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Abstract

The purposes of this dissertation are to demonstrate that DSC theromoanaytical methods
of vulcanization can provide useful informations on the vulcanization characteristics of
industrial formulations and alse provides the potential basis for a rapid and complete method
of sulfur and vulcanizing accelerator analysis for quality control.

The influences of those factors such as heating rate, scan temperature, vucanizing accel-
erator’s type and concentration upon vulcanization exotherm in NR and NBR compounds in
the presence of vulcanizing accelerators such as TMTD,MBTS,DPG,TMTM,CBS, and MBT
were evaluated by means of DSC.

In order to examine the credibility in the DSC method, the same samples which were
used for DSC method were studied to compare the DSC results with the ODR (Oscillating
Disk Rheometer) data.

The results obtained were as follows
1. In the DSC dynamic experiments, the observed enthalpy results from vulcanization de-
pends upon the heating rate;

In the range of 2 to 20°C/min of heating rate, as the heating rate was increased the enth-
alpy change was also increased.

However, over the heating rate of 30°C/min it was observed that the enthalpy change
was decreased as the heating rate was further increased.

Without regard to the change of enthalpy, tremendous instantaneous heat evolving was

observed in the range of high heating rates.
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2. For the samples which are added with various vu canizing acceleraters, the activation

energies of vulcanization were as follows;

Rubbber ] | NBR

Accelerator | TMTD MBTS DPG ’ TMTM CBS MBT

Activation Energy, 81.2 134.0 85.1 67.0 82.5
E(KJ/mol)

3. Regarding to the influences of vulcanizining accelerator’s types upon the characteristics

of vulcanization exotherm,

NR and NBR compounds in the presence of thiuramsulphide

compounds type accelerators such as TMTD, TMTM, were exhibited sharper and higher

vulclanization exotherm than others.

From the resuts of DSC thermograms which was distributed in even shape in the broad

temperature range, it was clearly shown that the guanidine compounds type accelerator

such as DPG acts as a delayed acting accelerator.

4, In the comparison of DSC and ODR results, the dependency of temperature in the cure

rate and the observed conversions show good agreements between two results.

5. In the same curatives, by the comparison of glass transition temperatures, it was possible

to predict relative values of maximum torques.

Consequently,

from the present studies, it is showr that the DSC thermoanalytical me-

thod can provide an alternate new method for rapid and complete quality control analysis of

rubber industry.
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I = B
1. BREH
D 2 o EAER

KK mF- : RSS#1
NBR: Nipol N-32(Nitrile & 33%)
Nippon Zeon Co. #iF(HA)
Stearic acid : T2/ BEfE 2ulol=f, M.P.52
~57°C, HfIzE 204~208, &%=
AL
Sulfur : 355 18
Zinc oxide ; Z-F RIgAE(Z H & H15D)
1) JnE{EHER
LT mmERERs ARFEMAE(EER) #

.

a) TMTD: (Tetramethyl thiuram disulfide)

M.W. 240.43, M.P. 140°C LIF, ##8 me&

BxR
b) MBTS: Dibenzothiazyl disulfide

S S
@/\ /\@
C—S—s—cC
AN N
N N

M.W. 332,49, M.P.170°C LI F, 58 #

E=EVSEN
¢) DPG: 1. 3-Diphenylguanidine
H
@"Il\l M.W. 211. 27
\C=NH M.P. 140°C [}
N BBk =R

e
@——E
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d) TMTM:Tetramethyl thiuram monosulfide

