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Yanichsa Sukniyom 2011: An Investigation into the Rheological Behavior of Rubber
Compound during the Flow in Micro-channel. Master of Engineering (Materials
Engineering), Major Field: Materials Engineering, Department of Materials Engineering.
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In this work, the rate-controlled capillary rheometer was specially designed and
constructed in order to primarily investigate the influences of shear rate, test temperature,
vulcanization system, filler type and content on the rheological properties of natural rubber
compounds. The rheological properties of rubber compounds were characterized with respect to
the apparent viscosity and die swell ratio. The effects of flow channel (i.e. type, size, and length)
were main interest. The measured results indicated that the apparent viscosity of rubber
compound tended to decrease with increasing shear rate and test temperature. It was also found
that the apparent viscosity increased, while the die swell ratio of rubber compound tended to
decrease with increasing amount of filler added. From the rheological results obtained by using
the micro-channel, for the non-sulfur system, it should be noted that the viscosity and die swell
ratio of rubber compound significantly decreased as compared to those obtained from
conventional and efficient vulcanizing systems. This was due to the occurrences of premature
crosslink at the skin layer and the slippage of rubber compound during the flow in micro-channel.
The apparent viscosity and swelling ratio of rubber compound by using slit die was higher that of
circular die. Furthermore, the super-extrusion phenomenon was found in this work which was
probably associated with the occurrences of premature crosslink at the skin layer, type of

crosslink, slippage at the die wall, and filler-rubber matrix interaction.
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An Investigation into the Rheological Behavior of Rubber Compound during the

Flow in Micro-channel
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3.1.1 M3 Maunua1n@s (Drag flow)
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3.1.2 ms“lwa%”mmmuﬁﬂ@i"lwmgmﬁ’u (Pressure driven flow)
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3.2.1 vod lvatidTaiisu(Newtonian fluid)

a a A A Aa A A Ida! "o
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Shear stress
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v
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Shear rate Shear rate

(M) (V)
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[ G A [ v 7 1 = Y ~ A
NUDATUATYALNDU (GU) AIMUAUNUTICHINANUNUANUDONITUATIALROU
3.2.2 vodlnaueutialadieu (Non-newtonian fluid)
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v Y
3.2.2.1 vod Inaf ludiuegiua(Time-independent fluid) Haede Vo4
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vodlvalaaumnun (Dilatant fluid) TAaNWAUROUNTBDANUNIA

A 2 A o ~ A A te ' Ay 1+ % g ~
AU OATUAT BARDUINNTY Al0819veed Iralszianil laun 1udle naznseilen

Fludu

= 3 . <3| A
ﬂl@ﬁ"lwacﬂﬂwmﬁﬁﬂ (Pseudoplastlc ﬂuld) L‘]Ju"ll@\?llﬁaﬂllﬂ'lﬂj'lll
Y A A A A o a A 2 2 o ' A a
LﬂULﬂﬂuﬂiﬂﬂ'JuJWuﬂaﬂaﬁliJﬂﬂﬁﬁWlﬂiﬂﬂlﬂ@utWqumu ﬁ')@ﬂ']\i"llfl\illﬁaﬂqu@ﬂﬁﬁmllﬂﬂ

1:91’ Y =2 A J A Aa 4 I Y
U Ulﬂllﬂ HUNNUN 109 Lazwoatuasvasuval 1uau

A A
. . Newtonian
Bingham fluid
g
k= Pseudoplastic fluid 2 Dilatant fluid
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= N Bingham fluid
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3.2.2.2 ¥09 1MaNIuegiual (Time dependent fluids) 1Hluve lvanil
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= A o Y 1 1 A Y o 3’; 2K A Y1 A
wseaou il higunsoszymanunilasinla auiudadins ldmayiing lva (Power
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A A = . = = A
o K Ao mmmmi"lwa (Power law cons1stency) SENUNUDNONAITUHUA
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4.2 M3UFuunUINaMATIVUSY (Entrance correction)
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2. MIDONUVUVUNUNTIINAADY (Design of Experiment, DOE)
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Ingredients Contents (phr*)
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ZnO 4 4 4 4 4 4
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Silica - 3 c - 15/30 -
Calcium carbonate - a = - - 15/30
Sulphur - 2.4 0.8 24 24 24
PEG - - = - 0.9/1.8 -
CBS 0.8 0.8 2.4 0.8 0.8 0.8
Aromatic Oil - - < 172 - -

