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ARTICLE INFO ABSTRACT

Keywords: Developing multifunctional, self-heating cementitious composites is a key strategy for creating sustainable
Cementitious composites infrastructure and mitigating the environmental damage caused by de-icing salts. We fabricated composites
Acetylene black using Portland cement and high-structure acetylene black as a conductive nanofiller (0-7 wt%) and analyzed

Percolation theory
Electrical properties
Joule heating
Self-heating materials
Microstructure

their performance through systematic thermo-electric measurements, scanning electron microscopy, and a two-
regime percolation model. The results demonstrate a percolation threshold (p.) at approximately 2.5 wt%
AB, above which the electrical conductivity increases by eight orders of magnitude to nearly 1 S/m. Our
analysis reveals a distinct microstructural transition from a rapid-onset percolation regime (low exponent 7,) to
a complex network consolidation regime (higher exponent 7,). In Joule heating tests, the composites achieved
a maximum temperature increase (47,,,,) of approximately 50 °C. Crucially, the maximum temperature gain
plateaus at filler concentrations above 5 wt%, revealing a complex, non-linear relationship between electrical
conductivity and steady-state thermal output. A quantitative comparison with literature benchmarks reveals
that the AB-based composite possesses a remarkably high intrinsic heating efficiency, orders of magnitude
greater than other carbon-based systems. This work provides a quantitative framework that directly links filler
content, microstructure, and multifunctional performance in cement-nanocarbon composites, offering a basis
for optimizing these materials to achieve both rapid heating and energy efficiency for practical applications.

1. Introduction cement paste itself. The hydrated cement matrix is a complex porous
medium whose primary binding phase, calcium-silicate-hydrate (C-

Cement-based materials are the cornerstone of global infrastructure, S-H), forms a disordered colloidal network, making it an excellent

a status that brings with it significant environmental and maintenance
responsibilities [1]. In regions with cold climates, a major challenge
is reliance on deicing salts, which have well-documented corrosive
effects on infrastructure and detrimental impacts on the surrounding
environment [2-6]. A promising solution to this long-standing problem
lies in the transformation of concrete from a passive structural element
into an active functional material capable of self-heating through the
Joule effect [7].

The key to unlocking such functionalities is the incorporation of
nano-scale conductive fillers to create electrically conductive cemen-
titious composites [8,9]. This approach has led to the field of smart
and multifunctional concrete, with significant research dedicated to
developing self-heating systems for deicing and pavement heating [10—
14]. However, this requires fundamentally altering the nature of the

* Corresponding author.
E-mail address: aikaterini.ioannidou@umontpellier.fr (K. Ioannidou).

https://doi.org/10.1016/j.conbuildmat.2025.144822

electrical insulator [15-17].

The effectiveness of creating a conductive composite is therefore not
uniform; it depends critically on the intrinsic properties and dispersion
quality of the chosen filler [18]. Electrical properties are governed by
the percolation theory, where a critical concentration of filler must be
reached to form a continuous network [19,20]. The efficiency with
which this network forms and transports charge is deeply influenced
by the morphology of the filler: its particle size, surface chemistry, and
three-dimensional structure [21]. Furthermore, even once a network is
established, the conduction mechanism itself can evolve. It can transi-
tion from a state limited by high interfacial resistance, where tunneling
or hopping dominates, to a state governed by direct Ohmic-like trans-
port, which can affect the universality of the scaling exponents [22—
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24]. A comprehensive understanding of this transition is essential for
designing materials with optimized thermo-electrical performance.

The state-of-the-art in this field has demonstrated the viability of
various carbonaceous fillers, each with distinct trade-offs. Although
carbon nanotubes (CNTs) possess exceptional intrinsic properties, their
practical use is often hindered by prohibitive costs and significant chal-
lenges in achieving uniform dispersion within the cement matrix [25,
26]. Similarly, nanoengineering with graphene has led to compos-
ites with exceptional improvements in mechanical strength and water
impermeability, demonstrating the broad potential of carbon nano-
materials [27]. In contrast, high-structure carbon blacks (CB), and
particularly acetylene black (AB), offer a compelling alternative. AB
is characterized by its high purity (> 99%), high crystallinity, and
extremely high-structure aggregation of nanoparticles, allowing it to
form conductive networks efficiently [21]. Notably, AB-based con-
ductive cement has recently been patented as an electron-conducting
composite material [28], underscoring its technological relevance for
scalable self-heating cementitious systems. However, a common thread
in many of these studies is a focus on the final thermal output, while
the underlying electrical behavior is typically characterized using a
simplified single-regime percolation model [19].

Despite extensive research into conductive cementitious compos-
ites, a significant gap remains in quantitatively linking the filler’s
microstructural arrangement to the macroscopic thermo-electrical be-
havior. Although fillers such as CNTs and graphene have been ex-
plored, they often face challenges with cost and dispersion. Acetylene
black, with its unique high-structure morphology, offers a promising
alternative, yet its performance is often analyzed using a standard
single-regime percolation model, which fails to capture the complex
conduction mechanisms at play. This study aims to fill this gap by:
systematically characterizing the thermo-electrical properties of AB-
cement composites; employing a two-regime percolation model that
accurately captures the physical evolution of the conductive network
from an exceptionally efficient, rapid-onset state (low exponent ¢,) to
a complex network densification regime (higher exponent 1,); and di-
rectly correlating these electrical regimes to the material’s microstruc-
ture and its resulting Joule heating performance. In doing so, this
work provides a deeper physical insight and a more accurate predictive
framework to optimize these multifunctional materials.

2. Methods

The overall workflow of this study, from material preparation to fi-
nal thermo-electrical analysis, is summarized in the flowchart in Fig. 1.

Photographs of the key experimental setups for thermal and elec-
trical characterization are provided in the Supplementary Information
(Figs. S1 and S2).

2.1. Sample preparation

2.1.1. Materials

The composite and reference samples were prepared using Portland
cement (CEM I provided by Titan Cement). Two types of carbonaceous
fillers were investigated. The primary filler was Acetylene Black (AB)
powder (Soltex), characterized by its high purity (> 99% carbon),
density of 1.7gcm™ to 1.9gcm™ and BET surface area of 100m? g™!
to 120m2 g~!. For comparative analysis, a furnace black, PBX® 135
(Cabot Corporation), was also used. PBX 135 exhibits a BET surface
area of 120m? g~! to 180m? g~! and an Oil Adsorption Number (OAN)
of 150mL/100g to 180 mL/100g, indicative of its structure.