M.W. 264.41, M.P.94°C [ I,
SHE IRAEH X
1) MBT: 2-Mercaptobenzothiazole

CH, CH
AN | i S8
N—-C—~S—C—N /S\ M.W. 167.25, M.P.
cHy” \CH, C—SH 173°C Lhk, 4B #3E
oo N7 %
M.W. 208.37, M.P. 103°C [l |, N i
B EEpRR
<N D M - 3 . .
e) CBS:N-Cyclohexyl-2-benzothiazoyl-sulfen o BEEE U BHAE
amide )
D ey FHE
/SN /CHa—CH ) BAE
CmS—N=CTH Ok mme) @R 2FEAS B Table 1
\N CH,—CH,” 5 7o},
Table 1. Recipe for NR, NBR éompounds. (phr)
Compound A B C D E F G H I J
NR(RSS#1) 100 100 100 100 100 R - - _ —
NBR (Nipol N-32) — - —_ - — 100 100 100 100 100
Stearic acid 1 1 1 1 1 1 1 1 1 1
Zinc oxide 5 5 5 5 5 5 5 &
Sulfur -— 2.5 2.5 2.5 2.5 - 2.5 2.5 2.5 2.5
Accelerator
(TMTD,MBTS,DPG) — 0.5 1.0 1.5 2.0 — - - - -
Accelerator
(TMTM,CBS,MBT) — -— —_ — — - 0.5 1.0 1.5 2.0
2) Differential Scanning Calorimetry (DSC) FEAlolol] BEZERS AAA o), o« BE

ol K3 BT

D RS 2 RE

* KR FRAT KR BREES o5
2

a) TA processor:

3

Mettler TC-10 (control
unit)

b) Low temperature DSC Cell: Mettler DSC
30

¢) printer/plotter: Print Swiss MATRIX

d) Nitrogen bomb with pressure reducing
value

e) Flow meter with needle valve: Mettler

27243

f) Microbalance: Mettler TG-50
ii) DSCHE %
Sl A BEfR,

ol ol Bt

ﬁ
=4

LERE Fo] #fT
153 Referenceiy & s

E
El
2o

16

#E MR SlolHE M o7dl fitfgsl &
71(Enthalpy Change, 4H)S Z#3 =S 3o

s
?

Tcn

)

Prurter 4
Platler

Tru':si:g)g

® Po rer cablz for furnace

® Power cable for DSC30 cell

(© Signal cable for DSC 30

@ Connecting cable to printer/plotter

® Connecting cable to microbalance

® Mains cable for printer/plotter

® Mains cable for TCI10

(® Mains cable for microbalance

(» Hand or foot transfer key

@ Gas tube for DSC 30 cell

Fig. 1. Schematic diagram of thermal analyser
unit
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@ Reference pan @ DSC sensor probe

® T signal
@ 4T signal
@ Purge gas inlet

@& sample pan

© Lid

@ Heater coil

® Body of furance

Fig. 2. Sectional view of the DSC measuring
cell

9l Aol DSCe HARFHE |}, (fig.2)

iii) DSC Calibration

heat flow calibrationz} temperature calibra-
tion®] + EfE=Z el A shgich

5 heat flow calibrationd] 4] = Indium(Ca-
libration Kit Mettler 20321)¢} ghf#25(28. 451/
2L Fiko 7 sl kgl calormetric sensitivity
EX configuration datas) A3l Fui#
temperature calibrationd] 4 = Indiumse] FhEY
A(156,6°C), lead®] miEL B(327.4°C)el Zincs)
giELk C(419.5°C)E configuration datad] AJy
B4l o},

3t furances} DSC sensorslo]d] JBRREEZRfH
of ol2 el MEIY WY ZRE WEste
time constant, TAU LAG: t}& Koz TH
o},

TAU LAG=TAU LAG(stored)

Ta—-Thb
A—B

7] A Tael Thi FiEikpEr (heating rate) A
2} B(K/min)el} 4] ¢] BiELo) o} 85

+60 for AYB

1. DSC dynamic scanning0l] 3} insm:
BN

1) mEBEHBK

RKaT 2 NBRe| EARMEFAEE AT
Hell 3t Bl KIES Milekr] Y8t €% fif
Tl 21 2) dynamic scanninge & o1& thermog-
<+ Fig.29} 2},

