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ABSTRACT: Various mechanical properties including tensile strength of natural rubber (NR)
and polybutadiene (PB) containing 10 phr of polynorbonene (PN)-vulcanizate-powder with
the particle size ranging from 50 to 600 um (average . 300 um) were investigated. The
amount of PN powder was varied up to 40 phr in order to investigate the effect of PN level
on the properties of the carbon black-filled-natural rubber (FNR). Tensile fracture surface
was observed using a scanning electron microscopy (SEM) in order to interprete the findings
in the tensile test. The rate of cure of the rubber compounds increased but maximum torque
decreased with adding PN powder. Addition of PN powder into PB rubber compound having
lower ténsile strength did not give any big changes in the tensile strength. However, in the
case of NR compound which is stronger in tensile strength than the PN powder, the tensile
strength decreased significantly with adding PN powder. The observed result was explained
by two different fracture mechanisms found through the investigation of fracture surfaces.
Typical ‘Schallamach pattern’ was observed and the surfaces among the ridges were found to
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be rougher as the PN powder was added. In the case of FNR compound, glass transition tem-

perature, T, stayed constant, tan & between 0~70 C and heat build-up increased and re-

bound decreased as the PN powder loading was increased. Skid resistance of FNR compound

on a wet concrete at room temperature was found td be unaffected by the PN powder level

of up to 40 phr.

Keywords: polynorbonene, vulcartizate powder, mechanical property, natural rubber, polybutadiene.
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M 2. B dPdA A1EE ZFAEZE SMR-
CV60 (Standard Malaysian Rubber-constant Vis-
cosity 60, Malaysia) 7} BR-01 (cis-1,4-
polybutadiene, cis #3 :97% o], Korea
Kumho Petrochemical Co., Ltd.)ejlc}. 713&¢
o A1gE Ags =32 CdF ChimeAldlA 7|ad
Zelczrozn UYFHA 2de o 80phr &
AA7) grade (Norsorex 8AR)E Nippon-ZeonAl
27 7Yt o] ArEe EAHH fede]
2%, T,E Table 1o Uehiqlch BAAZ A€
7122 (Lucky Material Co., Litd., Korea) & &gl
el B e N-234, v @i N-330 o
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Table 1. Molecular Weight, M, and Glass-Tran-
sition Temperature, T, for Polybutadiene, Natu-
ral Rubber, and Polynorbonene

material M, (g/mole)*  T,(TC)*
BR-01(polybutadiene) 440000 -96
SMR-CV60(natural rubber) 1100000 -76
Norsorex (polynorbonene)? 3000000 35

¢ No-oil-extended polynorbonene, data for molecular weight
and glass-transition temperature were obtained from the pro-
ducer’s catalogue.

b Weight-averaged molecular weight by a gel permeation chro-
matography (GPC) at 80 C using ultrastyragel column
(103~ 108 angstrom) in toluene.

“Determined by a differential scanning calorimetry (DSC) at
a heating rate of 10 °C/min.

40 %, paraffinic 27 %, naphthalene 33%, Chonk-

wang Uwha, Korea)& A&-3itt. 3 7}3A) A
Ho g ZnO (Sambo Co., Ltd., Korea), stearic
acid (Pyonghwa Chemical Co., Ltd., Korea), NS
( N-t-butyl-2-benzothiazol sulfenamide, Dongyang
Chemical Co., Korea), ground sulfur (Seikwang
Chemical Co., Korea)& z}7} ALg-3}5it}.

PN E2e] Az Table 29 Yehd ZAMY 2 in-
ternal mixer (Banbury type)E& o]&3le 33
F 150 ColA of 358 B Jp3NRSAA o
20 mm %7]¢] #o]EE 9%, dynamic mechani-
cal analysis (Rheovibron, model : DDV-III, Toyo
Baldwin, Japan)d] ¢]3 PN ujgtuFe fa]do)
SEE 9 1I5TE Jeigth o] 713 HolEE
two-roll mill (model : M8422AX, Farrel Co., U.S.
A)E ol& #38ld =7]7} oF 50~600 tm (FF
1300 pm) EAE 7R BEE A9, o]F A
AL-8H o}

IFAES] &yl 1% Hog-cof wige 13152
2 13E2A 9 &g AT RE wiFHIES A
AL internal mixer (BR mixer, model : 82BR,
Farrel Co., US.A.) & o]&3}d 9 120 C ZHdA
687 3ttt o] TREFEL two-roll mill
(model : M8422AX, Farrel Co., US.A.)& oj&3}
o] °F 100 CollA 3E5¢ LT & QoA o 1
A1 #x) 8k o

124 i fe 58 Al oF 28 B UHH £
713EA o F& FdA EfSAT. 23 Wi
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Table 2. Composition of Polynorbonene Powder

ingredients loading level (phr)
Norsorex-8AR* 180
N-234 40
Zno 3
Stearic Acid . 1
Ns® 5
S 2

¢80 phr of aromatic oil-extended polynorbonene.
® N-t-buty1-2-benzothiazole sulfenamide.