*phr = part per hundred of rubber by weight
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Shear rate Velocity (mm/min)
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40 10.13 3.00 1.27 0.38 8.59
60 15.19 4.50 1.90 0.56 12.89
80 20.25 6.00 2.53 0.75 17.18
100 25.31 7.50 3.16 0.94 21.48
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250 63.28 18.75 7.91 2.34 53.69
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Shear rate Velocity (mm/min)
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500 126.56 37.50 15.82 4.69 107.39
750 189.84 56.25 23.73 7.03 161.08
1000 253.13 75.00 31.64 9.38 214.77
1250 316.41 93.75 39.55 11.72 268.47
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Non sulphur EV Ccv

Mooney viscosity
2591 26.69 27.86

M3WUINT V2 dNFwavesiia uazlSnumsaaaulaemanuriayuiive s

ADUNIIUA

Mooney viscosity

Filler contents (phr)

Calcium carbonate Silica Carbon black
0 27.86 27.86 27.86
15 27.73 46.32 44.57
30 37.30 64.40 47.81

MINHUING V3 dNTHaveszuuMsasgnlaenarsuasgiliaznainaglvesss

ADUNIIU ﬁ’
Vulcanization system Scorch time (min) Cure time (min)
Non sulphur = -
EV 7.63 10.96

Ccv 7.90 12.62
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Filler contents Scorch time (min) Cure time (min)
(phr) Calcium Silica Carbon Calcium Silica Carbon
carbonate black carbonate black
0 7.90 7.90 7.90 12.62 12.62 12.62
15 6.35 6.10 4.71 10.91 11.39 9.63
30 7.09 5.86 3.66 12.40 13.65 9.17
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N3 mantivinalng Agurglinmsnadouminy 90 °C

u

shear rate Apparent Apparent viscosity
s shear stress (N.m") (Pa.s)
Non s EV Ccv Non s EV Cv
40 168,827.60 125,141.13  155,025.36  4,220.69 3,287.62 3,875.63
60 185,173.20 145,098.05 176,401.68  3,086.22 2,497.85 2,940.03

80 193,882.50 156,782.25 188,550.73  2,423.53 1,975.69 2,356.88
100 200,364.50 166,557.36  196,881.59  2,003.64 1,668.76 1,968.82

120 208,119.20 170,605.20 205,848.82  1,734.33 1,400.50 1,715.41

250 292,093.00 184,984.32 229,135.80  1,168.37 657.21 916.54
500 341,140.50 150,786.82  240,044.32 682.28 283.76 480.09
750 374,278.90  96,862.05  234,725.57 499.04 141.03 312.97
1,000 458,644.60  17,164.55 338,861.37 458.64 94.16 338.86

1,250 521,374.00 22,421.59  385,406.26 417.10 27.10 308.33
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shear rate Apparent Apparent viscosity
s shear stress (N.m"~) (Pa.s)
Non s EV Ccv Non s EV Ccv
40 148,379.78 125,141.13 112,707.18  3,709.49 3,128.53 3,875.63
60 170,092.40 145,098.05 135,356.23  2,834.87 2,418.30 2,940.03
80 180,986.83 156,782.25 149,096.18  2,262.34 1,959.78 2,356.88
100 193,790.36 166,557.36 161,881.59  1,937.90 1,665.57 1,968.82
120 198,639.34 170,605.20 168,303.36  1,655.33 1,421.71 1,715.41
250 214,884.99 184,984.32 196,363.07 859.54 739.94 916.54
500 190,542.70  150,786.82 193,907.96 381.09 301.57 480.09
750 128,654.96  96,862.05 166,316.48 171.54 129.15 312.97
1,000 76,949.03  17,164.55 176,270.46 76.95 17.16 338.86
1,250 70,743.11  22,421.59  246,360.80 56.59 17.94 308.33
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AUNINATDLLNIND 90 °C

