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In this article, ethyl acrylate, butyl acrylate, and 2-methoxyethyl acrylate are used as reaction monomers; butyl fumarate (BFM)
is used as a vulcanization crosslinking point monomer; ammonium persulfate and sodium bisulfite are used as initiators; and so-
dium dodecyl sulfonate is used as an emulsifier to prepare extremely cold-resistant acrylic rubber (ACM). The synthesized raw
rubber is mixed and vulcanized, and the vulcanization characteristics are tested to characterize and analyze the structure of the
raw rubber. Moreover, the influence of the BFM amount on the mechanical properties, air-aging resistance, and oil resistance is
studied. The structure and design of the acrylic rubber are consistent with expectations, with a glass transition temperature of
—34.62 °C. As the BEM amount increases, the vulcanization rate and the tensile strength increase, while the elongation at break
decreases. Furthermore, the ACM with BFM as a vulcanizing monomer exhibits excellent hot-air aging performance and good
oil resistance. Therefore, this product can be widely used in oil and high-temperature environments and is particularly recom-
mended for automotive oil seals and pipes.
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V c¢lanku avtorji opisujejo pripravo in vulkanizacijske znacilnosti v hladnem izjemno odpornega akrilnega kavcuka. Kot
reakcijske monomere so za njegovo pripravo uporabili etil akrilat, butil akrilat in 2-metoksietil akrilat. Butil fumarat (BFM) so
uporabili kot monomer za zamreZenje pri vulkanizaciji, amonijev persulfat in natrijev bisulfit pa so uporabili za iniciacijo.
Natrijev dodecil sulfonat so uporabili kot emulgator za pripravo v hladnem izjemno odpornega akrilnega kavéuka (ACM; angl.:
extremely cold-resistant acrylic rubber). Sintetiziran surov kavcuk so zmeSali in vulkanizirali. Vulkanizacijske lastnosti so
okarakterizirali z analizo strukture surovega kavcuka. Poleg tega so preucili vpliv kolicine BFM na mehanske lastnosti,
odpornost proti staranju na zraku in odpornost proti olju. Struktura in zasnova akrilnega kavcuka sta bili v skladu s pricakovanji
in s temperaturo steklastega prehoda -34,62°C. Z naraS¢anjem koli¢ine BEM sta se povecevali hitrost vulkanizacije in natezna
trdnost ter zmanjSeval se je raztezek pri pretrgu. Poleg tega je imel ACM z BFM odli¢ne lastnosti po staranju na vro¢em zraku in
dobro odpornost proti olju. Avtorji tako ugotavljajo, da se ta material lahko Siroko uporablja v oljnih in visokotemperaturnih
okoljih, Se posebej pa je priporocljiv za uporabo avtomobilskih tesnil in cevi, ki so v stiku z motornim oljem.

Kljuéne besede: akrilatni kavcuk, Zveplanje, odpornost proti staranju na zraku, polimerizacija z losjonom, odpornost na olje
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1 INTRODUCTION

Acrylate monomers are used for lotion polymeriza-
tion, followed by demulsification, washing, drying and
other processes, to prepare acrylate rubber.! Acrylate
rubber is characterized by oil resistance and high-tem-
perature resistance® and is widely used in the prepara-
tion of components such as transformers, automotive
sealing rings, as well as oil seals and pipes in the me-
chanical field.** According to the different vulcanization
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monomers (crosslinking points), acrylic rubber can be
divided into active chlorine-type acrylic rubber, car-
boxyl-type acrylic rubber, epoxy-type acrylic rubber, and
double-crosslinked acrylic rubber. Lotion polymerization
is widely used in the production of coatings,® adhesives,®
and rubber’ because of its ability to easily control reac-
tions and the large molecular weight of the products. As
a product with a certain stress structure, rubber needs a
relatively high molecular weight. Therefore, some rub-
bers, such as styrene butadiene rubber (SBR),*° nitrile
butadiene rubber (NBR) ,'° chloroprene rubber (CR)!!
and acrylate rubber (ACM), are produced by lotion poly-
merization.!>!3
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Figure 1: Reaction equation for the synthesis of the target polymer

