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Abstract

For cable compound manufacturers, accurate formulation fine-tuning is essential to ensure
safety, long-term durability, and compliance with international standards for dielectric
strength, volume resistivity, and environmental and thermal ageing. This work presents
an experimental study demonstrating how minor additives can critically affect the per-
formance of complex flame-retardant elastomeric formulations. The investigation focuses
on the role of small amounts of zinc oxide (ZnO) in commercial cable compounds based
on a crosslinked elastomeric matrix composed of ethylene—propylene monomer (EPM),
ethylene—propylene-diene monomer (EPDM), and thermoplastic polyolefin elastomer
(POE). The formulations contain aluminium trihydroxide (ATH) as the major filler, together
with several minor additives. Among these, a phenolic antioxidant (ANO1) acting as a
metal deactivator is also present. The addition of ZnO in low amounts (2-5 phr) allowed
the compounds to maintain a volume resistivity > 102 Q-cm in water at 100 °C. To eluci-
date the role of ZnO, a systematic set of formulations was prepared by varying the type
and content of selected additives. The compounds were prepared by melt mixing in an
internal mixer (Banbury type), followed by peroxide crosslinking via compression molding.
Electrical characterization results indicate that ZnO interacts with the phenolic additive
through surface adsorption, forming a coated particle with significantly reduced electrical
conductivity. Optimal electrical performance was achieved when the ZnO-to-additive ratio
corresponded to the minimum amount required for complete surface complexation.

Keywords: elastomeric cable compounds; flame-retardant materials; electrical volume
resistivity; zinc oxide additives; formulation fine-tuning

1. Introduction

Peroxide-curable elastomeric insulation compounds are widely used in low-, medium-,
and high-voltage cable systems, where long-term electrical stability under thermal and
environmental stress is essential [1-3]. These materials are employed in power distribution,
automotive and e-mobility wiring, renewable-energy installations, and industrial control ca-
bles, all requiring insulation capable of maintaining high resistivity and dielectric strength
over extended service life. In low-voltage applications (<1 kV), such as building wiring and
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automotive harnesses, insulation must combine thermal ratings up to 90-125 °C, flexibility,
and stable electrical performance during overloads [1]. Medium-voltage systems (1-35 kV),
including distribution grids and renewable interconnections, impose stricter requirements,
such as resistance to higher electric fields, thermal cycling, moisture ingress, and partial
discharges [2,3]. At high voltage (>35 kV), materials must ensure high dielectric purity and
resistance to thermo-oxidative degradation to prevent premature breakdown [1-3]. To meet
these demands, cable manufacturers employ elastomers such as EPDM, EVA, EPR, silicone
rubber (VMQ), and polyolefin-based elastomers [1,2]. Among these, peroxide-curable sys-
tems are preferred because peroxide crosslinking forms a stable three-dimensional network,
enhancing heat resistance, elasticity, and retention of electrical properties compared to
sulfur-cured systems [4,5]. Moreover, peroxide curing avoids ionic residues and metal-
containing accelerators typical of sulfur systems, which can increase dielectric losses and
reduce volume resistivity [4].

These advantages make peroxide-crosslinked elastomers suitable for applications
requiring high thermal endurance, low dielectric loss, and high-volume resistivity (py).
However, dielectric strength can decrease under thermal stress, and py is particularly
sensitive to temperature and moisture, which can significantly reduce insulating per-
formance [6-9]. A key challenge is therefore the development of materials combining
flame-retardant performance with stable electrical behavior under harsh service conditions.
This requires careful optimization of both fillers and minor additives, whose interactions
become particularly critical in peroxide-crosslinked systems [1,2].

Among the additives commonly used in elastomeric insulation compounds, ZnO is
of particular interest. It is a semiconducting oxide with a direct band gap of 3.4 eV and a
dielectric constant of about 8.5-9.5 [10]. ZnO is widely employed to modify mechanical,
optical, and electrical properties, and in elastomers it can improve processability, ageing
resistance, and crosslinking behavior [10]. ZnO is also known to develop high-resistivity
surface layers (Schottky-type barriers) due to oxygen adsorption, which can strongly influ-
ence charge transport at interfaces and in highly filled systems [11,12]. Numerous studies
have investigated ZnO in relatively simple polymer matrices, particularly polyolefins,
where it affects dielectric and varistor-like behavior [5,12-15]. However, much less at-
tention has been devoted to ZnO in complex, industry-relevant formulations containing
multiple interacting additives and high filler loadings. In such systems, the coexistence
of metal oxides, hydroxide flame retardants, antioxidants, metal deactivators, coagents,
and processing aids creates a multicomponent environment in which ZnO behavior may
differ significantly from that observed in simplified systems. This is particularly relevant
under cable qualification conditions, which involve prolonged exposure to hot water, el-
evated temperature, and electrical stress. Under these conditions, water can penetrate
the polymerfiller interface and influence additive mobility, dissociation equilibria, and
interfacial polarization, ultimately affecting electrical resistivity [15-17].

