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Abstract: The physical properties of chloroprene rubber (CR) compounds reinforced with networked silicas were inves-

tigated by comparing them to those reinforced with conventional silica to observe the effect of the organic connection bonds

combining silica particles on their cure, tensile, and aging performance. The introduction of networked silica to CR increase

in silica content to 80 phr in rubber, while the content of conventional silica was limited to 60 phr. The CR compounds

reinforced with networked silica showed higher resistance to combustion. The gradual increases in delta torque, Mooney

viscosity, and modulus of silica-filled CR compounds with silica content were mainly attributed to the specific interaction

between the chlorine atoms of CR and the hydroxyl groups of silica. The CR compounds reinforced with networked silica

showed low compression set and heat build-up and maintained their high modulus even after thermal, oil, and ozone aging.

Keywords: networked silica, chloroprene rubber, reinforcement, silica content

Introduction

Chloroprene rubber (CR) has chlorine atoms in its skeletal

form and a tendency to crystallize, and thus it shows par-

ticular characteristics such as high resistance to heat, ozone,

chemical materials, and combustion, accompanied by high

tensile properties.1-4 Due to its high resistance and stability,

CR has been widely used in the preparation of cable and pipe

coatings, tubing, O-rings, and seals and in the construction

of marine structures requiring long-term stability and high

resistance to corrosion by sea water.1-7 CR compounds, there-

fore, should preserve high mechanical properties and low

deformation by external force as well as high weatherability

to endure the attack of oxygen and ozone.8

In order to enhance the mechanical properties and stability

of CR compounds, various fillers such as carbon black,9 sil-

ica,10 graphene oxide,11 montmorillonite,12,13 and magnesia14

have been added to them. Silica has become an important

filler due to its low compression set and high stability against

combustion. The particular interaction between the chlorine

atoms of CR and the hydroxyl groups of silica through

hydrogen bonds exempts the use of coupling agents in the

preparation of silica-filled CR compounds, contrary to the

preparation of silica-filled SBR and NR compounds.15,16

Although the amount of silica added to CR compounds is

limited from 20 to 40 phr, the co-addition of 3-mercapto-

propyltriethoxysilane of 0.7 phr significantly improves the

compression set of silica-filled NSM neoprene.10 The addi-

tion of coupling agents is not essentially required for the rein-

forcement of CR compounds by silica, but the presence of

3-aminopropyltriethoxy silane (APTES) in them consider-

ably enhances their hardness and modulus and lowers

compression set and heat build-up.17 Bis-[triethoxysilylpro-

pyl]tetrasulfide (TESPT), which is conventionally and widely

used in the preparation of SBR tread compounds as an effec-

tive coupling agent, is also helpful to improve the mechanical

properties of silica-filled CR compounds.2 In addition, the

increase in silica content increases the interface between CR

and silica, resulting in high modulus and tensile strength, but

the silica flocculation among silica particles is also preferable

with increasing silica content that causes serious deterioration

of the reinforcement performance of silica.18,19 Therefore,

APTES and chloropropyltriethoxysilane added along with

silica partially mask the hydroxyl groups of silica particles
†Corresponding author E-mail: sg16m@miraesi.com
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and suppresses the flocculation, resulting in high perfor-

mance silica-filled CR compounds.20 

Networked silicas prepared by introducing organic con-

necting bonds among silica particles are very effective in

reinforcing SBR compounds because of their high feasibility

for entanglement of rubber chains with the connecting

bonds.21-23 The entanglement induces considerable improve-

ment of mechanical and dynamic properties even without

coupling and prevents the excessive increase in stiffness

caused by thermal and oxidative aging. The SBR compounds

reinforced with networked silicas have lower hysteresis in

dynamic deformation and exhibit better performance for the

tread rubber of passenger car tires. These results suggest that

the application of networked silica to CR compounds prom-

ises not only higher dimensional stability due to highly

entangled rubber chains allowing reversible deformation, but

also better resistance to aging treatment. 

CR compounds are generally cured with sulfur and

xanthogen disulfide to obtain high performance and stabil-

ity.24 The cure also enhances the tear strength of CR com-

pounds and adhesion to fiber, while their storage stability and

aging properties are relatively deteriorated. In the cure of CR

compounds with sulfur, zinc chloride formed by the reaction

between zinc oxide and hydrogen chloride acts as an acti-

vator. The addition of magnesia accompanied by zinc oxide

stably captures the hydrogen chloride formed and retards the

generation of zinc chloride, maintaining the proper cure

rate.25

Although the use of silica as reinforcing filler in CR com-

pounds is a prominent research topic in developing aseis-

matic materials with high mechanical stability and low

deformation, reports addressing the effect of silica content on

their mechanical and aging properties are rare. Furthermore,

the contribution of silica’s nature to their properties has not

been systematically studied. In this paper, we prepared var-

ious silica-filled CR compounds reinforced with networked

silicas and conventional precipitated silica. The reinforce-

ment performance of networked silicas compared to con-

ventional silica was discussed in the aspects of the maximum

content, the dispersion of silica and the interaction between

rubber and silica. In addition, their resistances to combustion,

heat, oil, and ozone were also examined. 