Extremely cold-resistant active chlorine acrylate
rubber! and general active chlorine acrylate rubber'* have
been synthesized via lotion polymerization. Weiwei
Wang'?>!5 investigated the product from carboxylic
acrylic rubber with acrylic acid as a crosslinking agent.
During the use of this material, the permanent compres-
sion deformation of the active chlorine acrylic ester is
large, especially under high-temperature conditions, such
as 175 °C x 72 hours, and the permanent compression
deformation is greater than 30 %. If acrylic acid is used
as a cross-linking monomer to prepare carboxylic acrylic
rubber, it cannot be used for a long time at a high tem-
perature of 175 °C, and the product mixing and process-
ing times are longer.!® Therefore, on the basis of the
above research, our research team chose easily synthe-
sized and high-temperature-resistant monobutyl fumarate
as a crosslinking agent to prepare carboxyl-based acrylic
rubber. The introduction of new vulcanizing monomers
can improve the heat resistance and processing perfor-
mance of the product.

The reaction equation for this study is shown in Fig-
ure 1.

2 EXPERIMENTAL WORK
2.1 Materials

The materials included analytical-grade butyl
acrylate (BA), analytically pure ethyl acrylate (EA), ana-
lytically pure 2-methoxyethyl acrylate (MOEA), analyti-
cally pure monobutyl fumarate (BFM), analytically pure
sodium dodecyl sulfonate (SDS), analytically pure am-
monium persulfate and sodium bisulfite; all the above re-
agents were obtained from Chengdu Kelong Chemical
Reagent Factory. Antioxidant 445 was obtained from
Koju Ya (the United States). Sodium stearate and potas-
sium stearate, both chemically pure, were produced by
Kao Corporation (Japan). Carbon black (grade N 550;
industrial grade; Shanghai Cabot Chemical Co., Ltd.), a
rubber mold-releasing agent (product number: FG-200),
microcrystalline wax, stearic acid, 1# vulcanizing agent,
an assistant vulcanizing agent (1,3-di-O-tolylguanidine,
DOTG), 5S calcined kaolin, calcium chloride and
plasticizer (RS-735) are all commercially available prod-
ucts.
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2.2 Instruments and equipment

Characterization was performed with a Bruker
Avance 500M nuclear magnetic resonance spectrometer
(Bruker, Switzerland), a Nicolet Magna-IR550 FTIR in-
strument (Nicolet Company, USA), a 209 F1 TG ana-
lyzer (Netzsch, Germany), a Solarix XR mass spectrom-
eter (Bruker, Switzerland), a DL-b175BL two roll open
mill (Baolun Precision Testing Instrument Co., Ltd.), a
VC-150T-FTMO-3RT vacuum flat-plate vulcanizer
(Jiaxin Electronic Equipment Technology Co., Ltd.), an
LX-A Shore A rubber hardness tester, a CH-B rubber
thickness tester, and a CP-25 tablet press, which are all
products of Wuxi Liyuan Electronic and Chemical
Equipment Co., Ltd. The AI-7000SUI tensile testing ma-
chine, M-3000AU rotor less vulcanization machine,
MV-3000AU Mooney viscometer, GT-7061-ND1 brittle-
ness testing machine, GT-7017-ELU aging test chamber,
GT-7024-BL1 vacuum drying oven, and SC-L (LT)
9/11/SKM muffle furnace are all products of the Taiwan
High-Speed Rail Testing Instrument Company.