Industrial experience with peroxide-cured, highly filled elastomeric systems has
shown that exposure to hot water can lead to unexpected decreases in py, even when
dry-state properties meet specifications. In several cases, the addition of small amounts of
ZnO mitigates this loss of performance. Although these effects are well known in practice,
their molecular origin remains unclear, particularly regarding the interactions between
ZnO and specific additives under hot-wet conditions.

Further complexity arises from interactions among minor additives. Additives rarely
act independently; the combination thereof may produce synergistic or antagonistic ef-
fects [18,19]. Such interactions have been widely reported in polyolefins, for example
between HALS and phenolic antioxidants or thiosynergists, significantly affecting long-
term stability [18,19]. In highly filled elastomeric systems, the coexistence of fillers, flame
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retardants, antioxidants, coagents, and functional additives creates a complex interaction
network involving surface chemistry, additive mobility, and competitive adsorption. In
particular, ZnO has been shown to adsorb hindered phenolic antioxidants (e.g., Irganox
1076) from polyethylene, reducing oxidative stability; moreover, uncoated ZnO nanoparti-
cles containing ionic species can promote radical formation [20]. In peroxide-crosslinked
systems, adsorption of crosslinking by-products such as acetophenone and cumyl alcohol,
together with antioxidant depletion, may further modify the local chemical environment
and influence electrical performance [20]. Understanding these interactions is therefore
essential for rational formulation design and for predicting long-term behavior under
service conditions. Although extensive literature exists on ZnO in simplified systems, its
applicability to complex, highly filled formulations remains limited.

Accordingly, this work aims to clarify the mechanism by which ZnO influences electri-
cal resistivity in complex elastomeric compounds under hot-wet conditions, and to identify
the formulation components most strongly interacting with ZnO. A stepwise experimental
approach was adopted to separate the contributions of individual components from those
of the full formulation. First, simplified model compounds were prepared by removing
minor additives to isolate the intrinsic effect of ZnO in ATH- or kaolin-filled matrices. Then,
selected additives and their combinations were progressively reintroduced to identify the
most relevant interactions. Finally, systems with fixed metal deactivator (MD) content and
varying ZnO concentrations were prepared to investigate the role of the ZnO/MD ratio on
resistivity under hot-wet conditions.

This approach provides a general framework for understanding ZnO-water-additive
interactions in highly filled, peroxide-crosslinked elastomeric systems and offers insights
applicable to industrial cable formulations.

2. Materials and Methods
2.1. Materials

EPDM, with a Mooney Viscosity ML (1 + 4) of 60 MU @125 °C, a Propylene content of
27 wt% and an Ethylidene Norbornene content of 4.4 wt%, was purchased from Versalis
(San Donato Milanese, Italy). EPM rubber, with a Mooney Viscosity ML (1 + 4) of 40 MU
@100 °C and a Propylene content of 48 wt%, was purchased from KUMHO POLY-CHEM
(Seoul, Korea). A POE, with an MFI =1 g/10 min at 190 °C—2.16 kg and a density of
0.885 g/cm? was purchased from SABIC (Riyadh, Kingdom of Saudi Arabia). A calcined
kaolin clay (Kaolin), with a specific gravity of 2.6 g/ cm?, D50 of 2 um and a BET of 9 m?/ g
was supplied by Imerys (Paris, France). Precipitated ATH, with a density of 2.6 g/cm?, D50
of 2 um and a BET of 4 m?/ g was obtained from Huber (Munich, Germany). White ZnO
powder with a purity level higher than 99% and BET of 5 m? /g was bought from Norzinco
(Goslar, Germany). Di(tert-butylperoxyisopropyl) benzene (Initiator), as organic perox-
ide, was purchased from Nouryon (Amsterdam, The Netherlands). ANO1, a proprietary
concentrate ethylene vinyl acetate (EVA) blend based on 2’,3-bis[[3-(3,5-di-tert-butyl-4-
hydroxyphenyl)propionyl]]propionohydrazide, a metal deactivator (MD) and primary
phenolic antioxidant, was purchased from Addivant (Danbury, CT, USA), and triallyl
cyanurate (TAC) from Kettlitz (Rennertshofen, Germany). AN48, a 70 wt% concentrate of
methylmercaptobenzimidazole, was purchased from Lanxess (Cologne, Germany). AN54,
a proprietary concentrate blend based on zinc borate, was purchased from SCL (Bergamo,
Italy), and synthetic hydrotalcite from Kysuma (Arnhem, the Netherlands).

