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ABSTRACT

This study focuses on the development of a specialized butyl rubber (IIR) material with high
resistance to sulfuric acid (40% H>SOy4 at 70 °C) for use as military battery linings. The effects of
the vulcanization system, N330 carbon black loading, P150 paraffin oil content, and the
TMQ/6PPD antioxidant systems on the mechanical properties and chemical resistance were
systematically investigated. Experimental results indicated that the use of an efficient
vulcanization system comprising of 2.0 phr DTDM and 1.5 phr TMTD established a robust mono-
and di-sulfidic crosslink network, effectively minimizing acid-induced chain scission. The optimal
formulation was identified as containing of 50 phr of N330 carbon black, 10 phr of P150 paraffin
oil, and a synergistic antioxidant system comprising of 2.0 phr TMQ and 1.5 phr 6PPD. The
resulting material exhibited a tensile strength of 14.5 MPa, an elongation at break of 510%, and
retained 92.4% of its mechanical properties after 168 hours of accelerated aging. SEM analysis
confirmed that the surface of the optimized sample maintained its structural integrity without
micro-cracks, fully satisfying the technical requirements for military equipment applications.
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1. INTRODUCTION

Lead-acid batteries remain a strategic energy storage source for the military and heavy
industries due to their cost-effectiveness, reliability, and high cold cranking amps [1, 2]. However,
in the context of military hardware, these systems operate under extreme conditions, including
temperatures ranging from -40 °C to +70 °C and continuous exposure to 30-40% sulfuric acid [3].
A primary cause of failure is the degradation of rubber linings, leading to acid leakage, corrosion,
and explosion risks, which significantly compromise combat readiness [4]. Consequently,
developing rubber materials with superior acid resistance is an urgent priority. Among elastomers,
butyl rubber (IIR) is the optimal candidate due to its high saturation and low permeability [5, 6].
The critical challenge in hot acidic environments is the attack of H' ions on crosslinks [6].
Traditional vulcanization systems generate polysulfidic bonds with low bond energy (~270
kJ/mol), rendering them susceptible to thermal and oxidative cleavage [7, 8]. To mitigate this,
efficient vulcanization (EV) systems utilizing sulfur donors like DTDM are preferred, as they
promote the formation of stable mono- and di-sulfidic bonds (285-350 kJ/mol) [9]. However,
optimizing the DTDM/accelerator ratio for IIR remains a specific technical challenge.
Furthermore, material stability relies on reinforcing fillers and plasticizers. Carbon Black N330
enhances mechanical properties and creates a "tortuosity effect” that retards acid diffusion [10],
provided that agglomeration is minimized. Conversely, while paraffin oil acts as a plasticizer to
facilitate processing, an excessive amount is prone to extraction when exposed to the hot acidic
environment. This extraction process leaves behind micro-voids within the rubber matrix, which
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compromise the structural integrity and accelerate acid permeation [11]. Additionally, surface
aging requires control via a synergistic TMQ/6PPD antioxidant system to trap radicals and form
protective films [12, 13]. Despite existing studies, a comprehensive formulation optimizing all four
factors: vulcanization system, filler, plasticizer, and antioxidants, specifically for military battery
linings operating in harsh acidic conditions (40% H>SO4 at 70 °C), is limited. This study aims to
develop a specialized IIR formulation ensuring over 90% property retention and microstructural
stability, providing a scientific basis for domestic defense manufacturing.

2. EXPERIMENTAL

2.1. Materials

The study utilized commercial Butyl rubber X Butyl® RB 301 (Arlanxeo, Netherlands;
unsaturation 1.85 mol %, Mooney viscosity 51 MU), reinforced by Carbon Black N330 (OCI,
Korea) and plasticized with P150 paraffinic oil (Korea). The vulcanization accelerators used were
4,4'-dithiodimorpholine (DTDM) and tetramethylthiuram disulfide (TMTD). The antioxidants
employed were Polymerized 2,2,4-trimethyl-1,2-dihydroquinoline (TMQ) and N-(1,3-
dimethylbutyl)-N'-phenyl-p-phenylenediamine (6PPD). These rubber additives were of industrial
grade with a purity > 98%, supplied by Rongcheng Chemical General Factory Co., Ltd. (China).
Other additives including Zinc oxide (ZnO), Stearic acid (SA), and Sulfur (S), were of analytical
grade (Xilong Scientific, China). All chemicals were used as received without further purification.