W7 BAA A BT 105~110°C Lol 4 ¢
W2 peakE B 4 QlEu o HHEL A—-RHE
£ 7 scanningsl®d gloiA T = B9 KD
100°Cel = Bhom Mol Rpld @EHe ol
K8 ZEEEe BREE Aoz A=,

28] D.W.Brazier&19.2 o} 100°CR-29] 1
# peakr} BEEEKA = 4713 ¢z, 100~
160°CE-Z9] FHh 3 ®# peak: nE 7 LISk
o gt 5, EEES S, TR, BeFERE
el 3te] Y7lvln BERIeL ol =ol K HEy
g EEAANE ERNER oz He glo
160°C Y-Z7tA = A2 ot 7 Wikl 9= B
o2 Bol v § Kool BEIL Aozt 44

25, RAZLF(RSS*1)e] 3 2, 5phr, pngg
{2 MBTS 1.5phrg BAT Rk 158°Cx

ram&

Ace.: CBS 1.5 phr

N8R compound { CT00 S

NEA compound

Ace. Bian
{Suttur. plark

e oty oy

Ack. BTS 15 gt
NR compound { g ypr: 2.5 pine

HEAT FLOW
EXOTHEAMAL
£.0000 MW

Suttur Biank

T T Lo T T T
123 150 160 180 20 E2e) 240 260 230
TEMPERATURE "C

Fig. 3. Typical BSC thermograms for NR,NBR.
compounds.
heating rate 10°C/min, purge gas nit-
rogen (50ml/min)
Formulation (phr): Rubber 100, stearic
acid 1, Zinc oxide 5, sulfur 2.5 or bl-
ank, Accelerator 1.5 or blank,
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3, =gk NBR(Nipol-32)s] # 2. 5phr, jn{ii#
# CBS 1.5phrg- a3k 3k 150°CH-Zd 4
RIS Al xtele] 168°CH-To) A JHEES o] 1
245°CH-Tol| A BEES B &vl uwbske] Ea In
R &I R o] BWEEHZ 4714
% Bho g Hol o] 150~250° CHEE | Al &) peak
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T e #FmEEs] A= B REd KT
B Aftelm 4 A=

T 260°CH-Zell A A 2sle] 280°Col i
WERE-- LY BEETE M ee
Fhn# (reversion)d] FHFo| =& Bl KT R
BREEY AR R 47 ALA =HE
FHE A2 A L BH5EA &

=3} baselineo] EREAA s+ AL bt
g el el = BRG] BB =v Bl
A7 A Skt Hegho] Bkt = Folelx A
Z5l e,

KT A BE 45~175°CHiEdG A =
kol 3.44mJ/g(°C)? =& 0.17%/°CL3w}
3 L.A. Woods} N. Bekkedahl= gl u} o)
I;]—' 38)

g J.J. Weed?® = jnigk gl RAILTF—K
Wam) HEBAE 90°Col A ohg3l 22 Wl
Aoz KEA L 3=

S'g0=2. 156—0, 478X

o714 (Xl Ef oj&=dE FBAK &
o]z, St 90°ColA ] HBkol= HEfr: J/g—
°Col e,

2) REHEES B8 9 S vA

F—gk Hftl #sld BBREES &4 2°C/
min, 5°C/min, 10°C/min, 20°C/min, 30°C/min,
40°C/min, 50°C/mino = =tz]3dt dynamic sc-
anningd] 4], o] Eeo] el = thermogramsz} 2
ReoezRH FERY 4H, To, TpTre Fig.3,4

s
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3} Table 2,3¢] vielytet,

AY| A BR KALT 2 NBR AR =%
RREES 2A F5E To,TpTeikd obi
T, AHogre KHKm S| k(s TMTDZ
BAT A HEEE 2~10°C/mind] 4 = & i
£} govt 20/minel] 4 &#E LiFsw o
LS RESE AL 20]/GRER —%T K
#e el ok, W RATLTA gL
#l MBTSE E4% 2% HEEE 5C/min
LR A 25)/GRE Y B#idko 2 FiEME)
qAlglol e —EE KMES HEREL 9o
& 4 gk,