All the raw materials were used as received, without any purification or modification.
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2.2. Compound Preparation

The polymers, together with all other ingredients except for the organic peroxide
(excluded to prevent premature crosslinking or scorch), were initially compounded ina 6 L
laboratory Banbury mixer (Werner & Pfleiderer, Dinkelsbiihl, Germany) equipped with
tangential rotors. The mixer consists of a closed chamber with two counter-rotating rotors,
providing intensive shear and compressive forces to ensure effective mixing.

The mixing process was carried out at a rotor speed of 60 rpm, following a sequential
loading procedure: the polymeric matrix (EPM, EPDM, and POE) was first introduced and
masticated for approximately 1 min, followed by the gradual addition of the inorganic
filler and minor additives over the next 2-3 min. The total mixing time was approximately
6—7 min, and the compounds were discharged once a temperature of 160 °C was reached,
ensuring optimal dispersion and homogenization of the additives and promoting strong
interactions between the polymer matrix and the inorganic filler.

The resulting compounds were subsequently transferred to a two-roll mill maintained
at 120 °C (G3 S.r.l., Ancarano (TE), Italy). The material was processed for approximately
3—4 min, during which the organic peroxide was added and rapidly incorporated to ensure
uniform dispersion within the matrix while minimizing the risk of premature curing. This
step also contributes to proper distribution and orientation of the polymer chains.

Finally, the compounds were crosslinked by compression molding in a vertical press
(Gibitre Instruments S.r.l., Bergamo, Italy) at 180 °C under a pressure of 25 bar for 5 min,
followed by cooling under pressure to room temperature to avoid internal stresses. This
process yielded cured plates with a thickness of approximately 1.5 mm.

2.3. Measurements of Resistivity

The volume resistivity (py) of the samples was measured in accordance with ASTM
D257 using a B2985A Electrometer/High Resistance Meter coupled with a 16008B Resistiv-
ity Cell (Keysight Technologies, Santa Rosa, California, USA), based on the three-electrode
configuration (high voltage electrode, low voltage electrode, and guard electrode).

Prior to testing, all samples were conditioned at 25 °C for 24 h to ensure stabilization
of their properties. Measurements were carried out at 25 °C and 100 °C under both dry
and wet conditions.

For measurements at 100 °C in air, the samples were thermally conditioned in a
calibrated oven (Nabertherm GmbH, Lilienthal, Germany) at 100 °C for 3 h before testing.
For measurements in water at 100 °C, the samples were immersed in a thermostatically
controlled water bath (Iaboratory equipment) at 100 °C for 3 h, then removed, surface-dried,
and immedjiately tested.

A DC voltage of 500 V was applied, and resistivity values were recorded after 60 s of
electrification, as specified by the standard. Each reported value represents the average of
at least three independent measurements performed on different specimens.

3. Results

Industrial mixtures, commonly employed in cable manufacturing, share the same base
composition, consisting of EPM, EPDM, and POE as the polymeric matrix, ATH as the
main flame-retardant filler, and a fixed amount of minor additives.

At 100 °C, the compound without ZnO shows a py of 35.7 x 10'? Q-cm in dry
conditions, which decreases to 0.25 x 1012 )-cm under wet conditions. The addition
of 1.0 phr ZnO slightly increases py in dry conditions (38.0 x 10'2 O)-cm) and markedly
improves the wet resistivity (2.0 x 10'> Q-cm). At 2.0 phr ZnO, a strong enhancement of
dry py is observed (134.0 x 102 O-cm), while the wet value remains nearly unchanged
(1.93 x 10'2 O-cm).
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To better understand the specific role of ZnO in enhancing the insulating properties
of the polymer compounds and to isolate the complex interactions involved, simplified
formulations were developed. These formulations excluded minor additives, such as
antioxidants, plasticizers, and peroxide curing co-activators, in order to focus solely on
the interactions between ZnO, the polymer matrix, and the primary filler. Four model
compounds consisting only of the polymer matrix, peroxide, and an inorganic filler (either
ATH or kaolin), with and without ZnO were prepared and characterized. The detailed
compositions of these formulations are presented in Table 1; the components common to all
formulations, polymers, flame retardant and the initiator, are reported as weight percent,
totaling 100, while the additional components are expressed in phr.

Table 1. Composition and properties of the prepared model compounds.