2.3 Preparation of acrylate rubber

The basic formula for the 500 g-level experiment,
which refers to the previous results of our research
group,''* is adjusted slightly and combined with the ac-
tual production process. Then, the effect of the amount
of monobutyl fumarate on related properties was studied,
and the amount of fumaric acid was adjusted only on the
basis of this ratio in the experiments. H,O (1000 mL)
and SDS (15 g, 52.0 mmol) were added to the reactor,
which was subsequently heated to 15 °C and stirred for
0.5 h. A premixed solution consisting of BA (135.00 g,
1.05 mol), MOEA (150.00 g, 1.15 mol), BFM (15 g,
0.087 mol) and EA (200.00 g, 2.27 mol) was added to
obtain a total of 500 g. The mixture was stirred for 1 h
for calibration. (NH4),S,0s (4.0642 g, 17.8 mmoL) and
NaHSOs; (2.0264 g, 19.5 mmoL) were added succes-
sively to initiate the reaction at 34 °C. After successful
initialization of the reaction, the emulsion was held at
80 °C for 4 h and then cooled. The prepared emulsion
was poured into a 70 °C 10 % CaCl, solution for
demulsification treatment and continuously stirred for
20 min; after complete separation, it was filtered through
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a filter cloth. The filtered solid rubber was washed with
water at 60 °C three times and then dried in a vacuum
drying oven at 100 °C to obtain the raw acrylic rubber
material.

2.4 Formula of the mixed rubber

Table 1: Compound formula

Material name Quality/portion

Synthesized ACM 100
Stearic acid 1
Antioxidant 445 2
Microcrystalline wax 1
intbIFG-200 1

1 # sulfurizing agent 0.6
Assistant vulcanizing agent DOTG 2

18 amine 0.5
Carbon black N550 60
Plasticizer RS735 3

2.5 Preparation of the mixed rubber

The raw materials were accurately weighed accord-
ing to the given formula and then mixed in an open mill.
First, processing aids (such as stearic acid, silicone oil,
and wax) were added to the roller. After dispersion, the
raw rubber was added and mixed for 2 min. Afterward,
carbon black and antiaging agent were added, the mix-
ture was dispersed evenly, and a vulcanization system
was added. After 5 passes, the material was cut to obtain
a mixed film. The mixed rubber was first vulcanized on a
flat vulcanization machine at 180 °C for 10 min. Then, it
was subjected to a second stage of vulcanization in a
vacuum drying oven at 175 °C for 4 h. Finally, it was left
at room temperature for 24 h before the samples were cut
for testing.

2.6 Test analysis

FTIR analysis: The potassium bromide tablet method
was used for testing. The acrylic ester raw gel obtained
after demulsification and drying was dissolved in ace-
tone to prepare a polymer solution with a specific con-
centration, which was applied onto potassium bromide
tablets. After drying, the sample properties were detected
at room temperature using an FTIR instrument.

Thermogravimetric (TG) gas chromatography—mass
spectrometry (GC-MS) analysis: The pyrolysis products
of the sample under a nitrogen atmosphere were tested
using TG-gas chromatography—Fourier transform ion
cyclotron resonance—mass spectrometry.

'"H-NMRR analysis: Characterization was performed
with a Bruker Avance500M nuclear magnetic resonance
spectrometer (Switzerland, Bruker Company) using
deuterated chloroform as a solvent and BBO probe test-
ing.

Testing the volatile and ash contents of the raw rub-
ber: The volatile and ash contents of the raw rubber were

Materiali in tehnologije / Materials and technology 60 (2026) 3, 341-348

determined using a GT-7024-BL1 vacuum drying oven
and an SC-L (LT) 9/11/SKM muffle furnace (Taiwan
High-Speed Rail Testing Instrument Company) in accor-
dance with the ASTM D5668 and ASTM D4574 stan-
dards.

Measurement of the Mooney viscosity of the raw
rubber: An MV-3000AU Mooney viscometer from Tai-
wan High-Speed Rail Testing Instrument Company was
used to determine the Mooney viscosity of the raw rub-
ber according to the ASTM D1646 standard.

Determination of the gel content of the raw rubber:
Acetone was used as a solvent. Additionally, 0.05 g of
raw rubber was weighed, cut and added to a 50 ml volu-
metric flask, which was placed in the dark, where the
rubber was allowed to dissolve for 17 hours. The filter
screen (hole diameter of 70 um, 200 mesh components)
was dried in an oven at 105-110 °C for 1 h, after which
the glue solution was filtered via a filter screen. The fil-
tered solution was placed in an oven and dried at
105-110 °C for 2 h, after which it was removed and
placed in a dryer to cool to room temperature. The gel
content in the gel solution was calculated with the differ-
ential weight method.

