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ABSTRACT: Gum deproteinized natural rubber (DPNR) and synthetic cis-1, 4 polyisoprene
vulcanizates (IR) having various degree of crosslink density were prepared. Gum whole natural
rubber (WNR) vulcanizates contain the same amount of curatives as DPNR were used as the
control for the DPNR. The influences of crosslink density on the mechanical properties such as
tensile strength, tear strength, heat build-up and crack growth resistance of the vulcanizates were
compared. Tensile strength of both DPNR and IR passed through an optimum with the crosslink
density and then declined as crosslinking increased. However, IR showed an abrupt drop in
tensile strength after the optimum resulting in a sharper maximum than DPNR and WNR. At the
comparable crosslink density, DPNR exhibited rather higher tensile and tear strength, and crack
growth resistance than those of IR. This might be due to crystallizability of IR was less than that
of DPNR and WNR at highly crosslink density. Nevertheless IR gave better heat build-up
resistance than both DPNR and WNR.

Key words: natural rubber; synthetic cis-1, 4 polyisoprene; crosslink density; mechanical
properties
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INTRODUCTION

It has been reported that proteins naturally existing in natural rubber (NR) latex can cause allergy
to the people using NR products [1]. Therefore, the deproteinized natural rubber (DPNR) might
be a more suitable raw material for producing low allergen NR products. Generally, soluble
proteins in NR latex can be removed by several methods such as deproteinization with a
proteolytic enzyme and surfactant, and y-radiation treatment [2,3]. It is found that the tensile
strength and green strength of NR are not changed by deproteinized with a proteolytic enzyme
and surfactant but they decrease dramatically after transesterification [4,5]. This means that
crystallization behavior of NR is not orniginally promoted by proteins but by fatty acids [4,6)].
Since the strength of DPNR is at the same level as the ordinary NR, it might be an alternative
raw material for an industrial use. Compared to synthetic cis-1,4-polyisoprene (IR) which does
not contain any proteins, DPNR crystallizes much more faster although their chemical
constitution 1s closely alike [7]. It is known that the fatty acids are still remained in DPNR as in
the case of ordinary NR. Thus the difference in the crystallization behavior of DPNR and IR
should be due, at least, to the presence of nucleating impurities, and the more perfect
microstructure in the DPNR [7]. In addition, crosslink density is another parameter influencing
on various properties of rubber vulcanizates such as modulus, tensile strength and dynamic
properties, etc [8). It is well known that the strength of rubber passes through a maximum with
crosslink density and then declines steadily as crosslink density increases [9,10]. However, the
crosslink density level to achieve the optimum properties of different elastomers are not the
same. Taylor and Darlin found that styrene butadiene rubber has a sharper maximum, which
occur at a much lower crosslinking, and it is much weaker than NR [11]. In this paper, the effect
of crosslink density on the mechanical properties of DPNR and IR were examined. The crosslink
density of gum DPNR and IR having the same amount of curatives was compared. The

properties of the DPNR and IR at the similar crosslink density were also discussed.

EXPERIMENTAL

Preparation of NR Samples

High ammonia (HA) concentrated latex (Hevea brasiliensis latex), purchased from Thai Latex
Co., Ltd. (Rayong, Thailand), was diluted to 30% dry rubber content using 0.5% w/v sodium
dodecyl sulphate solution. About 0.04%w/v of proteolytic enzyme was added into the diluted



latex. Subsequently, the mixture was incubated at 37°C for 15 h. The mixture was then
centrifuged twice at the speed of 13,000 rpm for 30 min. The obtained rubber cream fraction was
cast into thin film and dried at room temperature for 2 days. Consequently, PNR sample was
obtained. For preparation of WNR sample, the HA concentrated latex was cast on the glass
plates and left to dry at room temperature (ca. 30°C) for 2 days. The nitrogen content, which is
an indication of the amount of proteins, was determined by micro-Kjeldahl method to be 0.35%
and 0.02% by weight for WNR and DPNR, respectively. Synthetic cis-1,4 polyisoprene (JSR
IR2200) was used as purchase.