2.2. Experimental methods
2.2.1. Sample preparation and vulcanization characteristics

Rubber compounds (table 1) were prepared via a two-stage mixing process on a two-roll mill.
The masterbatch (rubber, fillers, activators, antioxidants) was mixed at 50—60 °C, followed by the
incorporation of the vulcanization system at temperatures below 50 °C to prevent scorching.
Curing characteristics were determined via MDR at 160 °C (ASTM D5289), and specimens were
compression molded at 160 °C under 15 MPa for the optimum cure time (tcoo).

Table 1. Formulations of the investigated rubber compounds.

Ingredients Sample S1 (phr) Sample S1 (phr)
Butyl rubber IIR (X Butyl® RB 301) 100 100
Carbon black N330 50 50
Zinc oxide (ZnO) 5.0 5.0
Stearic acid 1.0 1.0
Paraffinic oil P150 7.5 7.5
Antioxidant TMQ 1.0 1.0
Antioxidant 6PPD 1.0 1.0
Accelerator TMTD 0.5 1.5
Accelerator MBTS 1.0 -
Accelerator DTDM - 2.0
Sulfur 1.5 0.5

2.2.2. Determination of crosslink densities

The crosslink density (v.) was determined using the equilibrium swelling method in toluene at
25 °C, according to ASTM D471. Rubber specimens (initial mass mo) were immersed in toluene
for 72 hours to achieve equilibrium swelling mass (ms). Subsequently, the samples were dried to
a constant mass (mq) to determine the polymer mass after extraction. The crosslink density (v,
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mol/cm?) was calculated based on the modified Flory-Rehner equation:
_ In(1-v) +u + xvf

Ry "

Where:
- Vs=106.3 cm?*/mol is the molar volume of toluene.
- 7 1is the butyl rubber-toluene interaction parameter, x = 0.42 + 0.43v;.

- 1, is the volume fraction of rubber in the swollen gel, calculated using the equation:

m
d /,Dp

- mg /pp + (mg —my) /Ps
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Where:

- pp is the density of the rubber compound.
- ps is the density of toluene (0.867 g/cm?).

Additionally, the crosslink density was also estimated from the Moving Die Rheometer (MDR)
data using the following approximation:

My — M)

=— 3
(2RTp,) )

Ve

Where:

- My and M are the maximum and minimum torques (N.m), respectively.
- R =8.314 J/(mol.K) is the universal gas constant.
- T=433K (160 °C) is the curing temperature.

2.2.3. Mechanical test and acid resistance evaluation

Mechanical properties, including tensile strength and elongation at break, were measured
according to ASTM D412, while Shore A hardness was determined according to ASTM D2240
using an Electronic universal material testing machine WDW-100 100kn Luda.

Chemical resistance was evaluated according to ASTM D543 by immersing the rubber
specimens in a 40% sulfuric acid solution (H>SOs) at 70 °C for 168 hours. The acid resistance was
quantified through the retention coefficient of mechanical properties (K;), calculated using the
following equation (4):

P
Kp(%) = 2% x 100 (4)
initial

Where:

e Paga is the value of tensile strength or elongation at break after aging.
¢ Puiia is the corresponding value before aging.

2.2.4. Morphological Analysis (SEM)

The surface morphology and fracture surfaces of the materials before and after acid aging were
examined using a field emission scanning electron microscope (FE-SEM, JEOL JSM-7600F)
operating at an accelerating voltage of 5 kV. This analysis aimed to evaluate the degree of surface
corrosion, the formation of micro-cracks, and the interfacial adhesion between carbon black
particles and the rubber matrix.
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3. RESULTS AND DISCUSSION

3.1. Selection of vulcanization system

The rheological characteristics and network parameters of butyl rubber cured with two different
systems are illustrated in figure 1 and table 2, while mechanical properties before and after aging
are summarized in table 3. Experimental results demonstrate that transitioning from the traditional
system (S1: Sulfur/MBTS/TMTD) to the efficient system (S2: Sulfur/DTDM/TMTD) significantly
enhances overall performance.
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Figure 1. Cure curves of S1 and S2 compounds.
Table 2. Vulcanization characteristics of the investigated systems.
Samole | ML MH AM t2 too Ve X 10¢ (mol/cm®)
P (dN‘m) | (dN‘'m) | (dN'm) | (min.) | (min.) |[Flory-Rehner| MDR
S1 2.44 10.17 7.73 2.27 7.78 1.08 1.17
S2 2.95 11.98 9.03 3.20 10.15 1.23 1.36

MDR analysis revealed that S2 exhibited a higher crosslink density compared to S1 (1.36x10*
vs. 1.17x10* mol/cm®. This tighter network structure correlated with superior initial tensile
strength (14.5 MPa for S2 vs. 12.8 MPa for S1). Although the restricted chain mobility in S2
resulted in lower elongation at break (510%) compared to S1 (560%), this value remains fully
sufficient for battery lining applications.