Experimental

1. Materials

The CR used in this study was Baypren® 210 rubber man-

ufactured by Lanxess (Germany) with viscosity [ML (1+4)

@ 100oC] of 43 ± 4 and density of 1.23 g·cm−3. 

Three kinds of silica were used in preparing silica-filled

CR compounds: the first (NS1) and second (NS2) ones were

networked silicas prepared by MiraeSI and the third one was

highly dispersive precipitated silica provided by Evonik

(Ultrasil 7000GR; abbreviated as GR). NS1 networked silica

contained only organic connection materials, while NS2 one

contained 4 wt% TESPT accompanied by the connection

materials. 

Several additives such as zinc oxide (ZnO, Daewon Co.),

magnesium oxide (MgO, Kyowamag, Kyowa Chemical

Industry), stearic acid (S/A, Duksan Pure Chemical Co.), sul-

fur (S, Miwon Chemical Co.), N-cyclohexyl-2-benzothiazol

sulfenamide (CBS, Miwon Chemical Co.), 1,3-ethylene thiourea

(ETU, TCI), N'-phenyl-p-phenylenediamine (6-PPD, Kumho

Petrochemical Co.), 3-mercaptopropyltrimethoxy silane (MPTMS,

Momentive), and paraffin oil (P-2, Michang) were also added

in the preparation of the silica-filled CR compounds. 

2. Preparation of silica-filled CR compounds

The chemical compositions of prepared silica-filled CR

compounds are listed in Table 1. The compounds were

Table 1. Chemical Compositions of Silica-Filled CR Compounds

Prepared

Rubber 

compound

CR

(phr)

Silica (phr) Additive (phr)

NS1 NS1 NS2 GR Sulfur TESPT

CR-Si-00 100 - 2.0

CR-MS1-20 100 20 0.5

CR-MS1-40 100 40 0.5

CR-MS1-60 100 60 0.5

CR-MS1-80 100 80 0.5

CR-MS2-20 100 20 2.0

CR-MS2-40 100 40 2.0

CR-MS2-60 100 60 2.0

CR-MS2-80 100 80 2.0

CR-MS3-20 100 20 2.0 4.0

CR-MS3-40 100 40 2.0 4.0

CR-MS3-60 100 60 2.0 4.0

CR-MS3-80 100 80 2.0 4.0

CR-GR-20 100 20 2.0

CR-GR-40 100 40 2.0

CR-GR-60 100 60 2.0

CR-GR-80 100 80 2.0

aContained in NS2 networked silica
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named by classifying the nature of silica as MS1, MS2, MS3,

and GR according to the nature of silicas: MS1 indicated that

the CR compounds contained NS1 networked silica with low

sulfur content (0.5 phr), MS2 compounds contained NS1

networked silica with high sulfur content (2.0 phr), MS3

compounds contained NS2 networked silica with high sulfur

content (2.0 phr), and GR compounds contained 7000GR

silica with high sulfur content (2.0 phr). The names of the

compounds, for instance, CR-MS1-xx, denoted their silica

content as “xx.” The contents of other ingredients except S

and TESPT were the same in phr: ZnO; 5, MgO; 4, S/A; 1.0,

S; 2.0, CBS; 1.0, ETU; 0.5, 6-PPD; 1.0, MPTMS; 0.3, and

paraffin oil, 10.

The silica-filled CR compounds were mixed following the

procedure described in our previous paper.21 In the first step,

CR, silica, paraffin oil, ZnO, and S/A were put into an inter-

nal mixer (300 cm3, MiraeSI) to prepare the initial master-

batch and mixed at a fill factor of 0.70 for 12 min. Sub-

sequently, S, CBS, and ETU were added to the initial mas-

terbatch and mixed for 2.5 min to obtain the final master-

batch. Both the initial and final masterbatches were milled

for 11 cycles with a two-roll mill (C.W. Brabender Inc.

Model PM-300, #138-B). 

3. Evaluation of silica-filled CR compounds

Rheocurves of the silica-filled CR compounds were recorded

on an oscillating disk rheometer (Daekyung Co., DRM-100)

at 155oC according to ASTM D2084. Since the rheocurves

were marching types with continuously and slightly increas-

ing torque, the cure times for 40% (t40) and 90% (t90) were

calculated under an assumption that the torque of a CR com-

pound observed at 30 min of cure was considered to its max-

imum torque (τmax). Minimum torque (τmin) and delta torque

(Δτ) were defined by the torque minimum of its rheocurve

and the difference between τmax and τmin, respectively. 

The rubber compounds were obtained by curing at 155°C

for t90 time with an additional 1 min in a cure press

(Daekyung Co., DHP-300).

FE-SEM (Zeiss, Gemini 500) was used in the examination

of silica dispersion in cured rubber compounds. The samples

were sputtered with a plasma treatment system (MiraeSI) at

200 V for 75 min to selectively remove rubber. 

Thermogravimetric analysis of the silica-filled CR rubber

compounds was carried out using a thermogravimeter

(Shimadzu, DTG-60H) in an air or nitrogen flow of 50

ml·min−1. The temperature increased from ambient to 700oC

at 5oC·min-1. 