9 NBREZAOI A 2w, Hngf{Zsfl TMTM
¢ MAT A%t FEEEES 2o E B
d 2 BEE BolAE o FEEES =
3hd AR 7 BEEC “insteist 10°C/ming)

EXOTHERMAL ~ ——=—=
5.0000 mW

HEAT FLOW

T T 0 T T
120 140 g5 120 200 229 245 250 280 E:
TEMPERATURE (°C)

Pig. 4. Variation of vulcanization exotherm of
NR compound with heating rate Dyna-
mic N, atmosphere at 50ml/min. Acc.
TMTD 1.O0phr.
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Fig. 5. Variation of vulcanization exotherm of
NBR compound with heating rate. Acc.
CBS 1.0phr
Dynamie N, atmosphere at 50ml/min,

A RS Bolm 20°C/mintE = 28]dH &
JEE & dvh, = mEEER CBSE Ba
T ASE G FREE 20°C/minst) & 2§
ol ®instrirl 30°C/mindel & o388 WA
e HRE Bolw gk olsk o] FEME
of wtel B#hE Y To.TpTritel ZehA: E
dioll B3l HEERAV RUE 3 OB ok 3
#F= ok glew, wwk D.W. Brazierf&!1%e] 7
REE 2~50°C/minfiEe] #%i% dynamic sca-
nningel) A FRHME 2~20°C/minFifHel] A & 7
HEE 5 BHEY) AV 2 MEdA
£ L3518 Folevtm gt

A B A= NBRe| (iR TMTME
Baes 3¢ BRistne Ad - EHAd
BelFa gvl, zeu} Fig3, 4ol 4 2 22
MERER aRdAE e REREAAE
N BEHECA 22 BEHS n des
9=k

1

ol & sl HERTRA BEET #Ehol B
He Al mEEES Fold BN BHE

Table 2. Effect of heating rate on DSC vulea.
nization exotherm in NR compounds
(Data calculated from DSD thermog-

rams)
Accele- H::atuég S‘j‘?:gﬁ’ r, Z.P 7;[? ?Hv
or (€S| G ] O 6| ebdo
2 f 27.3{ moi 136 165 16.2
5 i 18.2 144 149 180 15.0
10 27.3 150, 162 215 18.2
TMTD| 20 20.3! 165{ 173 237 25.3
30 22.9 170l 181 237) 20.4
40 0.2 175 18 255 20.9
50 19.1 182 194 260 19.1
23. 0! 140’ 162] 2000 20.7
5 18.4i 140 176 220] 26.2
10 20.9) 160 188 240 24.6
MBTS | 20 20.9 17oi 200, 250 24.1
30 19.4 180 209 270 26.8
40 20.0 190 212 280 25.5
50 18.8} 195! 220) 275 26.4
2 18.8 155‘ 175 205 15.6
5 17.5] 140, 168 216] —
10 20. 155 194 233 —
DPG 20 17.1 155‘ 204 — —
30 20.6/ 180 209 270 18.1
40 21.6 185. 213 270 19.9
50 22.3 190 218 280 16.5

Formulation{phr] : Rubber 100, Stearic acid 1,
Zinc oxide 5, Sulfur 2.5, Accelerator 1,

Table 3. Effect of heating rate on ISC vale-
anization exotherm in NBR compou-
nds. (Data calculated from ISC the-

rmograms).
Accele- Heﬁsltrég'%ggﬁ T, | To | Tg | 4H,
rator |(°C/ (megy | COI CO €O A/G)
min) |
2 16. 4 152; 162 187{ 28.5
5 20.2) 165 170, 210, 29.3
10 20.6/ 175' 180 230{ 34.4
TMTM 20 21.7| 185 1921 250, 30.9
30 20.2] 192 202] 265 30.1
40 20.0 197i 207 273 28.9
50 19.2] 205 213 277l 26.5
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2 17.2|  119] 139 220 14.3 :
5 17.7] 130, 1490 230 16.3 EEr
10 20.6] 150 165 245/ 32.3 \
CBS 20 18.6] 155/ 180, 260/ 37.2
30 19.4, 163 187 275 26.0
40 20.5 168 228 280 23.9