Model Compounds

Components Unit ATH-1 ATH-2 Kaolin-1 Kaolin-2

EPM wt% 18.0 18.0 18.0 18.0

EPDM wit% 9.5 9.5 9.5 9.5

POE wit% 15.4 15.4 15.4 15.4

Initiator wt% 0.7 0.7 0.7 0.7

ATH wit% 56.4 56.4 — —

Kaolin wit% — — 56.4 56.4

ZnO phr — 5.0 — 5.0

Properties
Hardness Shore A 845+05 845+05 86.0 £2.0 87.0£ 1.5
Mooney viscosity MU 93 +3 87 +4 113 +5 104 =6

Tensile strength at break MPa 128 £23 11.8+£22 181 +£25 178 £ 1.8
Elongation at break % 280+£10 281 %15 130 £ 18 133 + 14

Although calcined kaolin is rarely used in flame-retardant cable insulation due to its
poor flame-retardant performance, kaolin-based compounds (with and without ZnO) were
included in this study to assess the influence of water on insulation performance. Calcined
kaolin typically contains less than 2.0 wt% total free moisture, and usually below 0.5 wt%
even in high-humidity environments. In contrast, ATH is more hygroscopic and can absorb
up to 57 wt% water if not adequately protected.

A comparison of the properties reported in Table 1 highlights that the observed
differences are primarily governed by the nature of the inorganic filler rather than by the
presence of ZnO. In fact, the addition of ZnO does not produce significant variations in
hardness, Mooney viscosity, tensile strength, or elongation at break within the same filler
system, indicating that it does not substantially affect the crosslinking process or the bulk
mechanical behavior of the compounds. In contrast, marked differences are observed
when comparing ATH- and kaolin-based formulations. Kaolin-filled compounds exhibit
higher hardness and significantly higher Mooney viscosity, which can be attributed to the
platelet-like morphology and higher structure of kaolin, leading to stronger filler—polymer
interactions and increased resistance to flow during processing. Moreover, kaolin-based
systems show higher tensile strength but lower elongation at break compared to ATH-based
ones, suggesting a stiffer and more reinforcing behavior. Conversely, ATH, characterized
by a more isotropic particle shape and lower reinforcing effect, leads to compounds with
lower viscosity, lower stiffness, and higher deformability. These results confirm that,
while ZnO has a negligible impact on the bulk physico-mechanical properties, the type
of filler plays a dominant role in determining the overall mechanical and rheological
behavior of the compounds. Furthermore, SEM observations were performed on selected
samples, both before and after water conditioning at 100 °C. No significant differences
in particle dispersion or microstructure were observed (Figure S1). These results indicate
that the variations in electrical resistivity cannot be attributed to morphological changes in
the compound.

https://doi.org/10.3390/compounds6020028


https://doi.org/10.3390/compounds6020028

Compounds 2026, 6, 28

6 of 15

Under dry conditions at 100 °C, the py of the ATH-based compounds without ZnO
was nearly three times higher than that of the corresponding kaolin-based compounds.
The ZnO-containing compounds show significantly lower resistivity for ATH, whereas the
resistivity of kaolin-based formulations is substantially constant.

Under wet conditions at high temperature, the resistivity was drastically reduced for
all samples examined, with a significant larger reduction in case of the samples containing
ATH. Indeed, while in ATH-based compounds the drop was about one order of magnitude,
for the kaolin-based compounds the resistivity decrease was about 50%. Under wet con-
ditions, kaolin-filled compounds show higher resistivity than the analogous ATH-filled
ones, although both remain below the required limit (Figure 1). For the ZnO-containing
samples, the kaolin—ATH difference does not increase: the values are comparable within
the experimental error. The experimental trends observed in Figure 1, where ATH-based
compounds exhibit a more pronounced drop in resistivity under wet conditions compared
to kaolin-based systems, confirm the dominant role of filler hygroscopicity in controlling
electrical performance. To further investigate the system, additional compounds were then
prepared starting with the same polymer matrix and base components, but incorporat-
ing additional additives, which were not present in the simplified systems described in
Table 2. The new formulations were prepared both with and without ZnO, and with vari-
ous additives introduced either individually or jointly. The used additives are commercial
and are pre-dispersed concentrates (masterbatch), including ANO1, consisting of triallyl
cyanurate (TAC), a crosslinking coagent, and a primary phenolic antioxidant and metal
deactivator (MD) dispersed in EVA; AN48, consisting of MMBI, a secondary antioxidant
(hydroperoxide scavenger and effective in protecting the compound from metal poisoning);
and ANb4, consisting of titanium dioxide, hydrotalcite, and zinc borate dispersed in LDPE.
The prepared compositions are listed in Table 2.

25.0

20.0
12.0
: 8.9
6.7
44
: 3.8
1.8 I I
1 1.0

0.0 -

ATH-1 ATH-2 Kaolin-1 Kaolin-2

" . N
S a S
o o o

pv (Ohm x cm x 1018)

o
o

Figure 1. Prepared model compound resistivity under dry (blue) and wet (green) conditions at 100 °C.
Error bars represent +1 standard deviation (1 = 3).

The following graphs and discussion pertain to wet conditions, which are of greater
relevance to the objectives of this study and to the intended application of the materials. In
dry conditions, the trends follow a similar pattern, but the values are always higher.

