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SYNOPSIS

It is well known that the use of binary accelerator systems in rubber vulcanization provide
better physical and chemical properties to the vulcanizates. The present work reports the
results obtained on the study of amidinothiourea as a secondary accelerator along with
tetramethyl thiuram disulfide (TMTD) in the sulfur vulcanization of natural rubber. Vul-
canizates containing amidinothiourea have an appreciable increase in mechanical properties
and better retention of these properties after aging compared to the reference mixes used.
These mixes containing amidinothiourea showed appreciable reduction in optimum cure
time as well. This suggests a nucleophilic reaction mechanism in the vulcanization reactions
under review. Mixes with varying concentrations of amidinothiourea were tried; and the
optimum level of amidinothiourea required has been derived based on the cure characteristics
of the mixes and physical properties of the vulcanizates. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

Compared to the use of a single accelerator, mixed
accelerator systems in rubber vulcanization are
known to give superior chemical and physical prop-
erties to the vulcanizates.!™* Consequently binary
accelerator systems are widely used in the rubber
industry. Thiourea and its derivatives are known to
have advantageous properties in this context, es-
pecially in the vulcanization of natural rubber (NR)
and neoprene latices.®*® Some of the important
members of this class are ethylene thiourea, N,N'-
dimethylthiourea, diphenylthiourea, Sym di-o-to-
lylthiourea, N,N’-dibenzthiazolyl-N,N’'-dimethyl-
thiourea etc. In the vulcanization of NR latex using
tetramethyl thiuram disulfide (TMTD)/thiourea
binary systems, thiourea is found to enable TMTD
to operate at lower vulcanization temperatures.® Di-
thiobiuret derivatives of thiourea were also tried in
our laboratories as secondary accelerators in the
sulfur vulcanization of NR? and styrene butadiene
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rubber!® with promising results. A nucleophilic re-
action mechanism was established in these vulcan-
ization reactions. Such a suggestion was also made
by Philpot® in similar vulcanization systems even
though no conclusive proof was given. It is known
that accelerators in which sulfur is combined as
S—S, C—S—C, or S—N are generally inactive
at lower vulcanization temperatures because of the
high thermal stability of their sulfur bonds. Philpot
suggested an ionic mechanism in which the S— S
bond in the primary accelerator is cleaved by the
nucleophile produced from thiourea. Kuriakose et
al.%!! extended this study to different dithiobiuret
derivatives of thiourea and the results agree with
the suggestions made by Philpot. As a continuation
of this study we selected an amidinothiourea deriv-
ative of the general formula (I) as a

H_N-C-NH-C-NH
2
it "
S NH

2

secondary accelerator. We used 1-phenyl-3(N,N’-
diphenylamidino) thiourea (II) synthesized accord-
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ing to Kurzer and Sanderson'? along with TMTD
as the primary accelerator.

H.C_~-NH-C-NH-C-NH-C
576 " I
S NC6H5

6H5

One of the aims of this study is to give further
proof of the nucleophilic reaction mechanism pro-
posed in similar sulfur vulcanization reactions re-
ferred to earlier. 1-Phenyl-3(N,N’-diphenylami-
dino ) thiourea (ATU) is more nucleophilic in char-
acter and should give a lesser optimum cure time
compared to the reference mixes used. Different
mixes using varying amounts of ATU with TMTD
were tried in standard recipes. Reference mixes con-
taining thiourea, diphenyl guanidine (DPG), and
mercaptobenzthiazyl disulfide (MBTS) were also
prepared. The cure characteristics of the mixes were
evaluated using an elastograph. Mechanical prop-
erties, total cross-link density, etc., of the vulcani-
zates were also determined. From the results ob-
tained it is seen that the more nucleophilic the sec-
ondary accelerator is, the less the optimum cure time
obtained. This points to a nucleophilic reaction
mechanism in these vulcanization reactions. More-
over the vulcanizates containing ATU showed a def-
inite increase in many of the tensile properties and
good retention of these properties after heat aging.
The optimum dosage of ATU required to get satis-
factory cure time and favorable physical properties
has also been derived.