Mooney viscosities of ML (1+4) @ 100°C of the rubber

compounds were obtained with a Mooney viscometer (Dae-

kyung Co., DMV-200C) following the procedure described

in ASTM D1646. Scorch times at 125oC were measured by

the same viscometer. The lapsed times for the increases of

Mooney units by 5 and 35 were defined as t5 and t35, respec-

tively. 

The tensile properties of the rubber compounds were deter-

mined from the strain-stress curves of dumbbell type sam-

ples. The curves were recorded using a universal tensile

tester (Daekyung Co., DUT-500C) at ambient temperature

with a crosshead speed of 500 mm·min−1 following the pro-

cedure described in ASTM D412. Moduli were defined by

the stresses at 50%, 100%, and 200% elongation, while ten-

sile strength and elongation at break were defined as the

stress and strain at the break point, respectively. Four samples

were used to obtain an average value of each tensile test.

Tearing strength was also measured using the same apparatus

with samples of the dimension described as ASTM D624 die

C specimen by extending with a crosshead speed of 500

mm·min−1 until its breaking. The tear strength of the sample

was determined from its maximum force for breaking and

three samples were used to obtain each tear strength.

A dynamic mechanical analyzer (DMA, TA Inc., Q800)

was used in the measurement of dynamic properties of the

compounds. The storage modulus was measured from 0.01%

to 20% strain at a frequency of 1 Hz and room temperature.

The Payne effect was determined from the variation of stor-

age modulus with strain and defined as its difference between

the storage modulus at 0.01% strain and that at 10% strain.

The heat build-up (HBU) of a sample with repeated strokes

was measured using GABO® 200 (BF Goodrich) following

the procedure described in ASTM D623. The static loaded

pressure was 1.0 MPa. A stroke of 4.45 mm was repeatedly

added to a sample with 30 Hz at 50oC for 25 min and mea-

sured the increase in temperature as its HBU. Compression

set was also measured using the same apparatus following

the procedure described in ASTM D623. Cylindrical rubber

samples with a diameter of 17.8 ± 0.1 mm and a height of

25.0 ± 0.15 mm were compressed under a static force of 11

kg for 25 min at 50oC. The samples were then allowed to

recover for 24 h at room temperature and their compression

sets were calculated using the method described in the

literature.26 
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The samples were thermally aged at 100oC for 72 h in an

oven.27,28 For oil aging, the samples were put in a paraffin

oil bath at room temperature for 7 days. The samples were

exposed to ozone of 100 pphm at 50oC for 72 h in an ozone

test chamber.29 The degree of enhancement of modulus or

strength was defined as the changes in percentages of mod-

ulus and strengths compared to the original values before

aging.

Results and Discussion

The TG curves of networked silicas show the amount of

organic materials incorporated by them as well as the amount

of water adsorbed on them. Figure 1 shows the TG curves

of the silicas used in this study. The weight loss of GR silica

without any organic materials was simple. The removal of

adsorbed water caused the weight loss below 150oC, while

the slightly gradual weight loss above 400oC was attributed

to the removal of hydroxyl groups dispersed on its surface.

The presence of organic materials in networked silicas

reduced water desorption due to the consumption of their

hydroxyl groups in the reaction with silane, while the pres-

ence of organic materials originated the weight loss at 200-

600oC. The slightly small weight loss of NS2 networked sil-

ica below 200oC compared to that of NS1 informed the fur-

ther reduction of hydroxyl groups by the incorporation of

TESPT. 

Figure 1. TG curves of silicas used.

Figure 2. Photos of rubber sheets of silica-filled CR compounds. 
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The presence of silica in CR compounds considerably

influences the state of rubber sheets. Figure 2 shows photos

of the rubber sheets of the CR compounds reinforced with

silicas of different natures. The CR-GR-20 compound rein-

forced with GR silica of 20 phr slightly contracted after mill-

ing, while the increase in silica content to 60 phr suppressed

the contraction and resulted in a good flat surface. However,

a rubber sheet of CR-GR-80 could not be prepared because

the rubber scattered into tiny particles. The black-gray color

of CR-GR-60 might be due to the presence of stabilizers,

although the cause was not certain. On the contrary, the CR

compounds reinforced with networked silicas were less con-

tractive than those reinforced with GR silica. Moreover, the

content of networked silica increased to 80 phr without

applying any special mixing apparatuses or methods. The

rubber sheets of CR-MS2-80 and CR-MS3-80 were very

good, without any unevenness at their edges, even though

their silica contents were considerably high, indicating that

networked silicas were more appropriate as reinforcing filler

for CR compounds with higher silica contents.