The measured resistivity of ATH and kaolin-based samples is shown in Figure 2. These
results suggest that the dominant effect associated with the different hygroscopicity of
the main fillers is maintained across all formulations, even in the presence of additional
additives, which contribute to electrical conductivity to a significant yet secondary extent.
In ATH-based compounds, the presence of ZnO alone (sample ATH-O%) or of any individual
additive (samples ATH-A, ATH-B, and ATH-D) results in a lower py compared to ATH-0,
which contains no additives. A reduction in py is also observed when combinations of
additives are used, such as ANO1 + AN48 (sample ATH-C) and ANO1 + AN48 + AN54
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(sample ATH-E). Notably, the greatest recovery in py due to ZnO is observed when ANO01
is present—either alone or in combination with AN48 or with all three additives together
(ANO1 + AN48 + AN54). In contrast, when AN48 or AN54 are present without ANO1, the
positive effect of ZnO on py is minimal. When kaolin replaces ATH as the filler, py under
wet conditions at high temperature is generally higher. As with the ATH-based systems,
all additives—except ZnO—tend to reduce py. ZnO alone results in the same resistivity
compared to the neat kaolin compound. A recovery in py is observed with the addition
of ZnO when ANO1 alone is present (samples Kaolin-A and Kaolin-A*). However, when
AN48 or AN54 are added individually, the subsequent addition of ZnO causes a slight
decrease in py. When ANO1 is combined with AN48 (sample Kaolin-C), a notable reduction
in py is observed compared to neat kaolin, but the addition of ZnO (sample Kaolin-C*)
enables a significant recovery of resistivity. In the case where all three additives are present
together (ANO1 + AN48 + AN54), the py drops to a very low level, and the presence of
ZnO has no measurable effect.

Table 2. Prepared compounds with ATH or kaolin and various content of minor additives.

PREPARED ANO1 AN48 AN54 ZnO
COMPOUND ! I
phr
ATH-0 or Kaolin-0 // // // //
ATH-0* or Kaolin-0* // // // 5
ATH-A or Kaolin-A 2.0 // // //
ATH-A* or Kaolin-A* 2.0 // // 5
ATH-B or Kaolin-B // 0.5 // //
ATH-B* or Kaolin-B* // 0.5 // 5
ATH-C or Kaolin-C 2.0 0.5 // //
ATH-C* or Kaolin-C* 2.0 0.5 // 5
ATH-D or Kaolin-D // // 2.5 //
ATH-D* or Kaolin-D* // // 2.5 5
ATH-E or Kaolin-E 2.0 0.5 2.5 //
ATH-E* or Kaolin-E* 2.0 0.5 2.5 5

I Common components: EPM 18% wt, EPDM 9.5% wt, POE 15.4% wt, ATH or kaolin 56.4% wt, Initiator 0.7% wt.
* indicates formulation with ZnO

60
100 °C, wet condition

50 39
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ATH-E
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Figure 2. Resistivity of new sample compounds based on ATH (blue) and kaolin (green) with different
additives. Error bars represent 1 standard deviation (1 = 3). * indicates formulation with ZnO.

As already mentioned, ANO1 is a masterbatch composed of TAC, EVA, and a metal
deactivator (MD). To identify which of these components is responsible for the observed
interaction with ZnQO, simplified compounds were prepared containing only TAC or EVA,
both with and without ZnO. These formulations were tested for py under wet condi-
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tions at 100 °C. No variation in resistivity was observed with the addition of ZnO in
these systems, suggesting that MD is the component interacting with ZnO to influence
electrical properties.

A further series of five kaolin-based compounds were then formulated with a constant
concentration of MD (equivalent to that in AN01) and increasing concentrations of ZnO
(Table 3,) with kaolin (56.4% wt) chosen as the filler. The selected ZnO concentrations were
designed to systematically vary the ZnO/MD ratio, in order to explore its influence on
electrical resistivity and identify a possible optimal condition.

Table 3. Kaolin—ANO1 mix at different ZnO/MD weight ratios *.

Item KAO-1 KAO-2 KAO-3 KAO-4 KAO-5
phr

MD 0.5 0.5 0.5 0.5 0.5

ZnO // 1.1 2.6 3.6 5.0

* All complemented by polymer mixture and initiator.

The py results in wet and dry conditions at 100 °C, shown in Figure 3, confirm that
ZnO can partially compensate for the decrease in py caused by the presence of MD.

2.51
3 2.57
2.42 244 2.7
&
S 25 2.06
—
x
£ >
© 1.5
x 14 1.4
g 15
e
>
QU 1 0.8
05
o1
KAO-1Zn0 0% KAO-2Zn0 1.1% KAO-3Zn0 2.6% KAO-4Zn0 3.6% KAO-5Zn0 5.0%

Figure 3. Resistivity of ZnO-ANO1 mix at different ZnO/MD weight ratios in dry (green) and wet
(blue) conditions, 100 °C. Error bars represent £1 standard deviation (1 = 3).