G

shear rate Apparent Apparent viscosity
) shear stress (N.m"~) (Pa.s)
Calcuim Silica Carbon black  Calcuim Silica Carbon black
carbonate carbonate
40 303,239.61  188,638.09 182,336.64  7,580.99  4,715.95 4,558.42
60 305,768.51  212,116.22 200,982.23  5,096.14  3,535.27 3,349.70
80 315,933.77  225,412.54  211,673.27  3,949.17 2,817.66 2,645.92
100 318,144.49  228,527.04  219,818.86  3,181.44 2,285.27 2,198.19
120 324,809.75 241,186.99  229.,873.55  2,706.75  2,009.89 1,915.61
250 368,611.21  294,999.41 268,819.89  1,474.44  1,180.00 1,075.28
500 409,131.52  370,362.45 416,776.14 818.26 740.72 833.55
750 451,879.09  612,134.58 734,323.30 602.51 816.18 979.10
1,000 512,126.67  868,224.90 517,961.37 512.13 868.22 517.96
1,250 604,192.43 1,078,178.85  827,553.99 483.35 862.54 662.04
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AUNINATDLLNINY 90 °C

shear rate Apparent Apparent viscosity
s shear stress (N.m") (Pa.s)
Calcuim Silica Carbon black  Calcuim Silica  Carbon black
carbonate carbonate
40 327,261.72  225,376.49  310,349.98  8,181.54  5,634.41 7,758.75
60 350,938.03  240,882.91  335,388.61  5,848.97  4,014.72 5,589.81
80 358,705.25  254,798.43  356,290.87  4,483.82  3,184.98 4,453.64
100 373,790.65  269,986.67  371,147.68  3,737.91 2,699.87 3,711.48
120 381,876.06  282,629.46  386,322.67  3,182.30  2,355.25 3,219.36
250 450,499.36  323,443.94  438,823.74  1,802.00 1,293.78 1,755.29
500 539,635.09  539,069.70  631,374.76  1,079.27 1,078.14 1,262.75
750 575,634.46  633,468.19  802,289.42 767.51 844.62 1,069.72
1,000 671,770.18 1,003,730.31 740,613.16 671.77 1,003.73 740.61
1,250 705,860.46  978,810.62  482,300.54 564.69 783.05 385.84
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AUNMINATDULNINY 90 °C

95

shear rate Apparent Apparent viscosity

s shear stress (N.m"~) (Pa.s)
die 1.00 die 0.75 die 0.50 die 1.00 die 0.75 die 0.50
40 137,518.13  95,327.29  26,797.53 3,437.95 2,383.18 669.94
60 156,019.63 109,593.21 36,544.79 2,600.33 1,826.55 609.08
80 169,005.97 123,063.68  41,095.07 2,112.57 1,538.30 513.69
100 178,386.25 134,147.78  46,387.78 1,783.86 1,341.48 463.88
120 186,705.92 142,527.33  52,210.79 1,555.88 1,187.73 435.09
250 222,329.25 170,346.72  73,567.93 889.32 681.39 294.27
500 265,870.63 203,579.80  98,681.31 531.74 407.16 197.36
750 309,412.00 231,562.89 115,309.84 412.55 308.75 153.75
1,000 349,135.19 257,159.61 120,377.77 349.14 257.16 120.38
1,250 385,252.32  281,483.60 126,930.54 308.20 225.19 101.54
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AUNINATOLLNINY 90 °C
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shear rate Apparent Apparent viscosity

s shear stress (N.m"~) (Pa.s)
die 1.00 die 0.75 die 0.50 die 1.00 die 0.75 die 0.50
40 125,156.95 67,341.21  24,023.07 3,128.92 1,683.53 600.58
60 123,796.02  78,909.54  35,405.81 2,063.27 1,315.16 590.10
80 151,495.71 80,614.23  41,379.47 1,893.70 1,007.68 517.24
100 148,649.94  89,318.93  47,989.48 1,486.50 893.19 479.89
120 164,470.84 101,682.71  55,235.87 1,370.59 847.36 460.30
250 183,943.03  138,297.32  74,390.38 735.77 553.19 297.56
500 207,340.61 166,844.63  95,023.18 414.68 333.69 190.05
750 214,192.73 182,982.86 106,640.83 285.59 243.98 142.19
1,000 225,923.64 194,666.53 123,773.64 225.92 194.67 123.77
1,250 235,957.58 215,577.49 131,785.23 188.77 172.46 105.43
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ANNTNATOUNINU 90 °C