The increase in silica content may cause silica aggregation

during mixing and cure. Figure 3 shows SEM images of sil-

ica-filled CR-MS1 compounds with different contents of sil-

ica after plasma sputtering to remove soft rubber.30 Voids

previously filled with rubber were spread among silica aggre-

gates of less than 50 nm. The decrease in voids with increas-

ing silica content indicated that the increase in silica content

increased the surface occupied by silica. The slight increase

in the size of aggregates of CR-MS1-80 indicated that silica

flocculation occurred on the rubber compound with extremely

high silica content. Figure 4 shows SEM images of CR-GR

compounds obtained after plasma sputtering. The silica

aggregation was obvious on CR-GR-20 with a low silica

content, 20 phr. The weak interaction between silica and rub-

ber chains allowed the segregation of silica particles, while

the entanglement of rubber chains with the connection bonds

of networked silica suppressed the aggregation on CR-MS1-

20 compound (Figure 3). Similar SEM images of CR-MS1-

40 and CR-GR-40 indicated that the effect of the nature of

silica on its dispersion was appreciable when silica content

was low or high.

Figure 5 shows TG and DTA curves of the CR compounds

recorded in nitrogen. The weight loss of CR compounds

occurred through several steps, while their general patterns

of weight loss were very similar, regardless of silica nature.

The first weight loss proceeded at 250-320oC, the second one

Figure 3. SEM images of CR-MS1 compounds with different silica contents: (A) 20 phr, (B) 40 phr, (C) 60 phr, and (D) 80 phr. The

images were obtained from the compounds after sputtering with plasma to remove soft rubber.
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at 380-450oC, and the third one above 580oC. Since the first

and second pyrolysis temperatures of CR (Baypren 210) without

any filler were reported at 378.3 and 448.9oC, respectively,31

the first weight loss observed at around 310oC was attributed

to the vaporization of remaining monomers and oligomers of

dichlorobutadiene, and the additives freely remaining in rub-

ber.32 Since the pyrolysis eliminating hydrogen chloride begins

at 380oC with CR, the second weight loss was attributed to

this elimination. The gradual weight loss above 550oC might

be due to the decomposition of residual rubber, including the

second pyrolysis of CR. The similar TG and DTA curves of

the silica-filled CR compounds represented no significant dif-

ference in the elimination and pyrolysis of CR compounds,

regardless of the nature of silica. However, the first endo-

thermic peaks of CR-GR-60 were observed at 309oC, while

those of CR-MS2-60 and CR-MS3-60 were observed at

325oC, indicating that the removal of monomer and additives

occurred at higher temperatures with CR-MS2-60 and CR-

MS3-60 than that of CR-GR-60. The weight loss occurred at

higher temperature with CR compounds reinforced with NS1

and NS2 networked silicas than that reinforced with con-

ventional silica, suggesting that networked silica was more

effective in preserving the monomer and additives in them

and in increasing their stability. 

The presence of silica in CR compounds increases their

resistance to combustion because silica is an inherently non-

combustible material.32 Figure 6 shows the TG and DTA

curves of CR compounds reinforced with conventional silica

and networked silica recorded in air. The stepwise weight

Figure 4. SEM images of CR-GR compounds with different silica

contents: (A) 20 phr, (B) 40 phr, and (C) 60 phr. The images were

obtained from the compounds after sputtering with plasma to

remove soft rubber.

Figure 5. TG (A) and DTA (B) curves of CR compounds

reinforced with different silicas of 60 phr recorded in nitrogen.
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loss with temperature was very similar, regardless of silica

nature, and the increase in silica content gradually reduced

weight loss. The weight losses below 450oC were similar to

those observed on TG curves recorded in nitrogen (Figure 5).

The large weight loss above 450oC was attributed to the com-

bustion of rubber, so the remaining weight above 700oC was

directly proportional to the content of silica. Although the

general patterns of TG curves were very similar, the tem-

peratures for the first weight loss of silica-filled CR com-

pounds were considerably different according to the nature

of silica, as shown in Figure 6(C) and 6(D). The peak max-

imum temperature of CR-GR compounds was 314oC, while

that of CR-MS3 compounds shifted to a higher temperature

of 322oC. These results demonstrated the strengthened pres-

ervation of the monomer and additives in CR compounds

reinforced with networked silica, because the entangled rub-

ber chains with the connection bonds of networked silica pre-

vented their desorption from CR compounds followed by

combustion. 

Since the increase in torque during cure directly corre-

sponds to the formation of crosslinks, the coupling between

rubber and silica, and silica flocculation, the effect of silica

addition on the rheocurves of CR compounds must be great.

Figure 7 shows the rheocurves of the silica-filled CR com-

pounds with different silica contents. The rheocurve of CR-

Si-00 compound without silica was a marching type, and the

very slow increase in torque around 30 min indicated the

approach to cure equilibrium.15 The CR compounds rein-

forced with silica also exhibited marching rheocurves, with

a continuous increase in torque even after 30 min. However,

the level of torque varied considerably with the nature and

content of silica. The torque of CR-GR compounds rein-

forced with GR silica of 20 and 40 phr remained very low

at the beginning of cure, slowly increased after an induction

period, and steadily increased without accomplishing the end

of cure. In contrast, the torque of CR-GR-60 was very high

even in the early stage of cure and steadily increased with

cure time. The rheocurves of the silica-filled CR compounds

reinforced with silica of 20 and 40 phr were very similar in

terms of low τmin and slow increase in torque regardless of

the nature of silica, while those of CR compounds reinforced

with silica of 60 and 80 phr were considerably different

Figure 6. TG curves of CR-GR (A) and CR-MS3 (B) and DTA curves of CR-GR (C) and CR-MS3 (D) compounds recorded in air.
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according to the nature of silica added. The τmin of CR-GR-