In dry conditions, increasing the ZnO content results in no significant recovery of
resistivity. This behavior is consistent with the mechanism discussed below, as in dry con-
ditions the absence of MD dissociation prevents any beneficial effect of ZnO on resistivity.
In wet conditions the extent of this compensating effect is dependent on the ZnO/MD
weight ratio. A statistical analysis (based on triplicate measurements) indicates that the
increase in resistivity observed for KAO-4 is statistically significant compared to all other
formulations (p < 0.05). In contrast, no statistically significant differences are observed
among KAO-2, KAO-3, and KAO-5, indicating a plateau region. The difference between
KAO-1 and intermediate formulations is also statistically significant. Under dry conditions,
no statistically significant differences in resistivity are observed among the investigated
formulations, as all variations fall within experimental uncertainty. This confirms that the
effect of ZnO is not intrinsically related to the polymer matrix but emerges specifically
under wet conditions.

4. Discussion

To clarify the role of ZnO in preserving the electrical insulation properties of polymer
compounds under wet conditions, a systematic investigation was carried out. By analysing
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the influence of individual additives and their interactions with ZnO—particularly the
MD—key insights were obtained into the mechanisms governing resistivity stability.

The experimental results on the insulating behavior of the prepared compounds under
various conditions indicate that the addition of ZnO negatively impacts the electrical
insulating properties, both under dry and wet conditions. This contrasts with the behavior
observed in commercial formulations, which contain numerous additional components.
Furthermore, the absence of detectable morphological changes (Figure S1), before and after
water soaking at high temperature, both in the absence and in the presence of ZnO, supports
the hypothesis that the observed variations in resistivity are governed by interfacial or
chemical interactions rather than by changes in filler dispersion. Consequently, it can be
hypothesized that the positive effects seen in commercial blends arise from interactions
between ZnO and one or more of the minor additives.

Formulating a comprehensive mechanistic explanation for the role of ZnO in commer-
cial mixtures is challenging due to the complexity of the formulations and the diversity of
molecular species present and due to the possibility that different molecules contribute in
opposite ways to the quantitative values of py. Nonetheless, a general trend emerges: a con-
sistently positive effect of ZnO on resistivity is observed when the complex additive ANO1
is included in the compound, as shown in Figure 2 with reference to the ATH-A/ATH-A*,
ATH-C/ATH-C* and ATH-E/ATH-E* compounds.

As already mentioned, ANO1 is a masterbatch composed of TAC, EVA and a metal
deactivator MD. As previously noted, simplified formulations containing only TAC or
EVA—with and without ZnO—showed no change in py under wet conditions, indicating
that the metal deactivator (MD) is the key component interacting with ZnO to affect
electrical properties.

Also, resistivity measurements of kaolin-based compounds (Figure 3), containing a
fixed amount of MD and increasing concentrations of ZnO, confirmed that this can partially
offset the reduction in py caused by MD.

The obtained results indicate that MD and ZnO alone cause a decrease in resistivity
under wet conditions. However, when combined, this negative effect is reduced. The
extent of recovery appears to depend on achieving an optimal ZnO-to-MD ratio, which
may correspond to the amount of MD required to fully coat the surface of the ZnO particles.
If this ratio is exceeded, uncoated ZnO particles could contribute to increased electrical
conductivity, whereas an insufficient amount of ZnO would leave excess MD unbound and
available for dissociation in water [21], thereby compromising insulation [22].

Literature reports support the strong adsorption of phenolic compounds onto ZnO
surfaces through hydrogen bonding and electrostatic interactions, even when embedded
in a polymer matrix [21]. This phenomenon, well-documented experimentally and theo-
retically for simple phenol molecules, involves the formation of a monolayer on the ZnO
surface [11]. In the case of MD, its bulkier tert-butyl groups introduce steric hindrance,
potentially reducing its interaction with the ZnO surface compared to smaller phenolic
molecules. Nevertheless, ZnO may still adsorb the hydrazine derivative via its hydroxyl
groups, and its nitrogen atoms may act as coordination sites due to their affinity for metal
atoms [13]. Based on findings by Karlsson et al., it is presumed that MD-coated ZnO is less
conductive than uncoated ZnO [14].