97

shear rate Apparent Apparent viscosity
s shear stress (N.m"~) (Pa.s)
die 1.00 die 0.75 die 0.50 die 1.00 die 0.75 die 0.50
40 137,635.76  103,393.63  42,104.13 3,440.89 2,584.48 1,052.60
60 146,862.73 106,817.72  50,012.25 2,447.71 1,780.30 833.54
80 154,604.86 111,991.81 50,496.14 1,932.56 1,399.90 631.20
100 162,983.34 118,279.53  51,192.14 1,629.83 1,182.80 511.92
120 172,634.56 125,839.98  54,857.84 1,438.62 1,048.67 457.15
250 208,746.24 157,085.19  73,434.90 834.98 628.34 293.74
500 240,401.57 192,965.84 93,218.28 480.80 385.98 186.44
750 262,935.69 212,301.03 105,153.18 350.58 283.07 140.20
1,000 277,409.20 241,658.95 114,648.68 277.41 241.66 114.65
1,250 291,458.48 249,857.78 126,795.70 233.17 199.89 101.44




H a A a v A 4 1 ¢ A
msnwmnﬁ A8 amwamawu@aﬁmmuﬁﬁwammmwﬁmmﬁmﬂauwnumﬁa”lwa

HIU509N19M3 Tiafillvua 0.75 mm uazgurigiinsnageuming 90 °C

shear rate Apparent Apparent viscosity
s shear stress (N.m"~) (Pa.s)
LLIGTRY Fan STV N I L IC T Fan (VA
ﬂ'lgﬂalu@ ﬂ']gﬂﬂluﬁ
40 39,668.38  75,326.81 64,711.38 991.71 1,883.17 1,617.78
60 51,479.85 100,240.22 100,180.71 858.00 1,670.67 1,669.68
80 61,700.41 115,289.99 123,718.22 771.26 1,441.12 1,546.48
100 69,852.78  130,339.76 107,483.00 698.53 1,303.40 1,074.83
120 77,209.70  137,912.25 117,815.96 643.41 1,149.27 981.80
250 102,677.41 170,110.76 147,514.31 410.71 680.44 590.06
500 134,263.90 200,653.33 189,255.90 268.53 401.31 378.51
750 157,895.85 219,423.18 210,952.02 210.53 292.56 281.27
1,000 177,868.71 222,602.12 213,716.34 177.87 222.60 213.72

1,250 194,182.48 233,417.43 230,162.47 155.35 186.73 184.13




H a A ] 1 A
msnwmnﬁ 9 EW]‘ﬁWEIGU’ENﬂ’NiJEJTNIE]\?“HE]\TI/]Nﬂﬁhl’l’iEIG]E]ﬂ’JHJWﬁWU@\‘]EJNﬂE]NW'I'JuWﬁ

Tumeruensnegl Ngum
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PAFURIUgUINAIUNINY 0.75 mm
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1M1 90 C LﬂJfJ“]fi’)\WlNﬂﬁulﬁall
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shear rate Apparent Apparent viscosity
s shear stress (N.m"~) (Pa.s)
L=5mm L=15mm L=25mm L=5mm L=I5mm L=25mm
40 130,868.24  95,327.29  75,428.19 3,271.711 2,383.18 1,885.70
60 161,734.18 109,593.21  84,942.29 2,695.57 1,826.55 1,415.70
80 183,531.94 123,063.68 91,306.39 2,294.15 1,538.30 1,141.33
100 203,420.61 134,147.78  97,479.58 2,034.21 1,341.48 974.80
120 216,150.19 142,527.33 102,411.86  1,801.25 1,187.73 853.43
250 287,199.25 170,346.72 122,062.58  1,148.80 681.39 488.25
500 368,284.87 203,579.80 141,716.06 736.57 407.16 283.43
750 424,075.03 231,562.89 159,937.73 565.43 308.75 213.25
1,000 468,410.64 257,159.61 171,286.67 468.41 257.16 171.29
1,250 499,859.89 281,483.60 181,108.34 399.89 225.19 144.89
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4 a a [ 1 1 A 1
msnwmnﬁ 10 E]‘I/]‘ﬁWEIGU’ENaﬂ‘Hm35GHE]\W]NfﬂiUl’l’iEI@lf]ﬂ’JHJWﬁWUE]\‘lEJNﬂEJNW'I'Juﬂ‘ﬁth

a 1

Hauasnagll Nguuglimnaaeuminy 90 °C WoreIn1ens Ivall

u

Y UAIUgUINA1UMINY 0.75 mm

shear rate Apparent Apparent viscosity
s shear stress (N.m"~) (Pa.s)
Circular die Slit die Circular die Slit die