The morphology of the as-received AB powder was characterized
by scanning electron microscopy, as shown in Fig. 2. The micrograph,
taken at 30,000 magnification, reveals that the filler is composed of
spherical primary nanoparticles, approximately 30-50 nm in diameter,
which are fused together into branched, chain-like aggregates. This
aciniform, high-structure morphology is characteristic of AB. For the
large-scale tile experiment, a polynaphthalene sulfonate (PNS) based
superplasticizer was used to improve workability.
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Table 1

Compositions of AB cement-carbon pastes studied for thermo-electrical proper-
ties. Three water/cement ratios were formulated with different carbon content
ranging from 0 to 7% wt per total mass.

w/c Cement (g) Water (g) AB (g)
w/c = 0.42 Series

0.42 70.42 29.58 0
0.42 69.72 29.28 1
0.42 69.01 28.99 2
0.42 68.31 28.69 3
0.42 67.61 28.39 4
w/c = 0.6 Series

0.6 62.50 37.50 0
0.6 61.81 37.09 1.10
0.6 61.53 36.92 1.55
0.6 61.13 36.68 2.20
0.6 60.46 36.28 3.26
0.6 59.81 35.88 4.31
0.6 59.03 35.42 5.55
0.6 58.38 35.03 6.60
w/c = 0.8 Series

0.8 55.56 44.44 0
0.8 54.79 43.83 1.38
0.8 54.47 43.58 1.95
0.8 53.94 43.16 2.90
0.8 53.42 42.73 3.85
0.8 52.81 42.24 4.95
0.8 52.28 41.83 5.89
0.8 51.78 41.42 6.90

2.1.2. Mix proportions and mixing procedure

Three series of samples were prepared with water-to-cement (w/c)
mass ratios of 0.42, 0.6, and 0.8. Within each series, the AB content
ranged from O to 7 wt% of the total composite mass. The precise
proportions of the mixture for each composition are detailed in Table 1.

The cylindrical sample fabrication process began with the dry mix-
ing of cement and AB powders in a 3D shaker mixer for 30 min to
ensure a homogeneous distribution of the filler. The resulting powder
was then transferred to an overhead mixer, where deionized water was
gradually added to form a homogeneous paste. The fresh paste was cast
into cylindrical molds (100 mm height, 20 mm diameter) and subjected
to gentle agitation to remove trapped air bubbles. For large tile samples
(10cm x10cm x1cm), the PNS superplasticizer was added to the mix
water prior to its introduction into the powder to ensure adequate
workability.

This range was selected to comprehensively capture the material’s
electrical behavior across the entire percolation transition, from the
insulating state below p, to the well-developed conductive network in
the network densification regime. Concentrations above 7 wt% were
found to be experimentally impractical, resulting in an unworkable stiff
paste due to the extremely high surface area of the AB filler.

It should be noted that the dispersion quality was not quantitatively
measured in this study. The chosen dry-mixing method, while stan-
dard, may not completely break down all nanoscale agglomerates, as
evidenced by some heterogeneity in the final microstructures. While
a systematic study of dispersion methods was beyond the scope of
this work, it is acknowledged that alternative techniques could yield
further improvements [29]. For instance, high-energy methods such as
ultrasonication or high-shear mixing of the AB powder in the mix water,
particularly in conjunction with optimized superplasticizer dosages,
have been shown to be effective in achieving a higher degree of deag-
glomeration for carbon nanomaterials in cementitious systems. Future
work should explore these advanced dispersion strategies to potentially
enhance the electrical and mechanical performance of composites.

2.1.3. Curing and final preparation
All samples were demolded after 24 h and cured for 28 days in a
sealed chamber at 25°C and 91% relative humidity, maintained using
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1. Materials & Sample Preparation
(Cement + Acetylene Black, Mixing, Casting, Curing)

2. Multi-Scale Characterization
- Microstructural (SEM)
- Electrical (Impedance Spectroscopy)
- Thermal (Joule Heating / IR Camera)

3. Modeling & Analysis
(Two-Regime Percolation Model, Heat Transfer Analysis)

4. Synthesis & Conclusions
(Linking Microstructure to Thermo-Electrical Performance
and Assessing Scalability)

Fig. 1. Flowchart summarizing the experimental and analytical workflow of the study, from material preparation to final thermo-electrical characterization and
analysis.

Fig. 2. SEM micrograph of the as-received Acetylene Black powder at 30,000 magnification, showing the morphology of the primary nanoparticles and their
aggregation.
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a saturated salt solution. Following the curing period, the cylindrical
samples were cut into sections with thicknesses of 1cm and 2mm
for subsequent thermo-electrical characterization. Samples photo is
provided in the Supplementary Information (Fig. S3).

These conditions were chosen to provide a stable, standardized
environment that promotes full cement hydration while preventing
premature drying of the small lab samples. The high relative humidity
mimics the sealed internal conditions of larger concrete elements,
ensuring the development of a mature and representative cementitious
matrix.

2.2. Electrical characterization

The electrical properties of the composites were characterized using
electrochemical impedance spectroscopy (EIS). The primary objective
of this technique was to determine the bulk electronic resistance of the
material, which is dominated by the acetylene black network. To isolate
this electronic component from the ionic conductivity contributed by
pore water, all samples were first dried in an oven at 60°C for 24 h
prior to measurement.

For measurement, conductive silver paint was applied to the two
flat, circular surfaces of each sample (1 cm and 2 mm thick cylinders)
to ensure a low-resistance electrical contact. The samples were then
placed in a press between two graphite electrodes. The impedance spec-
trum was acquired using a Solartron Analytical (AMETEK) impedance
analyzer. An AC voltage with a root mean square amplitude of 1 V was
applied to the sample, sweeping a frequency range from 1 MHz to 0.1 Hz
at room temperature to capture the impedance response at different
timescales [30]. The use of a small amplitude voltage ensures that the
system’s response remains within a linear regime [31].

The DC resistance R of each sample was extracted from the resulting
Bode plot, an example of which is shown in Fig. 3. In this plot,
the impedance magnitude |Z| at very low frequencies plateaus at a
constant value. In the same low-frequency region, the phase angle
approaches 0°, indicating a purely resistive behavior. The DC resis-
tance of the sample R is therefore taken as the value of |Z| on this
low-frequency plateau.

From the measured resistance R, the bulk electrical conductivity ¢
was calculated using the geometry of the sample:

L L
cC= ——— =
R-A R-nr?
where L is the thickness of the sample and A is its cross-sectional area,
with radius r.