60 was very high compared to that of CR-GR-40, indicating

that the increase in the content of silica from 40 phr to 60

phr induced significant silica flocculation in the early stage

of cure. In contrast, the τmin of CR-MS3-60 reinforced with

MS3 networked silica containing TESPT in it was much

lower than those of CR-GR-60 and CR-MS2-60. Although

the increase in silica content of CR-MS3 compounds from

60 to 80 phr caused a considerable increase in τmin, τmin of

CR-MS3-80 was still low compared to that of CR-GR-60,

CR-MS1-80, and CR-MS2-80. These results indicated that

the suppression of silica flocculation by TESPT involved in

CR-MS3 compounds effectively maintained both their low

τmin and τmax.
19 The CR-MS3 compounds also retained their

low τmin, while the absence of TESPT induced silica floc-

culation and high torque in the early stage of cure. The con-

tinuous increase in torque with cure time for all silica-filled

CR compounds suggested the slow formation of the inter-

action between the chlorine atoms of CR and the hydroxyl

groups of silica.15 The intrusion of rubber chains into the

voids formed among silica particles during cure resulted in

the formation of the new interaction that caused the increase

in torque.

The silica added to CR causes the interaction between the

chlorine atoms and the hydroxyl groups of silica, and the

interaction strongly influences the level of torque during

cure. Figure 8 shows the variations of τmin and Δτ of the sil-

ica-filled CR compounds with their silica content. τmin and Δτ

of CR-MS1-80 were not shown because of their high fluc-

tuation. The increases in silica content commonly increase

their τmin, regardless of the nature of silica, but the degree of

the increase in τmin above silica content of 40 phr varied con-

siderably with the nature of silica. Since the value of τmin usu-

Figure 7. Rheocurves of CR-GR (A), CR-MS2 (B), and CR-MS3

(C) compounds with different silica contents.

Figure 8. Variations of (A) τmin and (B) Δτ of silica-filled CR

compounds with their silica content.
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ally represents the extent of silica flocculation during mixing,33

concomitantly low τmin of CR compounds with silica content

of less than 40 phr indicated their low extent of silica floc-

culation. However, the increase in silica content above 40 phr

causes a difference in the extent of silica flocculation during

cure, and thus, τmin of CR-GR-60 was much higher than those

of CR-MS1-60, CR-MS2-60, and CR-MS3-60. The extremely

high τmin of CR-GR-60 indicated a high extent of silica floc-

culation during mixing, but the low τmin of CR-MS3-60

implied that the organic connection materials dispersed on

networked silica suppressed its silica flocculation. The absence

of TESPT in CR-MS2-60 caused a considerably higher τmin

than that of CR-MS3-60, indicating that TESPT was import-

ant in the suppression of silica flocculation.34 The higher τmin

of CR-MS3-80 and CR-MS2-80 indicated that silica floc-

culation became severe when silica content was too high,

even though they were reinforced with networked silicas.

The increase in torque of silica-filled CR compounds during

cure results from several causes such as the crosslinking of

rubber, silica flocculation, the coupling between rubber and

silica, and the interaction between chlorine atoms and hydroxyl

groups, and thus their Δτ generally increased with increasing

silica content (Figure 8B). However, the degree of the increase

in Δτ was different according to the nature of silica used for

the reinforcement of CR compounds. CR-MS2 compounds

reinforced with NS1 silica that contained a sufficient amount

of sulfur showed the highest Δτ throughout the range of silica

content from 20 to 80 phr, while CR-GR compounds rein-

forced with conventional silica exhibited the lowest Δτ. This

meant that the presence of the networks among silica par-

ticles and sufficient cure achieved high Δτ. In contrast, the

relatively low Δτ of CR-MS3 compounds compared to those

of CR-MS2 suggested that the low Δτ of the former might

be responsible for the suppression of silica flocculation by

TESPT, not for low interaction between rubber and silica.

Therefore, a quantitative explanation of the differences

between Δτ according to the nature of silica could not derived

because many causes were involved in determining Δτ, as

mentioned before. However, the high Δτ of CR-MS2 com-

pounds showed their high likelihood to be enhanced mechan-

ical properties with prolonged cure. 

The specific interaction between the chlorine atoms of CR

and the hydroxyl groups of silica in silica-filled CR com-

pounds reduces the mobility of rubber chains in them, so the

increase in silica content inevitably increases their viscosity.

Figure 9 shows the variations of Mooney viscosity and Payne

effect of the silica-filled CR compounds with their silica con-

tent. The viscosity gradually increased with the increase in

silica content, regardless of the nature of silica, indicating

that viscosity was actually determined by the specific inter-

action. The slightly low viscosity of CR-MS3 compounds

might be due to the reduction of hydroxyl groups in reacting

with the TESPT contained in them. The Payne effect of the

silica-filled CR compounds also increased with silica content,

like their viscosity, confirming that the silica flocculation-

inducing Payne effect was mainly dependent on silica con-

tent.