40 95,327.29 516,854.63 2,383.18 12,921.37
60 109,593.21 580,281.94 1,826.55 9,671.37
80 123,063.68 651,981.98 1,538.30 8,149.77
100 134,147.78 696,318.39 1,341.48 6,963.18
120 142,527.33 745,109.34 1,187.73 6,209.24
250 170,346.72 1,011,023.24 681.39 4,044.09
500 203,579.80 1,221,591.94 407.16 2,443.18
750 231,562.89 1,325,887.91 308.75 1,767.85

1,000 257,159.61 1,556,820.25 257.16 1,556.82

1,250 281,483.60 1,956,388.94 225.19 1,565.11
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4 a a T W 1 [ P
msnwmnﬁ 41 E]‘V]‘ﬁ‘Wﬁ"ll@\‘li$°U°]Jﬂﬁﬂ\igﬂ@E]’E]G]iT(}T’Juﬂ?ﬁ‘]J’JlIG]’JGUENfJNﬂ’E]iJWTJuﬂ‘ﬁhlﬂﬁ

a 1

HIUBRINMS lavinalnaigurginadouminy 90 °C

U

shear rate Die swell ratio, B Standard Deviation, SD
s") Non s EV cv Non s EV cv
40 - - - - - -
60 - = . % - -
80 - - = - - -
100 1.37 = - 0.04 - -
120 1.41 S C 0.02 - =
250 1.57 ; 7 0.04 : -
500 1.81 P 7 0.05 - 2
750 1.84 - = 0.03 2 -
1,000 2.29 - 1.83 0.10 - 0.17

1,250 2.30 1.76 2.02 0.06 0.07 0.10
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MTERUING 2 INTNavesFHaTITAMALN USHal 15 phr ADTATIFIUMTUINAIVDIY

s ] 1 a a [ o
ﬂ’f)iJ‘W”l’Juﬂ‘ﬁhl‘ViaNTL!“H@\TVINﬂﬁhl‘ViaﬁUiﬂﬂ‘]Jﬂﬁqmﬂauﬂﬂﬁﬂﬂm"lﬂﬂ 90 C

shear rate Die swell ratio, B Standard Deviation, SD
(S_l) Calcium Silica Carbon black  Calcium Silica Carbon black
carbonate carbonate

40 1.34 - 1.25 0.10 - 0.05
60 1.34 - 1.23 0.02 7 0.02
80 1.28 € 1.25 0.03 - 0.03
100 1.27 - 1.31 0.08 5 0.04
120 1.29 3 1.31 0.04 e 0.04
250 1.40 - 1.45 0.02 - 0.02
500 1.49 - 1.77 - 0.06 0.03
750 1.90 1.83 1.93 0.10 0.06 0.05

1,000 2.04 2.00 1.95 0.09 0.04 0.03

1,250 2.12 3 2.21 = 0.04 0.20
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MTRUING 93 INTNaveIFUaTITANANN UTH19 30phr ADTATIFIUMTUINAIV

s 1 1 a a 1w o
ﬂf’Jll‘WTJuﬂﬁll‘ViaN"IH%@Q‘VINﬂﬁUl“l’iﬂallu"lﬂﬂﬂ@@‘mﬂ{]m‘i/lﬂﬁﬂﬂmiﬂﬂ 9 C

shear rate Die swell ratio, B Standard Deviation, SD
(s Calcium Silica Carbon black  Calcium Silica Carbon black
carbonate carbonate
40 1.23 - 1.18 0.04 - 0.03
60 1.15 - 1.18 0.04 = 0.02
80 1.25 = 1.22 0.03 - 0.03
100 1.37 - 1.22 0.04 - 0.02
120 1.33 - 1.27 0.05 ~ 0.03
250 1.50 - 1.58 0.04 - 0.03
500 1.82 1.70 1.67 0.06 0.06 0.03
750 1.83 1.77 1.66 0.06 0.03 0.05
1,000 2.00 - 1.64 0.04 - 0.03

1,250 1.99 - 1.62 = g 0.03
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$ Aa a 1 1w 1 [ s
msnwmnﬁ 4 ’E]TI‘ﬁwa"ll?N"ll‘LlW]G]f’ﬂQﬂ?ﬂﬂTillﬂﬁG]EJ@@iWﬁUuﬂWiU’JiJG]’J"UENEJNﬂ’E]iJWTJuﬂ

i luneruensasgy guuglimsnaaeumiiny 90 °C

shear rate Die swell ratio, B Standard Deviation, SD
(s die1.00  dic0.75  dic0.50  die1.00  die0.75  die0.50
40 - - - - - 0.03
60 - - 1.22 T - 0.12
80 G 1.22 1.24 - 0.06 0.08
100 - 1.46 1.40 = 0.00 0.03
120 2 1.49 1.33 S 0.05 0.03
250 - 1.44 1.22 - 0.05 0.04
500 1.71 1.50 7 0.04 0.08 2
750 1.72 1.75 2 0.03 0.05 -
1,000 1.96 1.56 - 0.05 0.05 -