(€8]

2.3. Microstructural characterization SEM

The morphology of the received AB powder and the microstructure
of the cured AB-cement composites were characterized by Scanning
Electron Microscopy. For the composite samples, small fragments were
taken from the fractured surfaces of the w/c=0.6 samples containing
2 wt% and 3 wt% AB after 28 days of curing. The micrographs of
the sample were acquired with a JEOL JSM-7900F scanning electron
microscope at 5 kV. The samples are bonded with double-sided carbon
tape and are not covered with a carbon deposit. The presence of carbon
in the cement paste ensures good electrical conduction.

2.4. Joule heating characterization

The thermo-electrical response of the composites under an ap-
plied voltage (Joule effect) was quantified using infrared thermography
(IRT). This non-destructive technique allows for the continuous, full-
field monitoring of the sample’s surface temperature distribution. A
FLIR A6500sc thermal camera, equipped with a Stirling-cooled detector
and a 50 mm focal length optical lens, was used for all measurements.

The experimental setup is shown schematically in Fig. 4(a). For each
test, a conductive composite sample was placed side-by-side with a
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non-conductive reference sample (plain cement paste, 0% AB) of the
same w/c ratio. The samples were held in a bench press between two
expanded graphite electrodes, which provided both electrical contact
and mechanical stability. To ensure good electrical contact, the sample
surfaces in contact with the electrodes were coated with conductive
silver paint. This idealized lab setup, using flat-surface samples with
conductive paint and consistent pressure, was intentionally designed
to minimize the electrode-sample contact resistance. This ensures that
the measured thermo-electrical properties reflect the intrinsic bulk
performance of the material, separate from the complex challenges of
electrode integration in a practical application. Constant DC voltages of
3V and 5V were applied across the test sample using a programmable
power supply, while the reference sample was not energized.

Accurate temperature measurement with IRT requires careful cali-
bration and consideration of surface emissivity [32]. To ensure uniform
and high emissivity, the top surface of all samples was coated with
matte black paint, yielding an emissivity approaching 1. The camera’s
response was calibrated against a stable and spatially uniform radiation
source (a CI Systems SR-80 black body), following established protocols
to create a pixel-by-pixel relationship between the detected radiation
and the actual temperature [33,34].

During each experiment, a sequence of thermal images was recorded.
The raw image data was then processed using custom MATLAB code.
For each time step, the average temperature was extracted from a
rectangular region of interest (ROI) in the center of both the test sample
and the reference sample, as illustrated in Fig. 4(b). Taking a centered
rectangle with a width smaller than half the sample diameter insures
that the body can be considered as Lambertian with constant emissivity,
thus avoiding edge effects and artifacts from the sample boundaries.
The net increase in temperature due to Joule heating, AT(r), was then
calculated as the difference between the average temperature of the
conductive sample and that of the reference sample, which corrects for
any minor fluctuations in ambient laboratory temperature.

2.5. Data analysis

Percolation threshold assignment
For each mixture, the percolation threshold p, was defined in an
operational and reproducible manner from the conductivity data. Let
p; denote the carbon black content (in wt.%) and o; the corresponding
measured conductivity. The baseline point (p = 0,6 = 0) was included
in all analyses. Instead of assigning p, by visual inspection of semi-
logarithmic plots, we defined p, as the interpolated concentration at
which the conductivity first reaches a reference value of 6 = 0.5 S/m.
More precisely, for each dataset we identified the lowest index i
such that 6; <0.5 S/m < ¢, and computed
05—”) i1 = P @

Pc = Di + <

Oit+1 ~ Oi
This definition anchors p, to the onset of the experimentally observed
rise in conductivity, avoids subjective placement of the percolation
knee, and can be implemented identically for all water-to-cement ratios
and specimen thicknesses. The same procedure was used for both AB
composites at 1 cm and 2 mm thickness and for the PBX reference
series.

Two-slope power-law model

The conductivity data above the threshold were described by a
two-regime power-law model that captures both the rapid increase
in conductivity immediately after percolation and the more gradual
growth at higher filler contents. For a given dataset, the conductivity
o(p) as a function of carbon content p was written as

A(p—p)", P <p=<ph,
op) = # ‘ 1 —t 1 ‘ # @)
A(p* —p)"72(p—p)2, p>p",
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Fig. 3. Example of a Bode plot obtained from an AB-cement composite. The DC resistance R is determined from the impedance magnitude |Z| in the low-frequency

region where the phase angle ¢ approaches zero.

where A is a prefactor, ¢, is the near-threshold transport exponent, ¢,
is the post-threshold exponent, and p* is the crossover concentration
separating the two regimes. The continuity factor (p* — p,)'1~"2 ensures
that o(p) is continuous at p = p*. For p < p, the conductivity was taken
as o(p) = 0 in the model.

The parameters {t,,7,,A,p*} were obtained by nonlinear least-
squares minimization of the weighted sum of squared residuals

2= Y w o - ol Aty 0] 4
1
where o, is the measured conductivity at p;, o(p;;...) is the model
prediction from Eq. (3), and w; is a weight reflecting the experimental
uncertainty. For AB composites, where repeated measurements were
available, w; was taken as 1 /Acr,.2 with 4o; the experimental standard
deviation at p;. For data points without reported error bars of the PBX
series, a constant weight was used, corresponding to unweighted least
squares.

To ensure physically meaningful solutions, the optimization was
performed under the constraints 7; > 0, #, > 0, A > 0, and p* > p,. Initial
guesses for 7; and #, were chosen of order unity, and p* was initially
set a few weight percent above p. but below the maximum measured
p. The prefactor A was initialized from the order of magnitude of the
conductivity in the post-threshold regime. The same fitting procedure
and constraint set were applied systematically to each dataset, using
the p, values defined in the previous subsection.

The two-regime representation in Eq. (3) follows the standard
crossover form used in percolation theory and composite conductiv-
ity models, where the critical near-threshold regime transitions to a
higher-loading regime dominated by contact formation and network
densification [19,35-37].