The plausibility of this immobilization mechanism was assessed through an order-of-
magnitude estimate of the adsorption capacities of kaolin and ZnO towards MD, based on
literature values for specific surface areas and molecular footprints of phenolic compounds
on oxide surfaces (see Appendix A, Figure A1 for a schematic representation). The calcu-
lations, though based on simplified assumptions, indicate that the combined adsorption
capacity of kaolin and ZnO is of the same order of magnitude as the total MD present
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in the compound, rendering the proposed mechanism physically plausible. Within this
framework, the non-monotonic trend observed in Figure 3—with resistivity increasing
from KAO-1 to KAO-4 and then decreasing in KAO-5—is qualitatively consistent with the
existence of an optimal ZnO/MD ratio. At low ZnO loadings, the incremental adsorption
sites progressively reduce the fraction of MD free to dissociate in water, thereby improving
resistivity. At excess ZnO (KAO-5), the uncoated ZnO surface fraction may itself contribute
to charge transport under wet conditions, counteracting the benefit. The experimental data
thus support the proposed interaction mechanism, while its precise quantitative description
requires direct measurement of the relevant adsorption parameters.

The proposed adsorption mechanism is supported by literature evidence on the
strong affinity of phenolic compounds for ZnO surfaces [11,21] and on the conductivity-
reducing effect of surface coatings on ZnO particles [14]. The interaction of MD with
ZnO via its hydroxyl and nitrogen coordination sites is further consistent with known
adsorption chemistry of hydrazide derivatives on metal oxide surfaces [13]. Although
the actual adsorption behavior of MD, a bulkier molecule than simple phenols, may
quantitatively differ and merits future investigation by spectroscopic or computational
means, the overall picture is physically well-grounded. Taken together, the experimental
results and the supporting mechanistic hypothesis identify the ZnO/MD ratio as a key
formulation parameter for achieving stable electrical insulation under hot-wet service
conditions, and provide a practical basis for optimizing peroxide-crosslinked elastomeric
cable compounds. Additional validation at cable level, using commercial-scale compounds
with ZnO/MD ratios representative of the KAO series, confirmed the same non-monotonic
trend, with maximum resistivity observed near the optimal composition and reduced
performance outside this range.

5. Conclusions

This work investigated the role of zinc oxide in controlling the electrical resistivity
of complex flame-retardant elastomeric cable compounds under hot-wet conditions. A
stepwise experimental approach allowed the identification of the key interactions governing
electrical behavior.

The results show that ZnO does not intrinsically improve the insulation properties of
simplified systems and has a negligible effect on bulk physico-mechanical properties. Its
beneficial effect emerges only in complex formulations and under wet conditions, where
interactions with specific additives become relevant. In particular, the metal deactivator
(MD) was identified as the main species responsible for the ZnO-related resistivity recovery.

The resistivity was found to depend strongly on the ZnO/MD ratio, with a non-
monotonic trend and an optimal range under wet conditions. This behavior is consistent
with a mechanism in which ZnO adsorbs MD, limiting its contribution to ionic conduction
in the presence of water. In dry conditions, this mechanism is inactive and no significant
effect is observed.

Order-of-magnitude adsorption estimates support the physical plausibility of the pro-
posed mechanism, although they should be regarded as qualitative rather than quantitative.

Overall, the results highlight the dominant role of filler hygroscopicity and the sec-
ondary, yet significant, contribution of additive interactions. The identification of an
optimal ZnO/MD ratio provides a practical guideline for formulation design aimed at
improving insulation performance under service conditions.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/compounds6020028 /s1, Figure S1: SEM micrographs of
cryogenic fracture of selected compounds with and without ZnO, before and after water conditioning
at 100 °C.
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The following abbreviations are used in this manuscript:

EPM Ethylene-Propylene Monomer
EPDM  Ethylene-Propylene-Diene Monomer
POE Polyolefin Elastomer

EVA Ethylene-Vinyl Acetate

ATH Aluminium Trihydroxide

ZnO Zinc Oxide

MD Metal Deactivator

TAC Triallyl Cyanurate

MMBI  Methylmercaptobenzimidazole
HALS Hindered Amine Light Stabilizer
LDPE  Low-Density Polyethylene

pv Volume Resistivity

phr Parts per Hundred Rubber

MU Mooney Units

MFI Melt Flow Index

BET Brunauer-Emmett-Teller

SSA Specific Surface Area

Appendix A. Order-of-Magnitude Plausibility Check for the MD-ZnO
Adsorption Mechanism

The estimates presented in this appendix are intended as a plausibility assessment
rather than a quantitative prediction. Their purpose is to verify that the amounts of
MD present in the compound are compatible in order of magnitude with the combined
adsorption capacity of the inorganic fillers, thereby supporting the physical consistency
of the proposed immobilization mechanism. The assumed parameters are acknowledged
to carry significant uncertainty, and the results should be interpreted accordingly; direct
experimental validation via adsorption isotherms or spectroscopic characterization is
recommended in future work.
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It is also relevant to consider that phenol is known to adsorb onto metakaolin [23,24],
which is present in significantly larger quantities (56.4 g per 100 g of compound) than ZnO.
The maximum adsorption capacity (qmax) of kaolin towards MD is approximated from the
specific surface area (SSA) of kaolin and the molecular footprint of MD, by relating the
total available surface area to the area occupied by a single MD molecule accounting for
the density of active adsorption sites:

qmax = Na X S x 8/(Am x 10'%) x Myp (A1)

where Ny is Avogadro’s number, S is the kaolin specific surface area (m?/ g), 0 is the
fraction of available active sites, Ay, is the molecular cross-sectional area of MD (nmz), and
Mpp is the molar mass of MD. In polymer-metakaolin composites, the accessibility of
adsorption sites may be reduced by polymer coverage. An effective adsorption capacity
(qmax.eff) is therefore defined as:

