using the 353 K and 373 K datasets, a clear concentration-dependent pattern
emerged. While the activation enthalpy H/k remained consistent across all samples, con-
firming unchanged intrinsic thermal ageing mechanisms, the parameters C/k and b varied
systematically with filler content. The 1–10 wt.% composites exhibited field-dependent
behaviour comparable to neat PA6, indicating that moderate nanofiller loadings modify
ageing primarily through interfacial charge trapping and improved field homogenisation.
The 10 wt.% BTO composite was identified as being the most resistant to ageing of them all.

In contrast to the other materials, the 20 wt.% composite exhibited significantly higher
C/k, indicating increased susceptibility to damage from the electric field. These changes
reflect microstructural defects introduced by nanoparticle agglomeration. The slightly
lower value of b compared to neat PA6 suggests that the local field generated by trapped
charges under a given applied field is weaker, likely because the charge density is reduced
as it becomes distributed across the nanoparticle agglomerate. This reduction is, however,
more than compensated by the higher destabilisation of the polymer segment arrangement
in the vicinity of the charged agglomerate reflected in a significantly higher value of
C/k. In addition, a slightly reduced activation enthalpy indicates that the nanocomposite
agglomerate slightly increased the flexibility of the neighbouring polymer segments, as
evidenced by the dielectric spectroscopy measurements reported in [26]. The overall picture
therefore becomes one in which the larger size of the charged nanocomposite centre has
a strong destabilising electro-mechanical effect on neighbouring polymer segments, thus
more rapidly forcing modifications to the local structure. This shift in DMM parameters
aligns closely with the experimental lifetime behaviour, indicating that long-term ageing
performance is governed by microstructural features and nanoparticle–polymer interfacial
mechanisms affecting long-term ageing performance [45].

Overall, the combined experimental and modelling results reveal that BTO nanopar-
ticles enhance the electro-thermal endurance of PA6 when applied at low-to-moderate
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concentrations (1–10 wt.%) through charge trapping, field homogenisation, and suppres-
sion of space-charge effects. However, excessive filler content (≥20 wt.%) introduces
structural heterogeneities that intensify local electrical and thermal stresses and thus accel-
erate failure. The strong agreement between experimental lifetimes and DMM parameters
confirms that the DMM model not only reproduces lifetime trends accurately but also
provides insight into the interplay between temperature, electric field, and microstructure.

6. Conclusions
The electro-thermal ageing experiments demonstrated that the incorporation of BTO

nanoparticles enhances the lifetime of PA6 insulation at low-to-moderate electric-field
strengths (<70 kV/mm). Of all the compositions, the PA6/10 wt.% BTO nanocomposite
exhibited the longest time to breakdown, confirming that well-dispersed ceramic nanopar-
ticles introduce interfacial traps that suppress charge transport, homogenise the internal
electric field, and delay the onset of degradation. However, this enhancement reduces at
elevated temperatures, particularly at 373 K, where thermally activated charge mobility
accelerates degradation. At high filler loading (20 wt.% BTO), the lifetime decreased be-
low that of neat PA6, which is attributed to nanoparticle agglomeration and associated
polymer–nanoparticle interfacial defects that intensify local electric stress and promote
premature breakdown.

The Dissado–Montanari–Mazzanti (DMM) model was applied to neat PA6 and
PA6/10 wt.% BTO across three temperatures (333 K, 353 K, and 373 K). The extracted
activation enthalpy values (H/k) for both materials were nearly identical, demonstrating
that the intrinsic thermally activated ageing mechanism of PA6 is fundamentally unchanged
by the addition of resistance to BTO nanofillers. Slight variations in the parameters deter-
mining the effect of the electric field (C/k and b) reflect subtle differences in charge-trapping
behaviour and local field redistribution, consistent with the mild lifetime improvements ob-
served experimentally for the 10 wt.% nanocomposite. Extending the DMM analysis to all
filler concentrations (1–20 wt.%) revealed that low-to-moderate loadings (1–10 wt.%) main-
tain resistance to electro-thermal ageing, while excessive loading (20 wt.%) significantly
increases field sensitivity and hence results in shorter life due to agglomeration-induced
microstructural defects.

The results show that optimised nanofiller incorporation can significantly enhance the
electro-thermal endurance of PA6 without changing the ageing mechanism. Moreover, the
agreement between experimental lifetime data and DMM model predictions confirms that
the DMM framework provides a robust and physically meaningful tool for interpreting
long-term ageing in polymer–ceramic nanocomposites under combined electrical and
thermal stress.
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