EXPERIMENTAL

Preparation of ATU

ATU was synthesized according to Kurzer and
Sanderson.’? A solution of DPG (0.01 mol) and

Table I Formulation of Mixes

phenyl isothiocyanate (0.01 mol) in benzene (50
ml.) was refluxed for 2 h. The reaction mixture was
then concentrated under reduced pressure to 10-15
mL. Petroleum ether (60-80°C) was added until the
solution became cloudy. After 12-14 h the product
that crystallized out was collected and recrystallized
from an acetone—ethanol mixture (MP 163°C).

NR conforming to ISNR-5 used in the study was
obtained from the Rubber Research Institute of In-
dia, Kottayam. The rubber additives used, zinc ox-
ide, stearic acid, MBTS, TMTD, DPG, thiourea
(TU), and sulfur were all of rubber grade.

The formulations of the different mixes used in
the present investigation are shown in Table I.
Mixes B,—B, are reference mixes. Mix B, contains
only TMTD as accelerator. Mixes B,-B, contain 1
phr of TMTD with 1 phr each of MBTS, DPG, and
TU, respectively. Mixes A,-A; contain different
amounts of ATU ranging from 0.5 to 1.5 phr, with
1 phr of TMTD. Mix B; contained only ATU as
accelerator and it cured so slowly that this mix was
not used.

The mixes were prepared on a laboratory size two
roll mixing mill (6 X 12 in.) per ASTM designation
D3182-89. The cure characteristics of the mixes were
obtained on a Goettfert elastograph (model 67.85)
at 150°C. The stocks were then vulcanized up to the
optimum cure time in an electrically heated hy-
draulic press at 150°C at a pressure of 120 kg/cm?.
Dumbbell tensile test specimens were punched out
of the test sheets along the mill grain direction. The
tensile properties of the vulcanizates were deter-
mined on a Zwick Universal Testing Machine model
1445 using a crosshead speed of 500 mm/min
(ASTM D412-87 method A). Heat-aging resistance
of the vulcanizates was studied by aging the samples
for 48 h at 70°C in a laboratory air oven (ASTM
D865-88). Angular test specimens were used to
measure the tear resistance according to ASTM D
624-86. A Shore A type durometer was used to find
the hardness of the vulcanizates (ASTM D2240-86).

Ingredients A, A, A, B, B, B; B, B;
Natural rubber 100 100 100 100 100 100 100 100
Zinc oxide 5 5 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2 2 2
TMTD 1 1 1 2 1 1 1 —
MBTS — — — — 1 — — —_—
DPG — — — — — 1 — —
TU — — — — — — 1 —
ATU 0.5 1 1.5 — 2
Sulfur 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
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Figure 2 Cure curves of the mixes A,, Az, and B;.
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Table II Cure Characteristics of Mixes (Cured at 150°C)

Mixes

Al A2 AS Bl B2 B3 B4
Min. Torque (dNm) 0.5 0.8 0.7 0.7 0.6 0.4 0.7
Mazx. torque (dNm) 20.4 22.2 23.2 22.6 24.0 17.8 25.0
Optimum cure time ty, (min) 2.6 1.8 1.6 4.4 7.4 2.6 1.8
Scorch time® t;, (min) 2 1.2 1 2.4 3 1.8 1.2
Induction time t; (min) 1.3 0.7 0.5 1.8 2.1 1.5 0.9
Cure rate index 166.66 166.66 166.66 50 22.72 55.55 166.66

® Elastograph scorch time.

To determine a compression set, samples of 1.25-
cm thickness and 2.8-cm diameter were prepared in
duplicate and compressed to constant deflection
(25%) and kept for 22 h in an air oven at 70°C.