50 18.1 175 235 — @ — o r W

2 19.3| 120, 149] 200 21.9

5 19.9) 140 168 230| 27.4
10 20.3| 155 177} 250; 30.4
MBT 20 17.7 160 188 260, 31.7
30 20.2y 167| 201 270] 20.2
40 19.0/ 175/ 205/ 280 19.6
50 19.3 —| 209 290 —

-45 -

log [1/T 2]

Formulation {phr} : Rubber 100, Stearic acid 1, .
Zinc oxide 5, Sulfur 2.5, so | i
Acceler-atorl.

<1 3t RS fEkE 4 gtz Kyl 3k 7+ 20 2 22 23 v 25
A ReT FEEEANA R AWBE T e )
Kissinger equation?8Vq] BEAste] o] F¥E

IERERS Bad RARLT gl NBR &K Figz. 6. Kissingeer plot of NR compounds con-
N - - taining 1.0 phr of various vulcanizing
o S 2
2] wEiEfe 1A EE vhesh ol stel ket e rors.

gt oTMTO: AMBTS: DPG.
dlog(r/T?p) ____E ... @
Td(/Tp) 2.303R
OAE o4 241 .
dlog(r/T?p) ::—--2.—31(";3—12— d(1/Tp) - @)
@)AE #osd ol .
log(r/T?p) = —-—27%3—1((1 JT ) +C weere(3)

2 lﬁM RN log(r/T?p)ell HI 1/
Tpe: T3EsY d& BERY 727 E least
square methodoﬂ & Kl 2R =REH 7
71 The IERERE BeY mERXES EE
LAl A A& k& 5 gvt, Figs 62 RALT
1l NBRe)| %3 Kissinger plote]t}, Kissinger
equation® 1XXMES 7%=t BRES FH e
AR, A4 2E A% AL WRLAE - |
e Ui a donz o B MEENT B

‘I/TP x10% °K*}
3 MRS ~KRELE ¢ F 29 o
AN FEES] wilE MERES —kKIE Fig. 7. Kissinger plot of NBR compounds con-
- a taining 1.0 phr of various vulcanizing
r 1 o2 o] elpl 6D
e ERSF A dATE € 5 AUk accelerators.

Table 40| &= % InE(edERel T RRLT @TMTM; ACBS; mMBT.

tog {¥/T.})

-45
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Table 4. Effect of accelerator’s type on activa-
tion energy of vulcanization.

Activation energy

P
|

Rubber Accelerator E(k]/mol]
TMTD 81.2

NR MBTS 90.8
DPG 134.0
TMTM 85.1

NBR CBS 67.0
MBT 82.5

Formulation(phr]): Rubber 100, Stearic acid 1,
Zinc oxide 5, Sulfur 2.5, Acc-
elerator 1.

2 NBRIEKIES EHaAdAE Jetulel,
Q714 e RKRDF9) 3 WFKEER TMTD
£ BAY 7%t 81.2K]/mole 74 dgka,
t}-& MBTS7} 90.8K]J/mol, 28] 32 DPG~} 134.
OK]J/molg ez, TMTD7} #B{RiER, MBTSsH
BBRIEER, DPGrl HRER =2 SEslz =
Az & —FHEE & 4 gk g, NBRY A
Sl A= & MnEE{REme NBRe #3 mEE
EN Y 230 ARKMI FL —HE Rz gl
=t

DEE &8 2o 27 dut el 44
By stz RIEAe Y LR RE I
el kgt MERKES] HEHEE] TuT Al
HEolAA DSCE #fEe] zbwtstx Kefiel A
A Aele HEIEE —FHL MEFTHEAAY
IFINERESY RERD FE o BEHNS
2 ERE F g &