1,250 2.05 1.78 = 0.05 0.06 -
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$ a a 1 1w 1 [ s
msnwmnﬁ 35 ’E]“I/I‘ﬁ‘Wﬁ"U?N"ll‘LlW]“]ff]Qﬂ?ﬂﬂTihlﬂﬁG]EJ@GﬁWﬁ’JuﬂWi“U’JNG]’J"UENEJ'IW]’EHJWTJH@’I

Wldszuumansgluuulse@nsam gauvgimsnagouming 90 °C

shear rate Die swell ratio, B Standard Deviation, SD

-1
(s) die 1.00 die 0.75 die 0.50 die 1.00 die 0.75 die 0.50

40 - - 1.43 - - 0.06
60 - - 1.39 - - 0.06
80 - - 1.45 - - 0.07
100 - - - _ / )
120 - ’ ] - ; )
250 - 8 - - ] )
500 - - - - ] _
750 - - 2 - > _

1,000 1.89 - - 0.04 - ]

1,250 1.85 1.44 = 0.04 0.05 -
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$ Aa a 1 1w 1 [ s
msnwmnﬁ 36 ’E]“I/I‘ﬁwa"ll?J\‘l"ll‘LlW]G]f’ﬂQﬂ?ﬂﬂTillﬂﬁG]EJ@@iWﬁUuﬂWiU’JiJG]’J"UENEJNﬂ’E]iJWTJuﬂ

v 9
Wldszuumansgluuuaudy guugiimsnadeuiny 90 °C

shear rate Die swell ratio, B Standard Deviation, SD
) die 1.00 die 0.75 die 0.50 die 1.00 die 0.75 die 0.50
40 = - 1.41 - - 0.03
60 - > 1.29 7 - 0.03
80 - = 1.40 c - 0.03
100 - - 1.47 - - 0.06
120 = 2 1.43 - - 0.06
250 3 - 1.41 - = 0.07
500 - - - = = -
750 1.65 - E 0.07 - -
1,000 1.64 1.77 c 0.03 0.04 -

1,250 1.70 1.77 = 0.03 0.06 -
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H a Aa a v A 1T o ' o s
msnwmnﬁ 37 f]1/]‘ﬁ‘Wa"ll?N“]51!ﬂ’(3f15G]'JLG]SJG]EJE]G]TIET’)UTTITU'HJG]'HI@QEJNﬂE]lI‘W'I'JuﬂﬁVlWa

1 1 <3 a [ o
NWL!GH’ENTINﬂTi"lﬁaﬂluiﬂlaﬂi’gmﬁﬂuﬂﬂﬂﬁ@ﬂmTﬂ‘]J 90 C

shear rate Die swell ratio, B Standard Deviation, SD
(S_l) Calcium Silica Carbon black  Calcium Silica Carbon black
carbonate carbonate

40 1.46 1.27 1.17 0.06 0.08 0.07
60 1.25 1.18 1.07 0.11 0.07 0.03
80 1.44 1.18 1.05 0.13 0.04 0.04
100 1.45 1.22 1.06 0.06 0.09 0.04
120 1.34 1.28 1.07 0.12 0.06 0.06
250 1.45 1.26 1.18 0.09 0.09 0.04
500 1.60 1.40 1.11 0.05 0.05 0.04
750 1.57 1.38 1.15 0.10 0.08 0.04

1,000 1.59 1.31 1.08 0.08 0.07 0.07

1,250 1.62 1.48 1.28 0.09 0.11 0.04




MININUINN 98 DNTNAVDIAUIIIVDIFDIN AT IMAADDATIFIUNTUINAIVDIEN

a 1

ADUWIIUAN iNaNENIHUAY NganglimInagoumii 90 °C 1ile

U

] 1 4 [
‘]fEN'I/]NﬂTihlﬂﬁﬁeUu'lﬂ!’guNWUE}(UEJﬂﬁNW]'Iﬂ‘]J 0.75 mm
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shear rate Die swell ratio, B Standard Deviation, SD
(6) L=5mm L=15mm L=25mm L=5mm L=15mm L=25mm
40 1.39 - 1.49 > - 0.02
60 1.51 = 1.51 - - 0.02
80 1.58 - 1.52 - é 0.01
100 1.54 1.46 1.39 - 0.00 0.03
120 1.60 1.49 1.40 - 0.05 0.03
250 1.87 1.44 1.52 = 0.05 0.03
500 ~ 1.50 1.52 - 0.08 0.05
750 - 1.75 1.53 - 0.05 0.03
1,000 = 1.56 1.55 > 0.05 0.04
1,250 S 1.78 1.77 = 0.06 0.03