Estimation of uncertainties by bootstrap resampling
Uncertainties in the fitted parameters and in the model curves were
quantified by bootstrap resampling. For a given dataset {p;, 5;, 46;} and

fixed p,, we generated an ensemble of synthetic datasets by drawing
O'?b) =0, + 5[@, (5)

where 6,.(1’) is a random perturbation sampled from a normal distribution
of zero mean and standard deviation 4c;. For points without reported

Ao; (e.g. the PBX series), a small effective noise level was automatically
assigned as the larger of 0.050; or 0.02 S/m. This prevents bootstrap
samples from becoming artificially noise-free and ensures numerically
stable refits. For each bootstrap index b = 1,..., Ny, the two-slope
model of Eq. (3) was refitted to {o'l.(b)} using the same weighted non-
linear least-squares procedure and constraints as for the original data,
yielding a collection of parameter sets

() | Voo
{ ’(1h)’ ’(zh)’ A, px(b)} ot 6)
b=1

From these bootstrap ensembles we computed, for each parameter,
the mean value, standard deviation, and empirical confidence inter-
vals (CIs). Unless stated otherwise, the quoted parameter uncertainties
correspond to the 16th and 84th percentiles of the bootstrap distribu-
tions, which approximate one-standard-deviation Cls for approximately
symmetric distributions. For visualization of the model curves, the
bootstrap ensemble was also evaluated on a dense grid of p values
to obtain the median predicted conductivity and the 2.5th and 97.5th
percentiles, which define a 95% confidence band around the best-fit
two-slope curve.

Joule heating dynamics

The characteristic time of heat exchanges r was determined by
fitting the temperature evolution data AT(r) from the Joule heating
experiments to a first-order exponential rise to a maximum. This model
corresponds to the analytic solution of the heat equation in the case of
a homogeneous heat source when heat exchanges have been linearized
by introducing the r parameter (see Supplementary Information for the
full derivation). An example of this procedure is shown in Fig. 5, where
the experimental data (red curve) are fitted to the model (blue curve)
described by the following equation:

AT (1) = AT, (1 —e™/7) (7)

where T, is the initial ambient temperature, AT, is the maximum
steady-state temperature increase, and 7 is the characteristic time

constant associated with heat exchanges.
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Fig. 4. (a) Schematic of the thermal measurement setup. A non-conductive cement paste sample is used as a reference to correct for ambient temperature changes.
(b) Example of a calibrated thermal image showing the regions of interest (white and green rectangular boxes in the center of the samples) from which the average
temperature of the conductive sample (right) and reference sample (left) are calculated.

Specific heat capacity calculation

The specific heat capacity ¢ was calculated using the heat balance
equation, assuming that all supplied electrical energy was converted to
heat within the sample. The formula used was:

Vet

-z ot 8
= ar ®)

where V is the applied voltage, ¢ is the measured DC electrical con-
ductivity, 7 is the characteristic time of heat exchange, and AT is
the steady-state temperature change obtained by fitting the heating
curve with Eq. (7). This equation is derived from the fundamental
heat balance, which relates the sample’s total heat capacity (c - p, -
Viample) to the electrical power input (¥?/R) and the characteristic time
of heat exchanges 7 (see Supplementary Information for the detailed
derivation). The density p., volume Vi, e and length between the
voltage probes L were determined by direct experimental measurement
for each sample.

3. Results and discussion

Complex impedance measurements were used to determine the
percolation point and electrical conductivity of all the mixtures studied.
The importance of drying samples prior to measurement must be em-
phasized to decouple electronic conductivity from ionic conductivity,
which dominates in moist samples [38-40]. Thermal measurements
using IRT were subsequently performed on conductive samples (above
the percolation threshold) to evaluate the Joule heating effect.

3.1. Electrical conductivity of cement-carbon composites

The initial phase of this study focused on the influence of car-
bon filler type and sample size. The choice of carbonaceous filler
is known to have a profound impact on the electrical properties of
cementitious composites [41]. To quantify this effect, the conductivity
of the composites prepared with AB was compared to those made
with PBX 135, a common furnace black, at an identical w/c ratio of
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Fig. 5. Example of a temperature evolution curve for a w/c=0.42, 2% wt AB sample under an applied voltage. The experimental data (red) is fitted with the
exponential model from Eq. (7) (blue) to extract the steady-state temperature increase AT, and the characteristic time 7. Inset images show the corresponding

thermal snapshots at different times.

0.42. The results, presented in Fig. 6(a), demonstrate that the AB-
based composite achieves significantly higher electrical conductivity
at equivalent weight percentages. For example, at 4 wt % loading, the
conductivity of the AB composite is nearly triple that of the PBX 135
composite. This highlights the critical role of the filler morphology, a
factor that is paramount in all classes of carbonaceous additives, from
different grades of carbon black to carbon nanotubes [18].

This better performance is attributed to the distinct multiscale
morphology of the AB filler. AB is produced by high-temperature
thermal decomposition of acetylene gas, a process that produces a
highly pure (> 99% carbon) and highly graphitized nanostructure [21].
At the microscale, these graphitic nanoparticles are fused into high-
structure aciniform aggregates (grape-like), which are highly efficient
for creating long-range conductive pathways as the grape-like fillers can
stack and overlap, increasing the chance of contact. In contrast, furnace
blacks such as PBX 135 are produced by partial combustion of heavy
oils, typically resulting in a lower degree of graphitization, a more
spheroidal aggregate structure, and a higher content of impurities [21,
42]. These spherical fillers require more particles to form enough
contacts to reach percolation. The branched and highly graphitic nature
of AB facilitates more efficient inter-particle electron transport and
allows the formation of a continuous percolation network at a lower
volume fraction than the less-structured PBX 135 [43]. Based on its
superior efficiency and purity, AB was selected as the conductive filler
for all subsequent detailed investigations.

Before analyzing the percolation behavior, it was essential to con-
firm that the electrical measurements represent a true bulk material
property, independent of the sample geometry. To this end, the con-
ductivity of the composites was measured for all three w/c ratios on
samples of two different thicknesses: 2 mm and 1 cm. As shown in
Fig. 6(b), there is no significant systematic variation in conductivity be-
tween the two thicknesses throughout the range of AB concentrations.
This result confirms that finite-size or surface effects are negligible in
this experimental setup and that the measurements accurately reflect
the intrinsic bulk conductivity of the material.

The conductivity trends in Fig. 6(b) exhibit the characteristic non-
linear rise expected from a percolation transition, in which a continuous
conductive network forms only after the filler content exceeds a crit-
ical threshold [19,20]. Applying the operational definition from the
Methods section — namely, the interpolated concentration at which the
conductivity reaches ¢ = 0.5 S/m — we find that PBX exhibits a higher
percolation threshold than AB. PBX requires approximately 4-5 wt%
filler to reach ¢ = 0.5 S/m, whereas the AB systems reach this level
at significantly lower concentrations (p, = 1.5-2.8% depending on the
water-to-cement ratio). This higher p, reflects the less efficient connec-
tivity of PBX aggregates, whose lower graphitization, more spheroidal
morphology, and weaker interparticle contacts delay the formation of
a continuous conductive network within the cement matrix.