Table 3. Mechanical properties and acid resistance of the rubber compounds.

Properties ‘ Unit ’ Compound S1 ‘ Compound S2

Before aging

Tensile strength MPa 12.8 14.5
Elongation at break % 560 510
Hardness Shore A 57 58
After aging in 40% H>SOqat 70 °C for 168 gio

Retention of tensile strength % 63.8 79.8
Retention of elongation at break % 59.2 66.5
Hardness Shore A 61 61

Crucially, the S2 system demonstrated exceptional acid resistance. After 168 hours in 40%
H>SO4 at 70 °C, S1 suffered severe degradation, retaining only 63.8% of its tensile strength. This
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is attributed to the prevalence of polysulfidic linkages (-Sx-, x < 3) in the sulfur-rich S1 system,
which possess low bond energy (~ 270 kJ/mol) and are highly susceptible to oxidative scission6.
In contrast, S2 retained 79.8% of its strength. This durability stems from the DTDM/TMTD
combination facilitating the predominance of mono-sulfidic (-S-) and di-sulfidic (-S>-) crosslinks
[14, 15]. These bonds possess high dissociation energies of 285-350 kJ/mol, significantly higher
than those of polysulfidic bonds (< 270 kJ/mol) [16], providing robust stability against proton attack.
Consequently, S2 was selected for further investigation.

3.2. Effect of N330 carbon black loading

As illustrated in figure 2, tensile strength follows a bell-shaped trend, peaking at 14.5 MPa at
50 phr due to optimal interfacial stress dispersion. Beyond 60 phr, the tensile strength declines
(dropping to 12.1 MPa at 70 phr) are caused by filler agglomeration acting as stress concentrators.
Conversely, the hardness increased linearly (46 to 72 Shore A) while elongation at break
plummeted (680% to 340%), reflecting restricted chain mobility within the rigid network.
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Figure 2. Variation of mechanical properties of butyl rubber with N330 carbon black loading
before and after aging (40% H>SOy4, 70 °C, 168 hours).

Crucially, post-aging analysis reveals significantly more severe degradation at higher loadings
(60-70 phr). This is attributed to carbon black particles forming conductive pathways, facilitating
deeper acid permeation into the matrix structure [17]. Consequently, 50 phr was selected as the
optimal loading, offering the best balance between reinforcing efficiency (14.5 MPa) and post-
aging property retention (11.6 MPa).

3.3. Effect of P150 paraffin oil content
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Figure 3. Influence of P150 paraffin oil content on mechanical properties
before and after aging.

In addition to fillers, the content of plasticizer plays a crucial role in facilitating carbon black
dispersion and regulating the hardness of the material. The investigation was conducted with P150
paraffin oil content varying from 5 to 15 phr. The evaluation results of mechanical properties
before and after acid aging are presented in figure 3. Increasing the P150 oil content (from 5 to 15
phr) significantly improved the elongation at break (increasing from 460% to 590%) and
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processability, attributed to the internal lubrication effect, which reduces intermolecular friction.
However, this improvement was accompanied by a gradual decrease in tensile strength and
hardness due to the dilution effect on the polymer network. Notably, the acid resistance declined
sharply when the oil content exceeded 10 phr. At the 15 phr level, the tensile strength after aging
decreased by up to 30% compared to the initial value.

The primary degradation mechanism is attributed to the low molecular weight P150 oil being
prone to extraction or migration to the surface in the hot acidic environment, leaving behind micro-
voids within the matrix. Consequently, a P150 oil content of 10 phr was identified as the optimal
point, ensuring high tensile strength while minimizing void formation caused by oil extraction.
3.4. Effect of TMQ/6PPD antioxidant system
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Figure 4. Effect of TMQ/6PPD ratio on tensile strength retention after acid aging.

Figure 5. Surface blooming phenomenon observed at high antioxidant loading.

To maximize service life under harsh acidic conditions, the influence of the TMQ/6PPD
antioxidant ratio on the optimized S2 compound was investigated, with results summarized in
figure 4. At the baseline ratio (1.0/1.0 phr), the material retained only 80% of its tensile strength
(11.6 MPa) after aging (168 h, 40% H>SO4, 70 °C), indicating insufficient neutralization of free
radicals. However, increasing the dosage to 2.0 phr TMQ /1.5 phr 6PPD dramatically improved
retention to 92.4% (13.4 MPa). This superior performance is attributed to a synergistic dual-action
mechanism: TMQ acts as a heat-resistant radical scavenger within the matrix, while 6PPD migrates
to the surface to form a passive protective layer against oxidant ingress. Conversely, further
increasing the loading to 3.0/2.0 phr provided negligible gains (93.0% retention) and led to surface
blooming (figure 5), which compromises adhesion to battery components. Consequently, the
2.0/1.5 phr ratio was identified as the optimal ratio.