3) InE{TERY R w8 B&

KR Td & =HSTH mEEEE TMTD,
e o} &% MERER MBTS, Tohvwl % (e
% DPGE fiasta, NBRe|& v %35 mE
fesgEm TMTM, <siobn]l =% Ing{RER CBS,
Elob &% mE{T#EH MBTE E&std AHEE
EE 10°C/minz stu EFE/t2E FEF/IER
3le] scanningdt fEE Fig.7,8z 72 thermo-
gramg dgirl, Fig.8e) 4 NBRe] ZfZhii:<
Eoff %9 EAE =% 2,5phre F—x i
HREHS = 1.0phrz H—3l2 FEEdw
I= 30~34)/g2  ZEEJ g vk IR
JEHS HEIE wE ALFE I E gL

—»
—

Tp =188°

HEAT FLOW
EXOTHERMAL
5.0000 mW

T T I 1 T ]
140 160 180 200 220 250
TEMPERATURE ("C)

Fig. 8. DSC scans 10°C/min, NR compounds
with various accelerators(l.0phr).

—>

HEAT FLOW
EXOTHERMAL
50000 mW

7H, =304 /G

T I T T
140 160 180 200 220 240 260
hd TEMPERATURE {°C)

Fig. 9. DSC scans 10°C/min. NBR compounds
with various accelerators(l.0phr).
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23
22 2 El-$3% iR TMTDe} TMTM
<+ e R BRERE SES T e,
DSC thermograme) A & -2 INFHBHEEA
A el SFSE FE peakE Relw, KA
&l ASede ToTpTeitel 25 elobER
InE(RER MBTSY TFobd % mnEieiEdiil
DPGr et Yhe gr-& vebz et
=3k NBRE A A, B 525 mERER TM-
TML Esjobv] =% MnE{RER CBS, elobEHk
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Fig. 9. Cure curve for the comparison of de-
pendence on various vulcanizing accel-
erators in NR compounds, curing tem-
perature 160°C.

Formulation (phr): RSS#1 100, Stearic
acid 1, Zinc oxide 5, Sulfur 2.5, Acec-
elerator 1.5.
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Fig. 10. Dsc isothermal thermogram for the
comparison of dependence on various
vuleanizaing accelerators in NR com-
pounds, scan temperature 160°C.
Formulation (phr): RESx1 100, stearic
1, Zinc oxide 5, Sulfur 2.5, Accelera-
tor 1.5.
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Fig. 11. Cure curve for the comparison of de-
pendence on various vuleanizing acce-
lerators in NBR compounds curing
temperature 160°C. .
Formulation (phr): Nipol N-32 100,
Stearic acid 1, Zinc oxice 5, Sulfur
2.5. Accelerator 1.5.
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Fiz, 12. DSC isothermal thermogram for the
comparison of dependence on various
vulcanizaing accelerators in NBR com-
pounds, Scan temperature 160°C.
Formulation(phr): Nipol N-32 100. St-
earic acid 1, Zinc oxide 5, Sulfur 2.5,
Accelerator 1.5.
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Fig. 13. Cure curve for the influence of vule-
anizing accelerator level on NR com-
pounds containing accelerator TMTD,
curing temperature 150°C.
Formulation (phr): RSS#1 100, stearic
acid 1, Zinc oxide 5, Sulfur 2.5, Acc-
elerator 0.5,1.0,1.5 or 2.0
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Fig. 14, Variation of DSCi sothermal thermog-
rams of NR compounds containing
accelerator TMTD with accelerator
level, scan temperature 150°C.
Formulation (phr): RSS#1 100, Stearic
acid 1, Zinc oxide 5, Sulfur 2.5, Ace-
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Fig. 15. Cure curve for the influence of wvule-
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curing temperature 166°C.
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Fig. 16, Variation of DSC isothermograms of
NBR compounds containing accelera-
tor TMTM with accelerator level, scan
temperature 160°C.
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pounds.
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