Preparation of Compounds

Compound formulations are given in Table 1. The numbers “1.00” indicate the base level of
curatives, while those with 2.00, for example, contain 2 times the level of curatives as the base.
The rubber used were ‘WNR', ‘DPNR’, or ‘IR’. If WNR was mixed with the base level of
curatives, it was designated as WNRI1.00x. The ratio of sulfur to TBBS (N-tert-butyl-2-
benzothiazolesulfenamide) is about 2.32-2.33 in all cases.

All ingredients, except the curatives were mixed with rubbers in a water-cooled 500 mL
internal mixer using a rotor speed of 40 rpm and a fill factor of 0.7. The total mixing time in the
internal mixer was 8 min. After dumping, the compound was further mixed on a two roll-mill for
1 minute. Then, the curatives were added and mixed for 5 more minutes. Finally, 10 end-roll

passes were made before sheeting off.

Table 1

Preparation of Cured NR Samples

Cure characteristics of rubber compounds were determined at 140°C with an oscillating disc
rtheometer (ODR), in accordance with ASTM D 2084-88. About 10 g of rubber compound were
used with a 1° arc. The cure time was the time at which the rheometer torque increased to 90% of

the total torque change on the cure curve.



Determination of Crosslink Density

The crosslink densities of NR samples were measured by swelling method. The thickness and
weight of sample used were about 1.2 mm and 0.8 g, respectively. The sample was immersed in
80 ml of toluene in the dark for 1 week at room temperature. The swelling ratio (Q) was
calculated: Q = 100 x (W, —W,}/W,, where W, and W, are weights of the swollen and unswollen

samples. The reciprocal swell value, 1/Q, was used as crosslink density. The value of crosslink

density was the average of three samples.

Mechanical Properties Measurements

Compression molded sheets having thickness about 1.2 mm were used for tear and tensile

testing. Tear and tensile properties of the specimens were measured according to ASTM D 412-

89a and ASTM, respectively. The measurement was carried out by using Instron Universal

Tester Model 4301. The crosshead rate was 500 mm/min with an initial clamp separation of 65

mm. The value of tear and tensile properties shown in Table 4 were averaged of 3-5 specimens.
Heat build up and crack growth resistance of the wvulcanizates were measured, in

accordance with ASTM D 623-78 (Goodrich Flexometer) and ASTM D 813-95 (using the

Wallace De Mattia flexing machine), respectively.

RESULTS AND DISCUSSION

The Mechanical Properties DPNR, WNR and IR at Various Crosslink Densities

Gum vulcanizates of DPNR and IR having various crosslink densities were prepared by varying
the amount of curing agents. To elucidate the effect of the nonrubber substances, esp. protein on
the properties at various crosslink densities, gum vulcanizates of WNR were also prepared and
used as the control. In this experiment, the gum vuicanizate containing lightly crosslink density
was not prepared because its strain exceeded the limitation of the current universal tester. The
sample with higher number had higher crosslink density. DPNR, IR and WNR with the similar
crosslink density (1/Q) were also prepared for comparing their properties at the comparable
crosslink density. Figure 1 shows relationship between the amount of curing agents and crosslink
density of the vulcanizates. At a specific amount of curing agents, IR possessed a higher
crosslink density than that of DPNR. However, at a very high level of curing agents, crosslink
densities of DPNR and IR become similar. Compared to DPNR and IR, WNR had the highest



crosslink density. This is because WNR contains nonrubber substances which can act as
vulcanization activators [12]. The absence of these natural activators in DPNR and IR results in a
greater requirement for the curatives to achieve the same degree of crosslink density. Figure 2
shows 100% modulus at a variety of amount of curatives. Same as crosslinking, WNR exhibited

the greatest 100% modulus, followed by that of IR and DPNR.