3.5. Morphological analysis (SEM)
To elucidate the protective mechanisms of the vulcanization and antioxidant systems against
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acid attack, the surface morphology of representative samples was analyzed via SEM (figure 6).
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Figure 6. SEM image of butyl rubber surfaces (magnification %2,000):
(a) Initial sample; (b) SI after acid aging; (c) S2 after acid aging (basic antioxidant);
(d) S2 after acid aging (enhanced antioxidant).

Figure 6(a) reveals the unaged material in an ideal state: a smooth, homogeneous surface where
the rubber matrix tightly encapsulates carbon black particles without voids. Conversely, after hot
acid immersion, compound S1 (figure 6b) exhibits the most severe degradation, characterized by
deep cracks and extensive erosion. This confirms the vulnerability of polysulfidic linkages to acid-
induced oxidative cleavage, leading to surface structure collapse. Transitioning to the efficient
DTDM/TMTD system in compound S2 (figure 6c) significantly mitigated deep cracking.
However, the surface remained rough with scattered micro-cracks, indicating that the mono-
sulfidic network alone, paired with basic antioxidant levels (1.0/1.0 phr), could not fully prevent
superficial skin aging. The critical role of the optimized antioxidant system is demonstrated in
figure 6(d). By utilizing the enhanced package (2.0 phr TMQ /1.5 phr 6PPD), the surface
morphology remains remarkably smooth and comparable to that of the unaged sample, with
microcracks effectively eliminated. This improvement is attributed to a dual shield mechanism:
migrated 6PPD sacrificially reacts with surface oxidants, while TMQ neutralizes radicals within
the sub-surface layer. SEM analysis confirms that ensuring comprehensive protection in harsh
acidic environments requires the synergistic combination of an efficient vulcanization system (S2)
and an enhanced antioxidant dosage.

4. CONCLUSIONS

This study successfully developed a high-performance butyl rubber for military battery linings
resistant to hot sulfuric acid. The efficient vulcanization system, utilizing DTDM (2.0 phr) and
TMTD (1.5 phr), established a robust mono- and di-sulfidic network significantly more resistant
to oxidative scission than traditional systems. The optimized formulation, incorporating 50 phr
N330, 10 phr P150, and a synergistic antioxidant package (2.0 phr TMQ / 1.5 phr 6PPD), yielded
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a tensile strength of 14.5 MPa with exceptional property retention (92.4%) after 168 hours of acid
aging. Furthermore, the butyl rubber material fabricated under optimal conditions demonstrated
excellent resistance to the harsh acidic environment, maintaining high mechanical retention and
superior surface integrity without micro-cracking. These findings confirm the suitability of the
developed material for application as protective linings in military batteries, ensuring long-term
durability and reliability.
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TOM TAT

Nghién ciru ché tao vt liéu cao su butyl chiu axit sulfuric
trng dung lam lop 16t cho ac quy quan sy

Nghién cieu nay tap trung phat trién vit liéu cao su butyl (IIR) chuyén dung cé kha nang
khang axit sulfuric (H:SOy 40% tai 70 °C) irng dung lam 16p 16t cho dc quy qudn sw. Anh
hieong ciia hé luu héa, ham leong than den N330, dau héa déo parafin P150 va hé chat
phong ldo héa TMQ/6PPD dén co tinh va dé bén héa chdt dwoc khdo sdt hé thong. Két qua
thuee nghiém cho thay viéc sir dung hé lweu héa hiéu qua gom 2.0 phr DTDM va 1.5 phr
TMTD tao ra mang lwoi lién két mono/di-sulfide bén vieng, han ché t6i da sy cat mach do
axit. Pon phé'i liéu t6i wu dwoc xdc dinh tai ham lwong 50 phr than den N330, 10 phr dau
P150va hé phong ldo hoa hiép tro 2.0 phr TMQ/1.5 phr 6PPD. Vat liéu dat do bén kéo 14.5
MPa, d¢ gian dai 510% va duy tri diege 92.4% tinh chat co Iy sau 168 gio ldo héa cap toc.
Phan tich SEM xdc nhan bé mat mau 16i uu duy tri do toan ven cdu triic, khong xudt hién
vét it vi mé, ddp ing tot yéu cau ky thudt cho khi tai qudn sur.

Tir khoa: Cao su butyl; Khang axit; Ac quy quan su; Hé luu hoa DTDM.
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