After the heating period the samples were cooled to
room temperature, the final thickness was measured,
and the compression set was calculated (ASTM
D395-89 method B). A Goodrich flexometer con-
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Figure 3 Variation of tensile strength of vulcanizates with concentration of ATU.
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Table III Tensile Properties of Various Vulcanizates

Tensile Strength (MPa) 100% Modulus (MPa) Elongation at Break (%)
Before After Retention Before After Retention Before After Retention
Mixes Aging Aging (%) Aging Aging (%) Aging Aging (%)
A, 22.88 12.00 52.4 1.92 2.00 104.2 702.10 560.45 79.8
A, 21.91 13.36 61.0 1.85 1.94 104.9 704.70 602.75 85.5
Aj 22.82 10.91 47.8 1.92 2.00 104.2 704.52 530.68 75.3
B, 20.23 2.47 12.2 0.78 1.24 159.0 607.01 168.31 27.7
B, 2.39 1.88 78.7 1.32 1.38 104.5 192.36 143.05 74.4
B; 23.29 21.16 90.9 1.02 1.16 113.7 749.20 695.70 92.9
B, 23.39 20.37 87.1 1.00 1.20 120.0 779.36 673.73 86.4

forming to ASTM designation D623-88 (method A) (BS 903 Part A8) and the abrasion resistance was
was used for measuring heat build-up. Rebound re- measured using a DIN abrader (DIN 53516).
silience was measured using a Dunlop tripsometer The cure characteristics of the mixes were deter-
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Figure 4 Variation of 100% modulus of vulcanizates with concentration of ATU.
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Figure 5 Variation of elongation at break of the vulcanizates with concentration of

ATU.

mined from the cure curves (Figs. 1, 2) and the val-
ues are reported in Table II. Induction time is the
time for one unit rise above minimum torque (i.e.,
about 5% vulcanization). Elastographic scorch time
t10, is the time for two units rise above the minimum
torque; the cure rate index is reported as 100/ tgo—
t10 where tyy and t,; are the times corresponding to
the optimum cure and the elastograph scorch, re-
spectively.

Determination of Chemical Cross-Links

The chemical cross-link density (1/2M,) was cal-
culated using the Flory-Rehner equation, 2
_pV(V)R

—[In(1-V,) + V, + xV?
[In( ) xVil M,

where p, = density of test specimen (0.921 g/cm?®);
V., = molar volume of solvent [V, (toluene)
= 106.2 cc/mol]; X = the parameter characteristic
of the interaction between rubber and solvent!*
[ X (NR-toluene) = 0.42]; M, = number average molecular
weight of the rubber chains between cross-links; and
V; = volume fraction of rubber in the swollen net-
work. Samples of approximately 1-cm diameter, 0.2-
cm thickness, and 0.2-g weight were punched out
from the central portion of the vulcanizate. These
were then allowed to swell in toluene for 24 h. The
swollen samples were taken out and weighed. The
solvent was removed in vacuum and the samples
weighed again. The V, in the swollen network was
then calculated by the method reported by Ellis and
Welding® from the equation:
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Figure 6 Tensile strength of vulcanizates containing equivalent concentrations of TMTD

with ATU, MBTS, DPG, and TU.

(D FT)p;?
" (D—FT)p;" + Apps?

where T = weight of the test specimen; D = weight
of the deswollen test specimen; F = weight fraction
of insoluble components; A, = weight of the absorbed
solvent corrected for the swelling increment; p,
= density of test specimen (0.921 g/cm?®); and p,
= density of solvent (0.886 g/cm?).

RESULTS AND DISCUSSION

The various experimental observations of the pres-
ent investigation indicate a definite accelerator ac-
tivity of the ATU in TMTD /ATU binary systems.
It also points to a nucleophilic reaction mechanism
in these systems of NR vulcanization. The cure
characteristics of the various mixes are given in Ta-
ble II and the cure curves in Figures 1 and 2. The
reference system B, contains TMTD alone as ac-
celerator and when compared to mix Az containing
1.5 phr of ATU, the latter shows an optimum cure
time of almost one-third of that of the former. This
shows that the ATU derivative has very effective
accelerator activity in these systems. But the latter
mix shows very low scorch time, which may cause