Sulfurization characteristics: The vulcanization char-
acteristics were determined according to the ASTM
D5289-2017 standard. Tests to determine the volatile
content, ash content, Mooney viscosity, vulcanization
characteristics and hardness, as well as tensile tests, air
oven aging tests and compression sets were performed in
accordance with ASTM D5668, ASTM D4574, ASTM
D1646, ASTM D5289-2017, ASTM D2240, ASTM
D412-16, ASTM D412 and ASTM D395 standards.

3 EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Characterization of the ACM

The FT-IR spectrum of the ACM is shown in Fig-
ure 2. The broad peak attributed to the stretching vibra-
tion of the O—H bond is located at 3438 cm™'. The peak
attributed to the antisymmetric CHj stretching vibration
appears at 2960 cm™!, and the absorption peak character-
istic of -C=0 is at 1732 cm™!, with a sharp peak shape
and high intensity. The peaks attributed to the bending
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Figure 2: FT-IR spectrum of the ACM
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Figure 3: 'H NMR spectrum of the ACM

vibration of C—H, the stretching vibration of C—OH, the
asymmetric stretching vibration of ester-based C-O-C,
and the stretching vibration of C-O appear at (1381,
1254, 1162 and 1028) cm™', respectively. Thus, the EA,
BA, MOEA, and BFM are copolymerized.

The properties of the ACM raw rubber were further
validated by '"H NMR and "*C nuclear magnetic reso-
nance testing to identify the comonomers used for syn-
thesizing the ACM, and the molar ratios of each mono-
mer after polymerization were calculated. As shown in
Figure 3, the residual proton signal of the solvent
deuterated chloroform is at 7.2 ppm, the characteristic
peak of methyl (-CH3) is at 3.4 ppm, and the characteris-
tic peak of methylene (-CH) is at approximately
2.4 ppm. The characteristic peak of methylene (-CH.) is
at 4.2 ppm, indicating the presence of two methylene
(-CH,) environments. Moreover, the ratios of the
integrals corresponding to the above functional groups
reveal that the three monomers — BA, EA and MOEA —
and the BFM are involved in the copolymerization. The
molar ratio of the raw materials (BA:EA:MOEA:BFM =
1.05:2.27:1.15:0.087) indicates that all monomers are in-
corporated into the polymer backbone, resulting in the
formation of a copolymer. On the basis of the composi-
tion of the raw materials, the peak at approximately
85.43 ppm in the carbon spectrum (Figure 4) is attrib-
uted to the carbon connected to ester or ketone groups. A

S-S B
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CiHs CiHg CH, CiHy
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)
&y
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Figure 4: 13C NMR spectrum of the ACM
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signal at approximately 20 ppm corresponds to a satu-
rated alkane carbon atom (-CH,-). This material is free
from impurities, and the abundance of the carbon base is
approximately equal to that of saturated alkanes with
-CH,- that are also free from impurities, which explains
why each monomer polymerizes into a saturated chain
structure.

Generally, the polymers used in rubber should have
high molecular weights and suitable PDIs?. The results
of the GPC test of the acrylic rubber sample are shown in
Figure 5. The molecular weight distribution of the ACM
is uniform, with a number-average molecular weight
(Mn) of 88,887, a weight-average molecular weight
(Mw) of 723,714, and a polydispersity index (PDI) of
8.14, indicating that the ACM has a high molecular
weight and a suitable PDI. The glass transition tempera-
ture (Tg) of the ACM was analyzed using a differential
scanning calorimeter, as shown in Figure 6. The glass
transition temperature (Tg) of the ACM is —34.62 °C, in-
dicating that it has good low-temperature resistance per-
formance.