The tear and tensile strengths at break of rubber com-

pounds reflect their fatigue properties determined by the ini-

tiation and propagation of cracks in rubber. Figure 10 shows

the variations of tear and tensile strengths of the silica-filled

CR compounds with their silica content. The tear and tensile

strengths of the compounds concomitantly increased with sil-

ica content when their silica content was less than 40%,

regardless of the nature of silicas, indicating that the increase

in the interaction between CR and silica contributed to the

increase in these strengths. However, the breakage of silica

Figure 9. Variations of (A) Mooney viscosity and (B) Payne effect

of silica-filled CR compounds with their silica content.
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aggregates formed through silica flocculation on the com-

pounds with higher silica contents caused a decrease in these

strengths. The decrease in these strengths became distinct

when their silica content was higher than 60 phr. 

The interaction between the chlorine atoms of CR and the

hydroxyl groups of silica also enhances the modulus of the

silica-filled CR compounds.15 Figure 11 shows the variations

of M-200% and E.B. of the silica-filled CR compounds with

their silica content. As expected, the increase in silica content

proportionally increased M-200% regardless of the nature of

silica added as reinforcing filler. The M-200% of CR-Si-00

was 1.6 MPa, but that of CR-MS3-80 was 20.6 MPa, increas-

ing by more than 10 times. Their values of M-50% and M-

100% similarly increased with increasing silica content to

those of M-200%, but are not shown here for clarity. The

similar increase in modulus with silica content suggested that

modulus was mainly dependent on the interaction. The higher

moduli of CR-MS3 than those of CR-MS2 compounds, when

their silica contents were above 60 phr, indicated the con-

tribution of TESPT to the increase in modulus. The elon-

gation at break of the compounds gradually decreased with

the increase in silica content due to the increase in their mod-

ulus. 

For the application of CR compounds as seals or O-rings,35

low HBU and compression set are required for the stable

preservation of their dimensions under a repeatedly applied

external force. Figure 12 shows the variations of HBU and

compression set of the silica-filled CR compounds with their

silica content. The increase in silica content gradually increased

the HBU of the compounds. No appreciable difference in

HBU value was observed for the rubber compounds when

their silica content was less than 40 phr, regardless of the sil-

ica nature. However, the HBU of the CR compounds rein-

forced with networked silicas of 60 phr were slightly low

compared to that of CR-GR-60 compound, and the further

increase in silica content to 80 phr did not cause significant

increases in HBU. The slightly low HBU of the CR com-

pounds indicated that the physically entangled rubber chains

with their connection bonds were beneficial for reducing heat

generation leading to irreversible deformation.

The compression set of the silica-filled CR compounds

also increased with the increase in silica content, like HBU,

Figure 10. Variations of (A) tear and (B) tensile strengths of

silica-filled CR compounds with their silica content.

Figure 11. Variations of (A) M-200% and (B) E.B. of silica-filled

CR compounds with their silica content.
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because the presence of silica restricted the reversible defor-

mation of rubber chains. The interesting thing was the con-

siderably lower compression sets of CR-MS compounds

reinforced with networked silicas of 60 phr than that of CR-

GR-60, preserving their dimensions against external force.

The small increases in compression set with the increase in

silica content from 60 to 80 phr of CR-MS compounds

exhibited the high feasibility of the application of networked

silicas in the preparation of CR compounds for sealing prod-

ucts.

High resistance to aging from heat, oil, and ozone is nec-

essary for the use of CR compounds in seals, O-rings, and

impact-proof materials.36 Figure 13 shows changes in the

moduli of silica-filled CR compounds with 60 phr silica after

thermal, oil, and ozone aging. Most moduli of the CR com-

pounds were enhanced with the aging treatment, while the

degree of enhancement varied considerably with the nature

of silica and the type of aging. The degree of modulus

enhancement with aging treatments was the highest with CR-

MS2-60 compounds, especially after oil aging treatment. The

CR compounds reinforced with MS1 networked silica with

a low content of sulfur and with MS3 networked silica con-

taining TESPT showed similar aging behavior to those rein-

forced with GR silica. The high preservation of CR-MS2-60

might be related to its high Δτ, as mentioned before. Simple

networks among silica particles without TESPT, but with a

sufficient content of sulfur, were beneficial for the preser-

vation of modulus of CR-MS2 compounds under thermal,

oil, and ozone aging. 

Contrary to the moduli of the silica-filled CR compounds,

their tear and tensile strengths decreased with thermal, oil,

and ozone aging, as shown in Figure 14. Only CR-MS2-60

consistently maintained enhanced tensile strength after ther-

mal, oil, and ozone aging, while its tear strength decreased

after the aging treatments. These results meant that the CR

compounds reinforced with networked silica were effective

Figure 12. Variations of (A) HBU and (B) compression set of

silica-filled CR compounds with their silica content.

Figure 13. Changes in moduli of the CR compounds reinforced

with 60 phr silica after (A) thermal, (B) oil, and (C) ozone aging.
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in preserving their moduli and tensile strength during aging

treatment. Furthermore, the higher resistance of CR-MS2-60

to aging properties than that of CR-MS1-60 indicated that the

appropriate content of sulfur was important to achieve strong

preservation of the physical properties of silica-filled CR

compounds.