Table 3. Rubber Compound Recipes

(unit : phr)

compound UPB+ UNR+ FPB+ FNR+

name’ UPB PN10 UNR PNI0 FPB PN10 FNR PN10
BR-01 100 100 - - 100 100 - -
SMR-CV60 - - 100 100 - - 100 100
PNpowder - 0 - 10 - 10 - I
N-330 - - - - 5 5 50 50
Zn0 3 3 3 3 3 3 3 3
stearicacid 1 1 1 1 1 1 1 1
aromatic ol  — - 5 5 5 5
Ns? 1 1 1 1
S 2 2 2 2 2 2 2 2

cure time at

160°C (min) % 2% 15 15 15 15 15

¢UPB : unfilled polybutadiene rubber compound, UNR+PNI10 : un:
filled polybutadiene rubber containing 10 phr of PN powder, UPB :
unfilled natural rubber compound, UNR+PNI10 : unfilled natural
rubber compound containing 10 phr of PN powder, FPB : carbon
black-filled-polybutadiene rubber compound, FPB+PN10 : carbon
black-filled-polybutadiene rubber compound containing 10 phr of
PN powder, FNR : carbon black-filled-natural rubber compound,
FNR+PN10 : carbon black-filled natural rubber compound contain-
ing 10 phr of PN powder.

¢ N-t-buty1-2-benzothiazole sulfenamide.

¢ Loading level was varied up tc 40 phr.

d A8¥ FALE F TR WA E I
% ASTM D3182¢} D3184E uwisks, £ oA
AHRE 7 Hohese =49} 71821 e Table
3ol Yehi At

) R AN 7RA 7 rheometer (R-100,
Monsanto Insfrument, US.ADNE o]&3ld 160 C
A Q& FIEFHo2RE HAY AL AR
3L (Table 3), 7}8=# A (Hanil Co., Korea)Z
ol &3ty 7 1T HAuterol thd EPAEE AR
£ Az
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of 2mm FAl9 olFE mEAHEA disf AFAA
7] (model : 6021, Instron, U.S.A.) & °]&3ldq &3
st} oMol APzAegE AL ¥ 500 mm/
min®] crosshead £5& 3F&3lgon, Hze
ASTM D412& w3ttt n7 Fde=e 53 H&
4 EA& rheovibron (model : DDV-1, Toyo
Baldwin, Japan)& o]&3le -70 C~70 C9 &%
Welo|A 145 11 Hz, YL 0.1% ZHe

C 23 Z2AsEa, 1 Ax= ASTM D2231& o}
ghr}. 2 Fo] whidelAgd L steel ball rebound test-
er (model ; SR-1, MFG Co., US.A)E o|&3ld
ASTM D2632 H & we} st LIS
Goodrich flexometer (B. F. Goodrich, US.A.)E
ol &3l &Y WE 2x45E& ASTM D623
Az wgt FA34c. §4 HA254L fatigue-
to-failure tester (FTF, Monsanto Instrument Co.,
US.A)E o]g3ld ASTM D430 Hxg ot &
A n FI9A4Y 54L& DeMattia flex-cracking
tester (DMFC, Getty, U.S.A.)E o]&3ld ASTM
D430 Aol wet A3 ch 17 WulesgL
= o1 gee AYIE AMgsiEd, 2 shie
Pico u}2AI87] (Ferry Machine Co., US.A.) & ©]
g3t ASTM D2228¢] Ax& uwal A3,
g WHoz= Akron wlEAE7] (Myungji In-
dustrial Co., Korea)& o]& ASTM D1630& ul&t
239t n @A s 54 portable pendulum
skid tester (W. F. Stanley & Co. Ltd., England)
E o]f3ld e EZIYE =W AN F
s