processing problems. When the amount of ATU is
reduced to 1 phr (mix A,) cure time is found to in-
crease slightly but the mix is still scorchy. However,
when the amount of ATU is reduced to 0.5 phr (mix
A,) there is substantial reduction in optimum cure
time (almost half compared to mix B,). But at the
same time scorch time is satisfactory and this can
be considered as the optimum level of the secondary
accelerator. The stocks A,, B,, Bz, and B, contain
1 phr of TMTD with 1 phr each of ATU, MBTS,
DPG, and TU, respectively. The optimum cure time
for mix A, is almost one-fourth of the TMTD/
MBTS system (mix B,). The results definitely show
that ATU is a better secondary accelerator compared
to the other reference mixes. ATU being more nu-
cleophilic than the other secondary accelerators
tried, the results also point to a nucleophilic reaction
mechanism in the systems under review. However,
based on a recent review of the fundamentals of ac-
celerated and unaccelerated vulcanization,® the
possibility of an ionic mechanism initially and a free
radical mechanism subsequently cannot be ruled out.
In view of the fact that practical cure systems can
be obtained using ATU in the sulfur vulcanization
of NR, these systems were further investigated with
respect to physical properties of the different vul-
canizates. To correlate the variation in physical
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Figure 7 Modulus, 100%, of the vulcanizates containing equivalent concentrations of
TMTD with ATU, MBTS, DPG, and TU.
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TMTD with ATU, MBTS, DPG, and TU.



Table IV Other Properties Evaluated
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Abrasion Tear Total Cross-link
Hardness Compression Heat Build-Up Resilience Loss Strength Density
Mixes (Shore A) Set (%) (AT°C) (%) (cm®/h) (N/mm) (X10° gm mol/cm?®)
A, 30 28.30 12.1 72.74 5.09 31.92 4.90
A, 30 33.43 12.5 74.59 4.8 28.48 5.44
A; 31 34.42 11.9 73.13 5.38 31.97 5.18
B, 39 19.21 7.8 78.35 7.6 34.52 6.31
B, 36 13.55 5.0 85.32 15.2 31.66 6.87
B; 32 20.04 9.1 77.23 2.54 33.24 5.82
B, 37 33.10 12.4 76.48 4.8 34.16 5.66

properties observed, total chemical cross-links in the
vulcanizates were also estimated.

Table III shows the various tensile properties of
the vulcanizates. Figures 3-5 represent the variation
of tensile properties with the concentration of ATU.
The tensile strength and 100% modulus of the vul-
canizates do not change much with an increase in
the amount of ATU up to a concentration of 1.5 phr.
This is in agreement with the estimation of total
chemical cross-links that do not show much varia-
tion with variation in the concentration of ATU.
The aging resistance of the vulcanizates from mixes
A;-A; is comparable to that of the reference mixes
B,-Bs. A bar graphical representation of the tensile
strength, 100% modulus, and elongation at break
both before and after aging of the reference mixes
and 1:1 mix of TMTD and ATU is given in Figures
6-8. Other physical properties studied are hardness
(Shore A), compression set, heat build-up, resil-
ience, abrasion loss, and tear strength. These data
are given in Table IV. The values of hardness and
compression set are seen to increase with the con-
centration of ATU. The other properties do not show
much variation. The total cross-link density does
not show appreciable change with an increase in the
amount of ATU (mixes A;~A;, Table IV) and the
values are comparable with those of the reference
mixes.

CONCLUSIONS

ATU can be advantageously used as a secondary
accelerator in combination with TMTD in the sulfur
vulcanization of NR. There is appreciable reduction
in optimum cure time by the use of ATU in these
vulcanization systems. Because ATU is more nu-
cleophilic than the reference compounds, the results
clearly indicate a nucleophilic reaction mechanism
in the systems under investigation. The physical
properties studied also showed favorable trends
compared to the reference mixes. Practical cure sys-
tems with optimum concentration of ATU have also

been suggested. The after-aging properties of vul-
canizates containing ATU are also found to be fa-
vorable.
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