Conclusions

Since the particular interaction between the chlorine atoms

of CR and the hydroxyl groups of silica mainly determines

the behavior of silica-filled CR compounds, the increase in

silica content results in the increases of their viscosity, mod-

ulus, tear and tensile strengths, and Payne effect. The increase

in silica content to 80 phr for the CR compounds reinforced

with networked silicas allowed the achievement of their high

moduli. The application of networked silica to CR compounds,

enabling the physical entanglement of rubber chains with the

connection bonds of silica particles, has some advantages to

suppress irreversible deformation under external force, result-

ing in a low compression set and HBU. The entanglement

also retarded the weight loss of the CR compounds and

improved their thermal stability. The CR compounds rein-

forced with networked silica and cured with a sufficient con-

tent of silica maintained a high level of modulus even after

thermal, oil, and ozone aging compared to those reinforced

with GR silica. 

Acknowledgements

The support (Innovation Program 10067128) of the Min-

istry of Ministry of Trade, Industry & Energy (MOTIE) of

Korea is duly acknowledged.

References

1. B. P. Kapgate, C. Das, A. Das, D. Basu, S. Wiessener, U. Reu-

ter, and G. Heinrich, “Reinforced chloroprene rubber by in

situ generated silica particles: Evidence of bound rubber on

the silica surface”, J. Appl. Polym. Sci., (2016). DOI:

10.1002/APP.43717.

2. C. Siriwong, P. Sae-Oui, and C. Sirisinha, “Performance com-

parison of various surface modifying agents on properties of

silica-filled chloroprene rubber”, Rubber Chem. Technol., 90,

146 (2017).

3. I. K. Sung and C. Y. Park, “Fire resistance properties of

chloroprene rubber containing inorganic flame retardant”,

Elast. Compos., 50, 279 (2015).

4. P. Zhang, G. Huang, L. Qu, Y. Nie, G. Weng, and J. Wu,

“Strain-induced crystallization behavior of polychloroprene

rubber”, J. Appl. Polym. Sci., 121, 37 (2011).

5. P. Y. Le Gac, V. Le Saux, M. Paris, and Y. Marco, “Ageing

mechanism and mechanical degradation behaviour of poly-

chloroprene rubber in a marine environment: Comparison of

accelerated ageing and long term exposure”, Polym. Degrad.

Stab., 97, 288 (2012).

6. V. Le Saux, P. Y. Le Gac, Y. Marco, and S. Calloch, “Limit in

the validity of Arrhenius predictions for field ageing of silica

Figure 14. Changes in tear and tensile strengths of CR

compounds reinforced with 60 phr silica after (A) thermal, (B) oil,

and (C) ozone aging.



52 Changseok Ryu et al. / Elastomers and Composites Vol. 54, No. 1, pp. 40-53 (March 2019)

filled polychloroprene in a marine environment”, Polym.

Degrad. Stab., 99, 254 (2014).

7. S. T. Tchalla, P. Y. Le Gac, R. Maurin, and R. Créac’hcadec,

“Polychloroprene behaviour in a marine environment: Role of

silica fillers”, Polym. Degrad. Stab., 139, 28 (2017).

8. P. Sae-oui, C. Sirisinha, and K. Hatthapanit, “Effect of blend

ratio on aging, oil and ozone resistance of silica-filled chloro-

prene rubber/natural rubber (CR/NR) blends”, eXPRESS

Polym. Lett., 1, 8 (2007).

9. D. Kim, Y. K. Lee, S. S. Choi, and T. H. Kim, “Effects of

filler types and compositions on the physical properties of

chloroprene rubber”, J. Korean Inst. Rubber Ind., 32, 295

(1997).

10. N. Hewitt, “Compounding Precipitated Silica in Elastomers:

Theory and Practice”, Chap. 6, William Andrew Publishing,

Norwich, New York, 2007.

11. M. G. Maya, G. C. Soney, J. Thomasukutty, K. Lekshmi, and

T. Sabu, “Development of a flexible and conductive elasto-

meric composite based on chloroprene rubber”, Polymer

Test., 65, 256 (2018).

12. M.-H. Yeh, W.-S. Hwang, and L.-R. Cheng, “Microstructure

and mechanical properties of neoprene-montmorillonite

nanocomposites”, Appl. Surf. Sci., 253, 4777 (2007).

13. A. Das, F. R. Costa, U. Wagenknecht, and G. Heinrich,

“Nanocomposites based on chloroprene rubber: Effect of

chemical nature and organic modification of nanoclay on the

vulcanizate properties”, Eur. Polym. J., 44, 3456 (2008). 

14. Y. Chokanandsombat and C. Sirisinha, “MgO and ZnO as

reinforcing fillers in cured polychloroprene rubber”, J. Appl.

Polym. Sci., (2013), DOI:10.1002/APP.38579.

15. P. Sae-oui, C. Sirisinha, U. Thepsuwan, and K. Hatthapanit,

“Dependence of mechanical and aging properties of chloro-

prene rubber on silica and ethylene thiourea loadings”, Eur.

Polym. J., 43, 185 (2007).