Figure 1

Figure 2

Tensile strength and tear strength as a function of crosslink density are plotted in Figures
3 and 4, respectively. As expected, tensile and tear strength of all vulcanizates passed through a
maximum with crosslink density and then declined as crosslink density increased. DPNR, IR and
WNR exhibited maximum tensile strength at the comparable crosslink density. This is when 1/Q
equals to 0.27. However, when the crosslinking was further increased, IR showed greater drop in
the tensile strength than that of DPNR and WNR. This might be due to crystallizability of IR was
less than that of DPNR and WNR at highly crosslink density. Furthermore tensile strength of
DPNR decreased faster than that of WNR at highly crosslink density. After the maximum value,
tear strength of all vulcanizates drop rapidly when the crosslink density was further increased.
The abrupt decrease of tear strength occurred in IR at a lower crosslink density than that of
DPNR while tear strength of WNR dramatically decreased at the highest crosslink density. The
results indicates that the range of crosslink density to achieve optimum tear strength of IR was
narrower than those of DPNR and WNR. It is reported that styrene butadiene rubber, which is
amorphous rubber, has a sharper maximum and the maximum occurs at a much lower

crosslinking than NR [11].

Figure 3




Figure 4

The Mechanical Properties DPNR, WNR and IR at a Similar Crosslink Densities

Since DPNR, WNR and IR vulcanizates differently exhibited mechanical properties as a function
of crosslink dénsity therefore the gum vulcanizates of WNR, DPNR and IR having comparable
crosslink density were prepared to eliminate the effect of crosslinking variation on their
mechanical properties All vulcanizates were prepared to have crosslink density of 0.27. This is
because the crosslink density of .27 was at the maximum region of all vulcanizates. Figures 5
compares 100% modulus of all vulcanizates. Although the vulcanizates had similar crosslink
density, there was a little difference in their 100% moduli. At this similar crosslink density,

DPNR showed comparable 100% modulus to that of WNR but lower than that of IR.

Figure 5

Figure 6 shows the tensile strength of the vulcanizates. It was found that tensile strength
of IR was rather lower than that of DPNR and WNR. This may due to the lower crystallizability
of IR than DPNR and WNR. In addition, tear strength of DPNR, shown in Figure 7, was the
highest followed by that of IR and WNR.

Figure 7

Crack growth resistance of the gum vulcanizates having comparable crosslink density
was also determined. The length of crack growth at 50 kcycles all vulcanizates was plotted and
shown in Figure 8. DPNR performed greater crack growth resistance than IR but similar to that
of WNR. As shown earlier, although DPNR and IR had similar crosslink density, the modulus of



DPNR was lower than that of IR. It seems that modulus is the most important factor influencing
on crack growth resistance of the vulcanizates. Since DPNR had the lowest modulus, the lowest
load was needed to deform it to the same level as IR vulcanizates. Thus, stress concentration at

the crack tip of DPNR was the lowest. As a result, crack propagation in DPNR was lower than
IR.

Figure 8

CONCLUSIONS

DPNR needed higher amount of curatives to achieve the same level of crosslink density as that
of IR and WNR. As the crosslinking increased, IR possessed greater decrease in tensile strength
after the maximum than DPNR and WNR. After the maximum, IR exhibited an abrupt decrease
in tear strength at a lower crosslinking than that of DPNR. In addition, DPNR yielded greater
tensile and tear strength, and crack growth resistance than those of IR at a comparable optimum
crosslink density. Therefore, DPNR might be an alternative raw material for producing low

allergen products instead of IR.
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Table 1 Compound Formulations

Ingredient Amount (phn

0.80x | 0.95x | 1.00x | 1.05x | 1.30x | 1.34x | 1.50x | 2.00x | 2.30x | 3.00x
WNR - 100 100 - - - 100 100 100 100
PNR 100 - 100 - - 100 100 [ 100 - 100
IR ’ - - 100 100 100 - 100 100 - 100
Stearic acid 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
ZnO 35 3.5 3.5 35 35 35 35 35 35 35
i-PPD" 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
™Q® 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Wax 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
PVT* 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
5 1.40 1.66 1.75 1.84 2.28 2.35 2,63 3.50 4.03 525
TBBS® 0.60 0.71 0.75 0.79 0.98 1.01 1.13 1.50 1.73 2.25

*N-(isopropyl)-N’-phenyl-p-phenylenediamine
®Polymerized 2, 2, 4-trimethyl-1-2-dihydroquinoline
“N-(Cyclohexylthio) Phthalimide
N-tert-Butyl-2-Benzothiazolesulfenamide
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Figure 1 Relationship between crosslink density and the amount of curing agents of
gum WNR, DPNR and IR vulcanizates
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Parameters Affecting the Mechanical Properties of Purified Natural Rubber Vulcanizates

o o

a1 Saulay’ wag oAU sudmaan’