Given the markedly superior conductivity and network efficiency of
AB, and its clear and reproducible percolation behavior across specimen
thicknesses, the subsequent quantitative analysis of the percolation
laws focuses exclusively on the AB composites. The AB series provide
replicated measurements with error bars and exhibit consistent trends
between the 1 cm and 2 mm samples, enabling a robust extraction of
percolation thresholds, scaling exponents, and the crossover between
conduction regimes in the sections that follow.

Percolation behavior and two-regime conductivity evolution

To quantify the conduction mechanisms activated by the addi-
tion of AB, the conductivity data were analyzed using a two-regime
percolation model in which the conductivity follows one power law
immediately above the percolation threshold and a second power law
after the conductive network has consolidated. Fig. 7 presents the
conductivity curves for all three w/c ratios (1 cm thickness) together
with the bootstrap-averaged two-slope fits and their 95% confidence
bands. The fitted parameters for each mixture are summarized in Table
2. These results provide a consistent description of the percolation
behavior across the composites.

For all mixtures, conductivity remains negligible up to a critical AB
content, after which a sharp increase is observed. The threshold in-
creases systematically with water-to-cement ratio, from approximately
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Fig. 6. (a) Comparison of the electrical conductivity of cement composites (w/c = 0.42) prepared with AB versus furnace black PBX 135. The AB-based composite
exhibits significantly higher conductivity at equivalent weight percentages, demonstrating its superior efficiency in forming a conductive network. (b) Validation
of conductivity measurements on AB-cement composites of two different thicknesses (1 cm and 2 mm) across all three w/c ratios. Error bars represent the standard
deviation of measurements on three replicate samples prepared with the same composition.

1.5-1.6 wt% at w/c=0.42 to around 2.7-2.9wt% at w/c=0.80. This
trend is expected: mixtures with higher w/c contain more pore space
and a more dilute solid skeleton, requiring a larger amount of con-
ductive filler to establish a sample-spanning pathway. The bootstrap
confidence bands show that the onset of conductivity is tightly con-
strained at w/c=0.42 and 0.80, whereas the w/c =0.60 series exhibits
larger uncertainty at high AB contents due to scatter in a small number
of measurements. For this reason, the exponents in that specific dataset
are reported but interpreted with caution.

Immediately above the threshold, all mixtures exhibit a rapid acti-
vation of conductivity that is captured by the near-threshold exponent
t,. The fitted values 7, ~ 0.4-0.9 indicate a sharp and cooperative onset
of charge transport, consistent with the formation of the first sample-
spanning backbone of AB aggregates. Beyond a composition-dependent
crossover point p*, the conductivity increases more gradually and
follows a second power law with exponent 7, ~ 1.3-1.7. This sec-
ond regime reflects network densification: as additional AB is added,
clusters merge, interparticle gaps shrink, and a greater fraction of the
conductive network becomes engaged in low-resistance pathways. This
interpretation is supported by the SEM observations discussed later,

which also show the transition from a tenuous initial network to a
denser and more space-filling conductive phase.

Overall, the combination of Fig. 7 and Table 2 provides a coherent
and internally consistent quantitative picture of the conductive behav-
ior of AB-cement composites. The two-regime description captures both
the sharp onset of conduction and the subsequent structural consolida-
tion of the network, while the systematic increase of p. with w/c ratio
confirms the role of mixture porosity in governing the formation of a
spanning conductive pathway.

The trends observed in Fig. 7 and Table 2 are consistent with
percolation-controlled conduction reported in a broad range of com-
posite materials. In ideal lattice models, the conductivity follows a
single universal power law near the threshold [19], but real het-
erogeneous systems frequently display non-universal exponents and
multiple regimes because transport is influenced by tunneling distances,
contact resistance, aggregate morphology, and matrix heterogeneity.
Such non-universal and multi-regime behavior is well documented in
carbon-black—polymer composites [22,44,45], where the conductivity
often increases sharply at the onset of connectivity and then follows a
smoother, curvature-dominated evolution as the network consolidates.
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Fig. 7. Electrical conductivity of AB-cement composites (1 cm thickness) as a function of acetylene black content for three water-to-cement ratios. Symbols with
error bars denote experimental measurements, while the solid, dashed, and dotted curves represent the median two-slope percolation fits obtained by bootstrap
resampling. Shaded regions indicate the 95% confidence bands of the fitted model. The combined plot highlights (i) the increase of the operational percolation
threshold p, with w/c ratio and (ii) the consistent two-regime behavior across mixtures, with a sharp conductivity onset near p, followed by a smoother, nonlinear

densification regime above p*.

Table 2

Percolation fit parameters for AB composites from two-slope model.
w/C Thickness Pe 1 1y P A R?
0.42 1 cm 1.52 0.87 0.92 3.77 1.71 0.9997
0.42 2 mm 1.61 0.65 1.99 3.40 1.43 0.9995
0.60 1 cm 2.09 0.36 1.47 3.62 1.31 0.9988
0.60 2 mm 2.14 0.45 0.29 5.55 1.87 0.8823
0.80 1 cm 2.81 0.49 1.40 4.39 1.71 0.9722
0.80 2 mm 2.69 0.69 0.99 4.20 1.63 0.9890

Typical effective transport exponents in CB- and CNT-filled poly-
mers span ¢ ~ 1-5, and several studies report a clear change of slope
in log-log conductivity curves as the conductive phase evolves from a
sparse backbone to a denser, more space-filling network [46,47]. This
behavior has been linked to two concurrent mechanisms: (i) tunneling-
limited charge transfer immediately above p., which produces a sharp
activation of conductivity, and (ii) progressive contact formation and
cluster—cluster coalescence at higher filler contents, which drive a more
gradual increase. The values found in the present work align with this
picture: the near-threshold exponent ¢, reflects the rapid formation of
the first spanning backbone of AB aggregates, while the post-threshold
exponent t, captures the subsequent structural consolidation of the
network.