H a a [ Y o 1 1 @ 1 (%
msnwmnﬁ 9 E]‘V]‘ﬁ‘Wﬁ"ll@\‘]ﬁﬂ'HT;Ll8’Vi“L!W]@1“]5'0Q‘1/]Nf‘ﬂihlﬂaﬁ@@@]iWﬁ')uﬂ'li‘U’JﬂJﬁ’J"U@\‘lEJN

ApUNIUAN linauasnegl guugiinsnagouiiny 90 °C
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shear rate Die swell ratio, B Standard Deviation, SD
(S-l) Circular die Slit die Circular die Slit die
40 - - - -
60 : - - -
80 1.22 0.06 - >
100 1.46 7 - -
120 1.49 0.05 R -
250 1.44 0.05 2.03 0.06
500 1.50 0.08 2.17 0.23
750 1.75 0.05 2.36 0.12
1,000 1.56 0.05 : -

1,250 1.78 0.06 X -
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d' 9 Ay v o Y Aa 9 o ds! A ' =Y
A NHEUINN D1 "ll’mJ”a‘ﬂhlﬂmﬂﬂTﬂJﬁ‘UL!ﬂ‘]Ji!’Jﬂ!1’1NL"llTﬁ"JGULlgﬂmﬂ%@\‘l‘ﬂ%‘lﬂﬁqﬁﬂﬂﬂ’ﬂu

g1UNINY 5 mm

shear rate AP End correction, e True shear stress ~ Apparent viscosity
(s') (N.m”) (N.m"~) (Pa.s)
40 3,489,819.83 8.02 81,712.22 2,042.81
60 4,312,911.57 10.19 91,665.26 1,527.75
80 4,894,185.12 11.49 98,572.39 1,232.15
100 5,424,549.58 12.47 105,129.65 1,051.30
120 5,764,004.96 12.70 110,687.31 922.39
250 7,658,646.69 16.91 126,612.92 506.45
500 9,820,929.74 21.57 140,691.59 281.38
750 11,308,667.34 22.63 157,238.08 209.65
1,000 12,490,950.39 23.44 169,855.55 169.86
1,250 13,329,597.08 22.39 186,593.21 149.27




116

a ¥ Y v Y a Y o X A a
MINNNUINN B2 "U@Haﬂhlﬂﬁnﬂﬂ'ﬁﬂiﬂllﬂﬂﬁnmﬂ’NLGU'IW'JGUCL!gﬂlﬂaﬂfﬂﬁﬂ’]ﬁﬂ'ﬁqﬂauﬂj’lﬂ

g1IUNMNU15 mm

shear rate Ap End correction, ¢  True shear stress ~ Apparent viscosity
s") (N.m”) (N.m?) (Pa.s)
40 7,626,183.47 8.02 79,404.67 1,985.12
60 8,767,457.02 10.19 87,339.19 1,455.65
80 9,845,094.21 11.49 95,598.29 1,194.98
100 10,731,822.31 12.47 102,274.07 1,022.74
120 11,402,186.77 12.70 108,171.93 901.43
250 13,627,737.60 16.91 119,728.50 478.91
500 16,286,384.29 21.57 132,261.24 264.52
750 18,525,030.97 22.63 147,899.72 197.20
1,000 20,572,768.57 23.44 162,153.73 162.15