TasamsTmaswauma TuTad Indiues serduifonasWaudnnmariuazimalulad

BANMABLHAR uRTIlyn 73170

AinfnulSyged

nndvinil auzInoimans urrinndvufina ATIMWA 10400

unfinge: Uil ldnageuauiAiBna wu usIRNYAYIA AMUNUADNITRLID LazATwAIUNIUNTiToad
vesuraYaa ludiwIsunnessssunAuSgnt (purified natural rubber; PNR) 1az0s550a7 1 Ao
Usznoudi hilsoeen (whole natural rubber; WNR) uaglddinisiiugaionneumidiiomion PNR 1)
U3 lnsaadres19um (crosslink density) A7WNA1 (hardness) uaz Tugdar (modulus) IndHsauues WNR #i
ludnugu wednu1lvidlefanavesiuunlsmariisemnimginavewnsssumavigni
wansnaasuaaslivuIinsi PNR IA7MuAenIsWLee Andt WNR ualinudiuniunmsifuad
o‘ 1 = -y o = ot n‘: =4 c: -3 ' o
#1711 WNR #fwSouningasonanauniia@eranuiu dramvinmisiiduislassadiesam anueds uazlug-
drrvpa PNR @1nd1wea WNR uanuiniidanudn anuuananduwesdfnalassadesumuaz Tugdmfivadn-
» (R v i < a ¥ = ] - o ] =t
voy 1 lidana A usadaigantauasanuduniumnfoaiives WNR Ltaz PNR uandsfiuuininudn 185

ATIUNUABNIIWLIBLANATINUBY 1T ARy

ABSTRACT: The mechanical properties such as tensile strength, flex-cracking and abrasion resistance of
purified natural rubber vulcanizate as well as a whole natural rubber (WNR) vulcanizate counterpart were
determined. Using WNR vulcanizate as the control, the compound formulationt was varied to prepare PNR
vulcanizates with a comparable crosslink density, hardness and modulus to that of the control in order to
verify the effect of such parameters on the mechanical properties of PNR vulcanizates.

When using the same compound formulation, PNR vulcanizate exhibited superior flex-cracking
resistance but inferior abrasion resistance than those of WNR vulcanizate due to its lower crosslink density,
hardness and modulus. Besides, a small difference in crosslink density and modulus would not considerably
affect tensile strength and abrasion resistance of WNR and PNR but it significantly influenced the flex-
cracking resistance.

KEYWORDS: crosslink density, purified natural rubber, mechanical properties
For further details, contact Dr. Nittaya Rattanasom, E-mail: stnrti@mahidol.ac.th
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1. umh

D199 BRI INI W IBIINYIR (Hevea brasiensis latex) Usznoufwduiiduomislslasniivey
unzeutiznoui lulvens Uiz 3-5%) 1Run Tviiu Tusau nimezdilu milulemsnunzmiseiiunidauqg
(1.2 dm“m\h:nnuﬂ'lu"liuuu1wﬁm‘;ﬂunionmﬁduq vowndonilugd nisthuniessssuyd Raundes
f]ummﬁaquﬂu?‘indaﬁmunmwnthmh :nouv‘“xﬂiuNoamilum?uuunnnnniuiqni{(PNR) (2.3, 4)

MuiteRtuneu MRummalisiuii PNR D8m1u321ums Jam lus$ini1s WNR [3.4) unziiSuimves
Tasandraiaundinss WNR namutanisimun 1ufeunfinin1§3unss (dynamic heat buid-up property) 1z
muTANIINUAB (flex-cracking property) wea PNR Ani1 WNR 331&p3uiwin PNR #3am luskuszuy BV
(efficient vuicanization) Dytunvealmtsndianiam fal8unTmrand iy Inddafan InsnRanuasly
Tu-saRdnin&iRoatiu (4) oonlsfmwdslibiuisols fdnviBouRvurudadainosis q vea PNR 1az
WNR ifie PNR 1oz WNR SR 2)3813 9 ivu YT Tnsaediam aounda wio Tugdn Infidoaiu