Comparable observations have been made in cementitious systems.
Carbon black, graphite, and CNT-cement composites typically exhibit
percolation thresholds of a few weight percent and effective exponents
in the range ¢ ~ 1-2, reflecting the strong influence of contact re-
sistance, percolation morphology, and the distribution of conductive
clusters [8,48,49]. The comparatively low thresholds and moderate ex-
ponent values obtained for the AB-cement composites studied here are
consistent with the high structure, high graphitization, and aciniform
morphology of acetylene black, which favor early connectivity and
efficient network densification at modest filler contents.

Together, these comparisons reinforce the interpretation that the
two-regime model used in this study captures physically meaningful
features of the evolving conductive network. The exponent ¢, quantifies
the initial onset of connectivity, while #, describes the subsequent

thickening and homogenization of the conductive phase as AB loading
increases. The systematic variation of p, with w/c ratio observed in this
work is therefore consistent with both the microstructural features of
the AB filler and with trends reported in other cement-based conductive
composites.

To relate the two-regime percolation behavior to the underlying
microstructure, the w/c=0.6 composites were examined by SEM at
key AB loadings (Fig. 8). The micrographs provide visual evidence
for both the initial formation of a spanning conductive skeleton and
the subsequent consolidation of the AB network as the filler content
increases.

Figs. 8(a) and 8(b) show the composite at 2wt% AB, close to
the operational percolation threshold determined from the conductiv-
ity analysis. At lower magnification (Fig. 8(a)), the AB appears as
a lightly connected, web-like arrangement of fine agglomerates dis-
tributed around the larger hydration products. Although sparse, this
network spans the porous matrix, consistent with the sharp onset of
conductivity captured by the near-threshold exponent ¢,.

The higher magnification view (Fig. 8(b)) resolves the nanoscale
organization of these agglomerates, where individual AB particles form
thin coatings along the surfaces of C-S-H clusters and other hydration
phases. In this state, many particle-particle junctions are separated by
narrow gaps or thin hydration layers, which likely give rise to the
defective, tunneling-dominated contacts responsible for the relatively
modest conductivity immediately above p,.

At 3wt% AB (Fig. 8(c)), just beyond the crossover concentration p*,
the microstructure changes noticeably. The AB-rich domains become
denser, filling a larger fraction of the interstitial space and forming
thicker connections between neighboring clusters. This increased pack-
ing and improved contact quality correspond to the second conductivity
regime characterized by exponent #,, in which the conductive network
no longer consists of tenuous links but instead of robust, multi-path
clusters that reduce interfacial resistance.

3.2. Joule heating performance of AB-cement composites
Beyond the fundamental DC conductivity, the integration of con-

ductive fillers into cement opens the door to advanced thermal func-
tionalities. While significant research has explored the thermo-electric
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Fig. 8. Representative SEM micrographs of the AB-cement composite (w/c =
0.6) at key AB loadings. (a) At the percolation threshold (2 wt% AB, 6,000x),
the composite shows a sparse, web-like arrangement of AB agglomerates form-
ing the first sample-spanning conductive skeleton. (b) At higher magnification
(30,000x), individual AB nanoparticles are seen coating hydration phases,
creating numerous thin, high-resistance junctions consistent with the near-
threshold regime. (c) Just above the crossover concentration (3 wt% AB,
20,000x%), the AB-rich domains appear denser and more cohesive, forming
thicker contacts and partially filling interstitial spaces. This morphological con-
solidation corresponds to the second, higher-conductivity regime identified in
the percolation analysis. Images are representative of multiple areas measured
for each sample.
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properties of such composites for energy harvesting and sensing [50,
51], the present work focuses on the material’s capacity for Joule
heating. This property, governed by the power P dissipated as heat
according to the relation P = V2 /R, is critical for applications such as
self-heating pavements for de-icing or enhanced-curing concrete. For
the linearized thermal model introduced previously, the temperature
variation in the steady state is proportional to the power dissipated
by Joule effect. To characterize the performance of the composites,
both the temperature increase AT and the characteristic time for heat
exchanges r were investigated using IR thermography.

The primary Joule heating results are summarized in Fig. 9. The
steady-state temperature increase as a function of AB concentration is
presented in Fig. 9(a). For all w/c ratios, AT generally increases with
AB content, a direct consequence of the decreasing bulk resistance of
the material which allows for a higher current flow at a fixed voltage.
However, a clear trend of diminishing returns is evident, with the
temperature gain becoming much less pronounced at concentrations
above approximately 5 wt%, effectively forming a plateau. It is noted
that the w/c = 0.42 sample at 4 wt% AB shows a lower AT than
at 3 wt%. This deviation is attributed to material heterogeneity; dis-
persing high loadings of nano-fillers like AB homogeneously in a low
w/c cement paste is notoriously difficult and can lead to localized
agglomerates that disrupt the global conductive network. The use of
chemical admixtures, such as polycarboxylate-based superplasticizers,
has been shown to significantly improve the dispersion of carbon
particles in cementitious systems, which could mitigate such effects at
higher concentrations [29].

To better understand the underlying physical mechanisms, the tem-
perature increase AT was plotted directly against the measured con-
ductivity o, as shown in Fig. 9(b). This view reveals two distinct
linear regimes, analogous to the two conduction regimes identified
in the conductivity analysis. In the initial rapid-onset Ohmic regime,
characterized by the low exponent ¢, (at lower conductivity), a small
increase in conductivity yields a very large increase in heating. Once
the network densifies and transitions to the network densification
regime, characterized by the exponent 7,(at higher conductivity), the
relationship becomes much shallower; further increases in conductivity
produce a more moderate gain in temperature. This observation of
two distinct linear regimes in the Joule heating response provides
strong, self-consistent evidence for our model. It does not contradict the
linearity of the thermal model, but rather reveals a transition between
two effective composite materials. The first steep slope corresponds to
the near-threshold composite, where heat generation is highly efficient
at the resistive junctions. The second, shallower slope represents the
network consolidation composite, where the network is more homo-
geneous. The fact that this thermal behavior aligns perfectly with
the two-regime electrical behavior validates that the microstructural
evolution of the network governs both properties.

This observed plateau in the maximum temperature gain can be
explained by the competing effects of the composite’s electrical and
thermal properties. As the filler concentration increases into the densi-
fication regime, the electrical conductivity and thus the rate of internal
heat generation begin to stabilize. Simultaneously, it is well-established
that adding conductive carbon fillers also increases the composite’s
overall thermal conductivity. The rate of heat loss to the environment is
proportional to this thermal conductivity. Therefore, a situation arises
where the stabilized heat generation is offset by an increasing rate of
heat dissipation, causing the steady-state temperature to plateau. This
phenomenon is a fundamental thermodynamic equilibrium inherent to
multifunctional composites where the filler influences both electrical
and thermal transport properties [26].