16. B. P. Kapgate and C. Das, “Reinforcing efficiency and com-

patibilizing effect of sol–gel derived in situ silica for natural

rubber/chloroprene rubber blends”, RSC Adv., 4, 58816

(2014). 

17. C. Siriwong, P. Sae-Oui, and C. Sirisinha, “Comparison of

coupling effectiveness among amino-, chloro-, and mercapto

silanes in chloroprene rubber”, Polymer Test., 38, 64 (2014).

18. W. Feng, Z. Tang, P. Weng, and B. Guo, “Correlation of filler

networking with reinforcement and dynamic properties of

SSBR/carbon black/silica composites”, Rubber Chem. Technol.,

86, 676 (2015).

19. S. Mihara, R. N. Datta, and J. W. M. Noordermeer, “Floccula-

tion in silica reinforced rubber compounds”, Rubber Chem.

Technol., 82, 524 (2009).

20. C. G. Robertson, C. J. Lin, R. B. Bogoslovov, M. Rackaitis, P.

Sadhukhan, J. D. Quinn, and C. M. Roland, “Flocculation,

Reinforcement, and glass transition effects in silica-filled

styrene-butadiene rubber”, Rubber Chem. Technol., 84, 507

(2011).

21. G. Seo, S. Kaang, C. K. Hong, D. J. Jung, C. S. Ryu, and D. H.

Lee, “Preparation of novel fillers, named networked silicas, and

their effects of reinforcement on rubber compounds”, Polym.

Int. 57, 1101 (2008).

22. G. Seo, S. M. Park, K. Ha, K. T. Choi, C. K. Hong, and S.

Kaang, “Effectively reinforcing roles of the networked silica

prepared using 3,3’-bis(triethoxysilylpropyl)tetrasulfide in the

physical properties of SBR compounds”, J. Mater. Sci., 45,

1897 (2010).

23. C. Ryu, J.-K. Yang, W. Park, Y. Seo, S. J. Kim, D. Kim, S.

Park, and Gon Seo, “Reinforcement of styrene-butadiene/

polybutadiene rubber compounds by modified silicas with

different surface and networked states,” J. Appl. Polym. Sci.,

(2017), DOI:10.1002/APP.44893.

24. T. Sunada, Y. Abe, and N. Kobayashi, “Sulfur-modified chlo-

roprene rubber composition and molded body,” US patent 9

475 895 (2016). 

25. H. Desai, K. G. Hendrikse, and C. D. Woolard, “Vulcanization

of polychloroprene rubber. I. A revised cationic mechanism

for ZnO crosslinking”, J. Appl. Polym. Sci., 105, 865 ((2007).

26. B. J. Ramires and V. Gupta, “High tear strength polyuria

foams with low compression set and shrinkage properties at

elevated temperatures”, Int. J. Mech. Sci., 150, 29 (2019).

27. T. Ha-Anh and T. Vu-Khanh, “Prediction of mechanical prop-

erties of polychloroprene during thermo-oxidation aging,”

Polymer Test., 24, 775 (2005).

28. E. L. G. Denardin, D. Samios, P. R. Janissek, and G. P. de

Souza, “Thermal degradation of aged chloroprene rubber

studied by thermogravimetric analysis”, Rubber Chem. Tech-

nol., 74, 622 (2001).

29. I. C. Choi, W.-K. Lee, and C. Y. Park, “Cure characteristics,

mechanical property and ozone resistance of natural rubber/

bromo isobutylene isoprene rubber blend”, Elast Compos.,

53, 168 (2018).

30. J.-K. Yang, W. Park, C. Ryu, S. J. Kim, D. Kim, J.-H. Kim,

and G. Seo, “Effects of coupling and dispersion agents on the

properties of styrene-butadiene rubber/butadiene rubber

compounds reinforced with different silica contents”, Elast.

Compos., 53, 109 (2018).

31. Mettler and Toledo, “TGA of chloroprene rubber,” http://

www.mt.com.. 2019. 1. 17.

32. N. Rattanasom, P. Kueseng, and C. Deeprasertkul, “Improve-

ment of the mechanical and thermal properties of silica-filled

polychloroprene vulcanizates prepared from latex system”, J.

Appl. Polym. Sci., 124, 2657 (2012).



Reinforcing Performance of Networked Silicas in Silica-filled Chloroprene Rubber Compounds 53

33. C. J. Lin, T. E. Hogan, and W. L. Hergenrother, “On the filler

flocculation in silica and carbon black filled rubbers: Part II.

Filler flocculation and polymer-filler interaction”, Rubber

Chem. Technol., 77, 90 (2004).

34. K. Sengloyluan, W. K. Dierkes, J. W. M. Noordermeer, and

K. Sahakaro, “Reinforcement efficiency of silica in depen-

dence of different types of silane coupling agents in natural

rubber-based tire compounds”, KGK, 44 (2016).

35. S. N. Lawandy and M. T. Wassef, “Long-term oil-seal embrit-

tlement”, J. Appl. Polym. Sci., 37, 567 (1989).

36. J. Oh and J. H. Kim, “Prediction of long-term creep deflection

of seismic isolation bearings”, J. Vibroeng., 19, 355 (2017).