NI D InqUizasARe: Any wavead i zneuithilsu s rutRiSinns 1 4 Wy mulAnAdn
(tensile properties) AUTAMINLIL AR UM IUNToRd (abrason resistance) azMBANYII oA W3
ms 9 v dTnalassadesium anuudaues Tugde ¥o3 PNR uaz WNR SAwwuTusiinadenuiinn

A1 7989 PNR 18z WNR oo 13

2. JimInkne

2.1 musioy R dwmiuliiuiagAy  wisulsomitondu ssvunskunizen uwana 1ot ifiqungil

. oy 4
Woauaz lanuahmeszuwemaniwlufes

22 muafoy PNR dmiulfiduiagay. wisnlaninhenduuniesnfsasnsnw sodium dodecy!
. - - . o« - . - & v
sulphate sazUufoewu vy dmiveesTusau iunmedindes 15 #21Tus imiudwusuaiiFdumnTeailu

& - - - -+ - -
nd g 2 afaq az 30 uIR FawnTa 13,000 Teunnd ufWuewran TRy Wudsiquugiives

2.3 nmfiue Tulasiouly WNR uaz PNR
P luTansududeiveduiine Thsauluss winsafivfneTulaseugs YsnaTdsdulunad

T nImaaeail 18v 113010 Ty Tatiou 1auld3E semi-micro Kjeldaht method [3]

2.4 MINTVENNDUNTIAYEI WNR DS PNR

YIN1IHINDIe (WNR 30 PNR) nnzemaniien q Famaalum3nad 1 (omiu sulfur uaz 88S) 1u
indeswaruuuule (intemal mixer) Aiin1mg 500 ¥ Tauld fill factor 0.75 wnsA2T 2981 rotor 40 TEUAT
et 8 wit uk st Idsinnnaulundssnmuuuila Tnendy sulfur uns T88S Kunteanrures

annds Tneldmmmuuini ssnautoagnnia 5 uid
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MR 1 gRIvIINBUMIIRYE WNR (102 PNR

Ingredient U ild (phr)
WNR-l | PNR-I PNR-Al | PNR-A3

WNR 100 . . -

PNR 100 100 100
Carbon biack (N330) 50 50 50 50
stearic acid 1.8 1.8 1.8 1.8
Za0 35 35 1s 35
6-PPD* 1.5 1.5 1.5 1.5
™Q' 1.0 1.0 1.0 1.0
wax 1.0 1.0 10 1.0
PVl 0.1 0.1 0.1 01
s 1.75 1.75 210 2.30
TBBS' 0.75 0.75 0.90 0.99

*N-(1 J-dimethylbutyl)}-N'-phenyl-p-phenylenediamine, ° Polymenzed 2, 2, 4-tnmethyl- | -2- dihydroquinoting

° N-(Cyciohexylthio) Phthalimide, ° N-tert-Butyl-2- Benzothiazolesulfenamide

2.5 mrindnyaznisfant lue (vulcamization characteristics) ¥0I0NABUWIIA
- - - ‘ . . -
Satnyaznis Tam TusvewimuuInigu ASTM D2084-88 Rauinies Oscillating Disc Rheometer
- - - - - - -
(ODR; Monsanto Model R-100) iquuqil 140°%y uaz arc 1° a1 lglunisfom lususd wmivanided fs

1077 torque tngana (t_ 100)

2.6 mymfiuu Insaardr3519un (crossiink  density)
Mlao38 swelling test ungl¥Ingduitiudnbhnznwndrdwramiinfinalnsaod e am fwve
N3 Flory-Rehner [6-8]

2.7 mInroouauURITINAA N

ThonSam lususnzsialinareumidaniada (Faduaudis die C uozld Sasuialunisis 50
uy. Aeui) ANt AUMURBNIRLLe unzaAUMUNITITURR AWLINTY M ASTM D 412, ASTM D
2240, ASTM D 813 une ASTM D 5963 mudiwy
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3. nomInRanauazJersal
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naniInanaanuiimsdes Tliauniegiunseiusmadsenled udasuninaden s g
1] .' L] L] - o el -’ J - J - -l
runsousae i uh ilveseen Tdunz i forssssunatinnuuigniuniniulasyiuo Ty lasnsusaiudei

r o
varSunuTusAuaaninin 0.28 % (Tu WNR) tmle 0.02 % (1u PNR)

o - ’ ' - o
m9am 2 YTua Tasend e aurunsA ¥ aves WNR une PNR nian lus

preiam lud eIt TR CORY.E SEESRTY) ALY
(movm’) (shore A)