The dynamics of the heating process and a final validation of
the analysis are presented in Fig. 10. The characteristic time of heat
exchanges is a critical parameter for practical applications like de-icing
pavements, underfloor heating, or thermal energy storage, where rapid
response is often desired. It also impacts energy efficiency and thermal
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Fig. 9. Joule temperature increase of the AB-cement composites. (a) Steady-
state temperature increase AT as a function of AB weight percentage for all
three w/c ratios under applied voltages of 3 V and 5 V for 1 cm thickness
samples. (b) The same AT data plotted as a function of the measured bulk
conductivity. This representation reveals the underlying relationship between
the material’s electrical state and its heating performance. Two distinct regimes
are observed, analogous to the conduction mechanisms identified previously:
an initial steep rise in temperature corresponding to the near-threshold regime,
followed by a smaller slope in the network consolidation regime. Error bars
represent the standard deviation of measurements on three replicate samples
prepared with the same composition.

management, as slower heating implies longer operation times and
potential for thermal stress gradients. The characteristic time of heat
exchanges 7 is plotted as a function of AB content in Fig. 10(a). A clear
trend is observed: as the concentration of AB increases, the materials
heat up significantly faster (lower 7). This is an expected consequence
of the thermo-electrical relationship, where the characteristic time 7 is
inversely proportional to the electrical conductivity o, as shown in the
heat balance analysis (Eq. (8)). This highlights a critical engineering
trade-off: the composite with the highest conductivity provides the
fastest heating, but not necessarily the highest final temperature. It is
important to note that for a fixed composition, the characteristic time ¢
is an intrinsic thermal property of the system (dependent on geometry,
material properties, and convection) and is independent of the applied
electrical power.

To provide a final, robust validation of this entire analysis, the
specific heat capacity ¢ of the composites was calculated from the
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experimental data using the heat balance equation (8). Since the spe-
cific heat capacity is an intrinsic material property, it should remain
relatively constant across all samples. Fig. 10(b) plots the calculated
specific heat as a function of AB content. Despite the large variations
in the measured electrical and thermal parameters, the calculated
values for ¢ are relatively stable across the range of compositions,
falling mostly between 1500Jkg™' K~! to 3000Jkg™' K~!. This range
is notably higher than the typical values reported for standard ce-
ment pastes (840-11707J kg‘1 K1) [52,53]. While the intrinsic specific
heat of AB is similar to that of cement, the composite exhibits an
apparent enhanced heat storage capacity. This finding, while higher
than expected for conventional pastes, is not without precedent in
nanoengineered cementitious systems. For instance, a recent study by
Dimov et al. on ultrahigh performance graphene-concrete also reported
a significant (88%) increase in the material’s heat capacity [27]. This
suggests that the presence of a well-dispersed carbon nanostructure can
fundamentally alter the composite’s thermal properties. This apparent
enhancement may be attributed to nanoscale phenomena such as en-
hanced thermal energy storage at the vast carbon-cement interfaces.
Alternatively, given that the specific heat of C-S-H is known to be
sensitive to its C/S ratio, another plausible cause is a localized shift
in the stoichiometry of the C-S-H that preferentially nucleates on the
carbon surfaces. While the origin of this enhancement warrants further
investigation, the internal consistency of the calculation and its cor-
roboration by other studies provides a robust validation of the entire
thermo-electrical measurement and analysis framework.

3.3. Scalability and application perspective

To explore the scalability of these findings for applications like
heated flooring, larger tile samples (10cm x10cm X1cm) were fabri-
cated using a w/c ratio of 0.42 and 3 wt% AB. A polynaphthalene
sulfonate (PNS) based superplasticizer was used to improve the worka-
bility and dispersion during mixing, as high AB content significantly
increases paste viscosity. Joule heating tests at 5V showed modest
temperature increases (6 °C to 7 °C) and significantly longer character-
istic times (1000 to 1350s) compared to the small cylindrical samples,
primarily due to the larger dimensions and mass, as detailed in Table 3.

While the simple, linearized thermal model is no longer strictly
applicable to the complex heat transfer in these larger samples, the
same calculation was performed to provide an indicative comparison.
As shown in Table 3, despite the different scale, the estimated spe-
cific heat capacities remained in the higher range observed previously
(1690Tkg™' K~! to 1920Jkg™' K~'). This suggests a degree of internal
consistency, but these values for r and ¢ should be considered indicative
estimates rather than precise measurements. The spatial distribution of
the generated heat was monitored using thermal imaging, as shown in
Fig. 11. The time series images confirm that Joule heating is success-
fully generated, originating at the graphite electrodes and gradually
propagating into the bulk of the sample. However, the final thermal
image after two hours Fig. 11(c) reveals a non-uniform temperature
distribution, with clear hot spots or preferential heating paths form-
ing between the electrodes. While heating is expected in this region,
achieving a homogeneous temperature profile across a large surface
area is a known challenge in scaled-up resistive heating elements. This
observation underscores the importance of optimizing not only the
bulk material properties but also the electrode configuration to ensure
uniform power dissipation for practical applications. In our scaled-up
tile, the electrodes were embedded within the composite, a method that
introduces its own challenges in ensuring a consistent, low-resistance
interface for good electron flow. A more representative thermal model,
including 3D conduction and convection, would be required for a full
quantitative description of these complex temperature fields.

To provide a quantitative benchmark against other technologies,
we analyzed the intrinsic heating efficiency of our material using the
voltage-independent Normalized Power Density metric (W-m~2-V~=2),
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Fig. 10. (a) Characteristic time of heat exchanges r as a function of AB
weight percentage. For all samples, r decreases with increasing AB content,
indicating that more conductive composites heat up more rapidly. Error bars
represent the standard deviation of measurements on three replicate samples
prepared with the same composition. (b) Specific heat capacity calculated
from the experimental data using the linearized heat balance equation at
steady state. The values remain relatively constant, independent of filler
loading or electrical properties, clustering within a physically plausible range
for cementitious composites. Error bars were calculated using standard error
propagation from the measurement uncertainties of three replicate samples.

Table 3

Thermo-electric properties of large tile samples (w/c 0.42, 3 wt% AB) with
PNS addition for workability.