Heat Flow (mW)
e

Temperature ('C)

Figure 6: DSC curve of the ACM
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3.2 Acrylic rubber test

The synthesized raw rubber was tested according to
the relevant testing standards, and the results are shown
in Table 2. The volatile and ash contents of the synthetic
acrylic rubber are low, indicating that the product is
clean and contains few impurities, thereby providing
quality assurance for the later use of the rubber material.
The ML1.4) value of the product is 29.5, and the Mooney
value of the product is slightly lower than that of the ex-
tremely cold-resistant active chlorine product.! This is
due mainly to the changes in the monomer composition
of the product. BA is a straight chain monomer with
good molecular chain flexibility, and the ML, value
decreases after polymerization.

Table 2: Test results for acrylic rubber (ACM)

Item Standard Test

ML (1 +4) 302 29.5
Volatile (%) <0.5 0.25
Ash (%) <0.6 0.16

Gel (%) <5 2.14
Intrinsic viscosity =2 2.87

3.3 Effect of monobutyl fumarate on the vulcanization
characteristics of the ACM

Monobutyl fumarate is a cross-linked monomer that
directly participates in the vulcanization of rubber. The
vulcanization performance during the use of ACM is di-
rectly related to the mechanical properties of the product.
Therefore, the effect of the amount of monobutyl
fumarate on the vulcanization characteristics of the ACM
was studied. In the synthesis of raw rubber, the amount
of monobutyl fumarate was changed, and different
amounts of ACM were prepared according to the given
basic ratio. The vulcanization characteristics were tested
using a vulcanization apparatus at 180 °C for 10 min.
The results are shown in Table 3. As the amount of
monobutyl fumarate increases, the torque of the ACM
(ML and MH, in dN.m) gradually increases; moreover,
the initial vulcanization time (T;o) and positive vulcani-
zation time (Tqp) of the product gradually decrease. This
is mainly because monobutyl fumarate serves as a vulca-
nization crosslinking point, and as its molar amount in-
creases, the vulcanization rate increases.'”!8
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Figure 7: Effect of the amount of BFM on the tensile strength and
elongation at break of the ACM

Note: The first stage of vulcanization was performed at 180 °C for 10
min, and the second stage of vulcanization was performed at 175 °C
for 4 h.

3.4 Effect of monobutyl fumarate on the mechanical
properties of the ACM

Carboxylic acrylic rubber with different contents of
monobutyl fumarate was synthesized according to a base
formulation and then mixed according to a standard rub-
ber formulation. After the mixed rubber was sliced, it un-
derwent the first stage of vulcanization (180 °C x 10
min), followed by the second stage of vulcanization
(175 °C x 4 h). Finally, various mechanical properties of
the vulcanized product were tested, and the results are
shown in Figure 7. As the amount of monobutyl
fumarate increases, the tensile strength of the ACM in-
creases, whereas its elongation at break decreases. When
30 g of monobutyl fumarate is added, the tensile strength
of the rubber reaches 10.55 MPa, but at this point, the
elongation at break decreases to 171 %. The experimen-
tal results reveal that increasing the amount of mono-
butyl fumarate effectively increases the number of
crosslinking points and the crosslink density.

3.5 Effect of monobutyl fumarate on the hot-air aging
performance of the ACM

BFM, as a crosslinking agent, plays a significant role
in the hot-air aging of rubber products. In this study, the
effects of various amounts of BFM (7.5, 10, 12.5, 15, 20,

Table 3: Effect of the amount of monobutyl fumarate on the vulcanization characteristics of the ACM

Dosage (g) ML (dN.m) MH (dN.m) Tio (s) Tsy (min) Ty (min)
7.5 1.72 7.00 53 2.05 7.38
10 1.86 7.05 51 2.55 7.12
12.5 1.91 7.28 46 1.83 6.97
15 1.98 7.82 45 1.50 6.75
20 2.01 8.33 34 1.07 4.95
25 2.13 9.05 32 0.93 4.90
30 2.15 9.51 28 0.90 4.05
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Figure 8: Effect of the BFM content on the rates of change in the ten-
sile strength and elongation at break after aging at different tempera-
tures