WNR-( 1708+ 2.4 655+ 13
PNR-| 1285+13 57.0+1.0
PNR-A1 1538+ 2.1 62.1 +09
PNR-A3 1727+ 0.8 641+09

AT 3 ureaiTuinTasandesaum uazendaves WNR uas PNR fitamlud deaquldi
PNR- TFwmTnsend i nuvinzanudiindt WNR-L finTouoingai@oddu savesautansfbalu
A3 197 4 urasl¥isiuiilugdn (50%, 100% uas 300% 1ugdn) ¥o3 PNR-| Atuus Ty T lumadoadufiod
N31903 WNR-1 uset1e13a 13 ifafigavia (tensile strength) 163 PNR-I In#ifivafuses WNR-I iazeana
"J'nﬂ1—'lu=§6'uf| Va0 1910013 7 PNR-I Qnﬁqﬁn‘lﬁumn’im':ﬁnm'luié‘uq Yu MY PNR- BAwruse
Tunnifia crystattize In&idosfuvesnisfan luddug Aowianiivia (5] Sadawalyf PNR- ﬂunﬁqi’iqmnﬂ'lnﬁ
frafuveaaTanm luFouq uazidoRe 138 1INIV WYL IALBITOLLAN (crack growth) SINNIINATBLAUTANS

wue A luglin 1 AU U IUT PUMINUNY PNR- IIN13U010YUH1AY8$3 BULANTATIN 1903 WNR- uaz

voartaTam lud Buq Wailidomeinnisii PNR- SulfuiaTassad e wunias Tugdod ndives WNR- i1
W PNR-1 #oanTsusafoondt WNR- Tunisfissihlfifamswuselussduifuadu dafuusefitaisveasoounn
(crack tip) A PNR-1 143U Ted 101909 WNR- uaziinavi Ifseouanlu PNR-1 vorouuiaiosndilu WNR-|
msnanesiidamuiimriugasdu PNR-AT Tufudiez e Tom Tudituiinndns sadresaummay
awndadings wNr-l d@mleo unTugde (50%, 100% unz 300% Tugdm) ved PNR-A1 Indifivafiuves WNR-|
un wazdenSvudoumiAtun ves PNR-AT uaz WNR-l suifu'ld) PNR-AT Hussdafigrunalndifvety
WNR-| udfi breaking strain #1071 WNR-1 timfey 11a2A151010911AYBITBUIANYBI PNR- A1 figandives
WNR- iife§nuauteuusaisanssiniiu Fieaiiaumauisinmsi PNR -A1 filugdn wndusuIndifvadiy
WNR 1fu miliEinisnszeiw (dissipate) usanTendsaud g3 dnnitu uarlumnausuil PNR srufans
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n1113# 3 muAnIIAsER (Tensile properties } ¥93 WNR uaz PNR fian1lusd

Tensile properties®
vulcanizate | 50% Modulus | 100% Modulus | 300% Modulus | Tensile Strength | Breaking strain
{(MPa) {MPa) {MPa) {MPa) (%)
WNR-I 1.86 + 0.13 372+022 20.1 + 0.6 289+ 0.4 415 + 21
PNR-I 1.43 + 0.08 2.80 +0.16 176+ 0.4 28.1 + 0.1 435+ 16
PNR-A1 1.84 + 0.04 373+0.14 215+03 276 +0.7 386 + 13
PNR-A3 2.20 + 0.04 415+ 0.09 22.0+05 28.4 + 0.4 377+ 8

Crath growth (mn}
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HouTznineg WNR- aoz PNR-A3 #ailTua Insandnimunuazussfafgavalndifivsfiu wudnish PNR-A3
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e
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undamlus Yinasoniigopde nuniiiadiueg)
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PNR-I| 1237+ 22
PNR-A 1045+ 13
PNR-A3 101.3+28
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