Imax,eff = fa x Jmax (A2)

where 0 < f; < 1 reflects the fraction of kaolin surface accessible to MD molecules within
the polymer matrix. The parameter values used in this calculation are summarized in
Table Al. The assumptions underlying these parameters are based on literature values and
simplified geometrical considerations. In particular, the effective surface area accounts for
partial filler disaggregation during melt mixing, the molecular footprint of MD is estimated
by scaling from phenol due to its similar functional groups, and an accessibility factor
is introduced to account for the fraction of filler surface effectively available within the
polymer matrix. These approximations are intended to provide a physically reasonable
estimate of adsorption capacity rather than an exact quantitative description. A surface area
of 90 m? /g is assumed for kaolin (ten times the raw BET value of 9 m?/g), reflecting partial
disaggregation of particles during melt mixing [25,26]. The molecular cross-sectional area
of MD is estimated at 2 nm?, based on the known footprint of phenol (~0.4 nm?), which is
used here as a reference molecule due to its well-documented adsorption on ZnO surfaces,
and the substantially larger and sterically hindered structure of MD [11]. The degree of
coverage 6 is set to 0.5 [27], and an accessibility factor f, = 0.4 is applied as a conservative
lower bound. A schematic illustration of the adsorption geometry is shown in Figure Al.

Table Al. Estimated parameter value for gmay eff of MD absorption onto kaolin.

Parameters Explanation Value
S kaolin specific surface area (m?/g) 920
0 fraction of available active sites 0.5
Am molecular cross-sectional area of MD (nm?) 2
Mwmp MD molar mass 553
fa accessibility factor 0.4

Using the value based on the previous assumptions, summarized in Table A1l and
using Equation (A1) and Equation (A2), the amount of MD that can be absorbed by the
amount of kaolin present in KAO-1 to KAO-5 was calculated, resulting in 466 mg.

For ZnO, an adsorption capacity of approximately 12 mg of MD per gram of ZnO has
been reported for particles similar in size to those used in this study [10].

https://doi.org/10.3390 /compounds6020028


https://doi.org/10.3390/compounds6020028

Compounds 2026, 6, 28

13 of 15

References

.////,//// ees

///3.'

1-O”
Left panel: phenol molecules, small and compact, adsorb

in a flat orientation and pack densely, leading to high

L ) L surface coverage.
iy Right panel: MD molecules, larger and bulkier due to

tert-butyl substituents, experience steric hindrance that
prevents dense packing and forces tilted or irregular
orientations, resulting in lower surface coverage.

Figure A1l. Schematic comparison of phenol and MD adsorption on the ZnO surface.

Therefore, the total adsorption capacity of kaolin and ZnO in the different compounds
can be calculated (Table A2).

Table A2. Total absorbable MD in different kaolin-based compounds.

MD Absorbable onto ZnO (mg)  Total Absorbable MD ! (mg)

KAO-1 // 466
KAO-2 13 479
KAO-3 31 497
KAO-4 43 509
KAO-5 54 520

! considering 466 mg of MD absorbed onto Kaolin.

The estimates reported in Table A2 are intended as an order-of-magnitude plausibility
assessment rather than a quantitative prediction. Given the inherent uncertainty in the
assumed parameters—particularly the effective surface area of kaolin after melt mixing and
the molecular footprint of MD on oxide surfaces—the absolute values of total adsorbable
MD should be treated with caution. Nonetheless, the estimates indicate that the combined
adsorption capacity of kaolin and ZnO is of the same order of magnitude as the total MD
present in the compound, rendering the proposed immobilization mechanism physically
plausible. Within this framework, the non-monotonic trend observed in Figure 3—with
resistivity increasing from KAO-1 to KAO-4 and then decreasing in KAO-5—is qualitatively
consistent with the existence of an optimal ZnO/MD ratio. At low ZnO loadings, the
incremental adsorption sites provided by ZnO progressively reduce the fraction of MD
free to dissociate into water, improving resistivity. At excess ZnO (KAO-5), the uncoated
fraction of ZnO surface may itself contribute to charge transport under wet conditions,
counteracting the benefit. The experimental data thus support the proposed interaction
mechanism, while its precise quantitative description requires direct measurement of the
relevant adsorption parameters.
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