25 and 30) g on the aging resistance of acrylate rubber
(ACM) were investigated. As shown in Figure 8, the re-
duction in the tensile strength and elongation at break
gradually decreased after 72 h of hot-air aging at (150,
175, and 190) °C with increasing BFM content. This
phenomenon can be attributed to the thermal decomposi-
tion of sulfurizing agent 1#, which generates free radi-
cals. These free radicals preferentially attack the a-hy-
drogen of the acrylate chain to form chain radicals.
BFM, as a multifunctional monomer, is grafted onto the
chain radicals through double bonds.!” However, the car-
boxyl group itself does not directly participate in radical
cross-linking.!* The heat resistance is actually increased
by the ionic cross-linking formed by the carboxyl group
of BFM and DOTG. The constructed C—C bond can
withstand long-term use at temperatures of
150-180 °C,% thereby significantly improving its anti-
aging performance.

When 30 g of monobutyl fumarate was added and the
product was aged in hot air at 190 °C for 72 h, its
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Figure 9: Effect of the amount of monobutyl fumarate on the perma-
nent compression deformation
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Figure 10: Effect of ASTMI1 on the performance of different ACM
types at 150 °C

strength reached 6.75 MPa, and the elongation reached
174 %. Since an ACM is often used in mechanical seals,
the permanent compression is also an important index.
The influence of the amount of BFM added on the com-
pression of the ACM is shown in Figure 9. With increas-
ing BFM content, the compression of the ACM gradually
decreases. Under the same conditions, the permanent
compression deformation of the active chlorine-type
ACM is approximately 30%,"'* which is similar to the
deformation of the carboxyl-type acrylic rubber with
BFM as a crosslinking agent used in this study. However,
in terms of high-temperature antiaging performance, the
BFM-type ACM is superior.!!4

3.6 Effect of monobutyl fumarate on the oil resistance
of the ACM

Acrylate itself exhibits excellent oil resistance perfor-
mance, and oil resistance is an important performance
indicator of rubber. In this article, the aging of the ACM
with monobutyl fumarate as a crosslinking agent in oils
1# and 3# was studied under experimental conditions of
150 °C x 72 h. The results are shown in Figures 10 and
11. As the monobutyl fumarate content increases, the
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Figure 11: Effect of ASTM3 on the performance of different ACM
types at 150 °C
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tensile strength generally increases, whereas the elonga-
tion at break tends to decrease, indicating an increase in
the number of crosslinking agents, the crosslinking
strength, the iodine sulfide content, and the crosslink
density in the network structure space. The mechanical
strength also increases;'®20-2! the rates of change in the
volumes of oils 1# and 3# are less than 15.53 and 20.24,
respectively. From the perspective of the crosslinking
mechanism, the free radicals of sulfurizing agent 1#
work in synergy with BFM to increase the crosslink den-
sity. The ion-type cross-linking mediated by the above
materials results in the formation of a dense network,
and the butyl side chain can reduce the aggregation of
carboxyl groups,'? thereby weakening the polar interac-
tion between the oil molecules and carboxyl groups.
Therefore, the ACM exhibits good oil resistance.

4 Conclusion

Monobutyl fumarate was used as a sulfurizing mono-
mer of the ACM, and the resulting material was charac-
terized and analyzed. The effect of changing the amount
of monobutyl fumarate on the performance of the prod-
uct was studied, and the following conclusions were
drawn:

(1) FT-IR, TG-GC-MS, 'H NMR, *C NMR and raw
rubber detection analyses revealed that acrylate rubber
was synthesized via lotion polymerization in a redox sys-
tem.

(2) As the amount of monobutyl fumarate increases,
the vulcanization time of the ACM decreases.

(3) During the mechanical performance, hot-air ag-
ing, and oil resistance experiments, as the amount of
monobutyl fumarate increased, the elongation at break
decreased, and the tensile strength increased.

(4) Considering the comprehensive performance and
cost of the ACM, as well as the cost-effectiveness of the
raw rubber materials, the addition of 30 g of monobutyl
fumarate per kilogram of raw rubber is recommended.
The synthesized product has excellent heat and oil resis-
tance and can be used in extreme environments owing to
its oil resistance, high-temperature resistance, and air-ag-
ing performance. Its use in automotive oil seals, such as
automotive oil pipes, is particularly recommended.
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