Fracture Surface EA} 1% Hugzeol AF
vaAs vlR¥H (worn surface) & FEA3l7]
8l Fig. 13} o] ol o) Add A|He] spajdd
W3} Akron uiRAg7|d] o mlRE HHosH
B A#EE AFsHr. olg AU coating
system (Polaron Division, U.S.A.)& o|&3l9 =
o2 3% AAEYA (model : JXA-840, Jeodl,
Japan)& o|&3te] ZARBIYT E§ A3 dE
#to] nHnE $ja) =TS o &3l APAHEE A
2o Adsled AxEr|F o2 BFIA
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Figure 1. Schematic diagrams of tensile and abrasion
specimens for observation of the fracture surfaces
through SEM.
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Figure 2. Rheographs of various unfilled and filled
rubber compounds cured at 160 C.
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of 5 o]Ate] WA= strain-induced-crystalliza-
tion &7 o3 @AE] F23] F7HET. PN
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Figure 3. Effective cure time, fgc (min) at 160 C for *

carbon black filled-natural rubber compounds as a
function of loading level of polynorbonene (PN) pow-
der.
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Figure 4. Stress-strain curves for various unfilled
and filled rubber compounds.
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Figure 5. Tensile stress, g, and elongation, F, at break for carbon black filled-natural rubber compounds as a func-
tion of loading level of polynorbonene powder. The dotted lines represent the range of the tensile properties for pure

polynorbonene powder compound.
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Table 49 PN % Hrld W& B3 SAES
F@sdch o714 PN £ H718 10phrz o
Aatdct. PN #2¢] Hrld wat =& wf@ase]
vhebAd L ol s AR whE gdRe FolEy
t}. o|ZA& PN £Un nRAjrle] Aldo e} 3)x
BlgjA 24 oux] &4 Axz Alg€ ). Pico u}
EAY72RE o nle& s UPBE A 9%
UNR, FPB, FNR s §%e] ¢ PN Eu3rlo)
w2} vl § F7t AL HAA Unprdo)] digsl
t AE JYeidd. 18y UPBY 3$E PN &
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Table 4. Physical Properties of Various Rubber
Compounds

. UPB+ . UNR+ __ FPB+ __ FNR+
testitems  UPB. pig ONR oo FPB pngg PR pvgg
6 7 5 52 5 46 43

reoond(%) 04 105 £03 05 £004 £03 £03 £02
heatbuld-up 132 189 41 54 307 292 197 233
() +05 03 +11 +03 +01 +44 +53 101

Pico wear rates 10,269 3,081 1,094 1181 175 188 425 469

(gfrev) 4% 456 +31 444 €13 +13 £19
average rate of

crackgrowth® 960 4673 65 154 543 1706 158 379
(nm/cycle)

NN Y
resistance .

¢ Defined as the summation of the propagated length of cracks (verti-
cal crack +horizontal crack) per cycle by DeMatia flexing machine.

o] 7|1AH =7} PNej| ula] W& Wy 2o A7}
¥ PN £%0) B34 e shed 2 99] Qe
Aoz AZ4dnt. ¥HEAQ A3AY L sheks FTF
J 9% B2 54L PN £ J7ld we 28
R dis) oF 26) o)y et ALdA
243 wet skid 3SR PN 22 Hrld u}a}
E 9ol gle Aoz Yeyt) o] PN ¥
$eldol e} 15 Colol A AAZHLEs P
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Figure 6. tan & curves for carbon black filled-natural

rubber compounds as a function of temperature and
loading ievel of polynorbonene powder.
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Figure 7. Wear rates, A of carbon black filled~natu-
ral rubber compounds as a function of loading level of
polynorbonene powder.
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°] PN #2¢& 37131 (Fig. 8, lower) A Aoz
HAS o AFA A3dch. NRe 74 (Fig. 8,
lower; A, B) ~100 zan =7]2] PN xS0} ¥
o] ln PN 2% zHle] dAddg JFE + 9l
t}. PBe] 7 ¢ (Fig. 8, lower; C, D)= NRdA &}
fARE =7]e] BEdWo] uJrhdn UARE o|F o
PN Hio] Agd HAAA = ofF #AHA ¢} o)y
3 Afe F0 =2 wl&(x200) (Fig. 9, upper)
AA FAdsH #FY 5 AU F, NRe| F¢+=
PN 2% 29| sdde] vehd ¥id, PBel 3%
E5do] mddolgiar Bz e olgd &
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Figure 8. SEM photographs of tensile-fractured surfaces of four different rubber compounds; upper: without

polynorbonene powder; lower: with polynorbonene powder.
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Figure 9. SEM photographs of tensile-fractured surfaces (upper) and cut surfaces (lower) using a sharp razor

blade for four different rubber compounds.
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Figure 10. Proposed mechanisms for tensile fracture of
the rubber compounds having a rubber vulcanizate pow-
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Figure 11. SEM photographs of worn surfaces by Akron abrader at room temperature for carbon black filled-natu-
ral rubber compounds with varying polynorbonene powder level. The arrow represents the direction of wear.
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