Property Tile 1 (0.17% PNS/AB) Tile 2 (0.28% PNS/AB)
6 (Sm™) 1.88 0.90
AT at 5V (°C) 6.37 6.92
7 (s) 1010 1353
¢ (Jkg™'K™) 1690 1920

with results summarized in Table 4. Direct comparison between studies
is challenging due to variations in geometry, materials, and applied
voltage, which significantly impact performance. For instance, appli-
cations requiring human contact often use safer, lower voltages (~50
V), while large-scale infrastructure may use higher grid voltages (> 200
V). Despite these complexities, the normalized metric provides a basis
for comparing intrinsic material efficiency. The analysis reveals that
our lab-scale AB composite possesses an exceptionally high intrin-
sic efficiency (~850 W-m~2.V~2). More importantly, our unoptimized,
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Fig. 11. Thermal imaging of a large tile sample (w/c = 0.42, 3 wt% AB)
during Joule heating at an applied voltage of 5 V. The time-series images
show the spatial evolution of the temperature profile. (a) At an early stage,
heating originates near the top of the graphite electrode. (b) At an intermediate
time, the heat begins to propagate into the bulk of the composite. (c) The final
thermal image after two hours shows the steady-state temperature distribution.
Dashed lines indicate the approximate location of the sample and solid lines
the graphite electrodes.

scaled-up tile (~1.88 W-m~2.V~2) still demonstrates an intrinsic ef-
ficiency that is over 30 times higher than other scaled-up carbon
black systems [12] and over 150 times higher than the conductive
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Comparison of thermo-electrical performance metrics. Power Density is the measured power output per unit of heated surface area (W/m?). Normalized Power
Density is the power density per volt squared (W-m~2.V~2), providing a voltage-independent measure of surface heating efficiency.

System Power Density Normalized Power Voltage Reference
(W/m?) (W-m2.V-2) W)
This Work (AB, Lab-Scale) ~21,250 ~850 5 This Work
This Work (AB, Tile) ~47 ~1.88 5 This Work
Carbon Black (Floor Heating) 124 ~0.05 50 [12]
Conductive Concrete (Deicing) 500 ~0.012 208 [54]
Carbon Fiber (EIH Curing) 667 N/A N/A [56]
Embedded CF Wires (Deicing) 300 Not Stated Not Stated [46]

concrete used in the Roca Spur Bridge field project [54]. For context,
the power density targets for practical applications are demanding,
with studies on embedded carbon fiber wires for deicing requiring
300-350 W/m? [46,55], and electric-curing applications requiring over
600 W/m? [56]. Our analysis confirms that while our lab prototypes
have not yet produced this level of total power, their high intrinsic
efficiency suggests that they have strong potential to meet these re-
quirements with further engineering, such as applying higher, more
practical voltages.

Several strategies could be implemented to address these chal-
lenges and provide a clear path forward. For instance, transitioning
from the bar electrodes used in this study to alternative geometries,
such as an embedded conductive mesh or full-surface plate electrodes,
would create a more uniform electric field and mitigate current crowd-
ing [7]. Furthermore, while a PNS superplasticizer was used, more
advanced dispersion methods such as ultrasonication or high-shear
mixing during fabrication could break down nanoparticle agglomer-
ates more effectively, leading to a more homogeneous conductive
network [18]. Finally, the development of hybrid filler systems, com-
bining AB with higher aspect-ratio fillers like short carbon fibers, could
enhance long-range connectivity, bridging resistive gaps and promoting
a more even distribution of current across large surface areas [57]. Fu-
ture work should focus on systematically evaluating these engineering
solutions to translate promising lab-scale results into robust, large-scale
applications.

From a practical standpoint, while advanced fillers like CNTs face
significant cost and dispersion challenges, AB provides a more viable,
cost-effective solution for large-scale applications. Future work could
also explore hybrid systems combining AB with carbon fibers to create
synergistic improvements in performance [57]. For example, a recent
study by Gwon et al. on such hybrid composites demonstrated a syner-
gistic effect, achieving a surface temperature of 77 °C at just 20 V with
an optimized mix of carbon black and carbon fibers [58].

In addition to performance considerations, the choice of conductive
filler carries practical trade-offs in terms of cost and scalability. While
high-aspect-ratio nanomaterials such as carbon nanotubes or graphene
nanoplatelets can offer very high intrinsic conductivity, they remain
significantly more expensive and present well-documented challenges
related to dispersion, often requiring high-energy mixing or chemical
functionalization. By contrast, acetylene black is an industrially mature,
widely available filler that can be incorporated using standard cement
mixing procedures, making it a more viable and cost-effective option
for large-volume applications such as pavement heating or de-icing
systems. This practical accessibility is an important motivation for the
present study and for the potential deployment of AB-based systems at
scale.

Furthermore, a comprehensive assessment of long-term durability
is a critical next step for validating these materials. The stability
of the conductive network under repeated thermal cycling and its
performance under freeze-thaw conditions are paramount for de-icing
applications. Additionally, long-term chemical changes in the matrix,
such as continued hydration and carbonation, are known to alter the
pore structure and could disrupt the conductive pathways. Indeed,
it has been shown that carbonation can significantly increase the
electrical resistivity of cement-nanocarbon composites by precipitating
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insulating phases within the conductive network [59]. Future work
must include systematic durability testing to quantify the robustness of
these functional properties, as these combined degradation mechanisms
could impact the material’s long-term reliability.

4. Conclusion

The key findings and practical insights from this systematic inves-
tigation of acetylene black (AB) cement composites are summarized as
follows:

» The highly branched, aciniform morphology of acetylene black
makes it a significantly more effective conductive filler than
standard furnace black, enabling the creation of conductive net-
works at lower concentrations, which is a key insight for material
selection.

The composite’s thermo-electrical behavior is governed by a two-
regime percolation model, demonstrating a transition from an
exceptionally efficient rapid-onset state (low exponent ;) to a
complex network densification regime (higher exponent 1,). This
framework accurately explains the observed performance plateau
in heating performance at high filler loadings and provides a
critical basis for optimizing filler content to balance performance
against material cost.

A quantitative comparison with literature benchmarks, using a
voltage-independent metric, reveals that the AB composite pos-
sesses a superior intrinsic heating efficiency compared to other
carbon-based systems, highlighting its strong potential for devel-
oping highly energy-efficient heating elements.

While lab-scale performance is excellent, scaled-up applications
present significant engineering challenges. Achieving uniform
heat distribution requires careful optimization of electrode config-
urations and filler dispersion, which are key directions for future
work to translate these findings into practical technologies.
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