1,250 22,518,687.99 22.39 180,481.59 144.39
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g1UNINU25 mm

shear rate AP End correction, ¢  True shear stress ~ Apparent viscosity
(s (N.m?) (N.m”) (Pa.s)
40 10,057,092.56 8.02 67,327.67 1,683.19
60 11,325,638.84 10.19 73,678.35 1,227.97
80 12,174,185.12 11.49 77,881.22 973.52
100 12,997,276.86 12.47 82,123.33 821.23
120 13,654,914.05 12.70 86,019.90 716.83
250 16,275,010.32 16.91 97,364.59 389.46
500 18,895,475.20 21.57 107,073.91 214.15
750 21,325,030.97 22.63 119,409.54 159.21
1,000 22,838,223.12 23.44 126,734.45 126.73
1,250 24,147,778.90 22.39 135,582.97 108.47

d‘ = s 1 1 Aa
AINANUINT 4 ﬂ?ﬂ%ﬂﬂﬁllﬁﬁsllﬂﬂ‘c’JNﬂ’E)iJW']’J“IJWVIUlWﬁNTL!“D’fNVINﬂ"Iiulﬁﬁﬂmi%ﬂg‘ﬂ%iﬂ']i

Tvasaiu

Die length (mm) 5 15 25

Power law index, n 0.38 0.30 0.25
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MIAY 5 mm
Power law index, n True shear stress shear rate Apparent viscosity
(N.m”) ") (Pa.s)
0.38 81,712.22 56.28 3,489,819.83
0.38 91,665.26 84.42 4,312,911.57
0.38 98,572.39 112.56 4,894,185.12
0.38 105,129.65 140.70 5,424,549.58
0.38 110,687.31 168.84 5,764,004.96
0.38 126,612.92 351.76 7,658,646.69
0.38 140,691.59 703.52 9,820,929.74
0.38 157,238.08 1,055.27 11,308,667.34
0.38 169,855.55 1,407.03 12,490,950.39

0.38 186,593.21 1,758.79 13,329,597.08
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[11AV15 mm

Power law index, n True shear stress shear rate Apparent viscosity
(N.m”) ") (Pa.s)
0.30 79,404.67 63.53 7,626,183.47
0.30 87,339.19 95.30 8,767,457.02
0.30 95,598.29 127.07 9,845,094.21
0.30 102,274.07 158.84 10,731,822.31
0.30 108,171.93 190.60 11,402,186.77
0.30 119,728.50 397.09 13,627,737.60
0.30 132,261.24 794.18 16,286,384.29
0.30 147,899.72 1191.27 18,525,030.97
0.30 162,153.73 1588.36 20,572,768.57

0.30 180,481.59 1985.45 22,518,687.99
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1125 mm

Power law index, n True shear stress shear rate Apparent viscosity
(N.m”) ") (Pa.s)
0.25 67,327.67 70.06 10,057,092.56
0.25 73,678.35 105.10 11,325,638.84
0.25 77,881.22 140.13 12,174,185.12
0.25 82,123.33 175.16 12,997,276.86
0.25 86,019.90 210.19 13,654,914.05
0.25 97,364.59 437.90 16,275,010.32
0.25 107,073.91 875.80 18,895,475.20
0.25 119,409.54 1,313.70 21,325,030.97
0.25 126,734.45 1,751.60 22,838,223.12

0.25 135,582.97 2,189.50 24,147,778.90
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The influence of temperature and vulcanization system on rheological properties

of rubber compound during the flow in micro channel
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ABSTRACT

In this work, the controlled rate capillary rheometer was specially designed and
constructed in order to measure the apparent viscosity of natural rubber compound during the flow
in micro-channel. The influences of processing parameters including die diameter, die temperature,
shear rate, and curing system were our main interests. The results obtained by different curing
systems ie. Conventional Vuleanization (CV) and Efficient Vulcanization (EV) were compared
with those obtained by non-sulfur system. It can be seen that the apparent viscosity of rubber
compound was dependent on die diameter, die temperature, shear rate, and curing system.
Furthermore the measured apparent viscosity of rubber compound during the flow in micro-channel
was found to be different from standard channel. The obtained results in this work can be used to
enhance the accuracy of Computer Aided Engineering (CAE) program for the process simulation of
micro-moldings.
Keywords: Micro-channel, Capillary rheometer, Natural rubber, Apparent viscosity,

Shear heating, Wall slip
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Contents (phr*)

Ingredients

Non sulfur EV cv
Natural rubber (STR5L) 100.0 100.0 100.0
Zinc Oxide 4.0 4.0 4.0
Stearic acid 2.0 2.0 2.0
Sulfur - 0.8 24
CBS 08 24 0.8

*phr = part per hundred of rubber by weight
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QuIHAINAADY 90°C(a) AmAMRDWITINg (b) Anamiialsing

M50 2 dutiamaaegluesnaneum g

Compounds Secorch time (min) Cure time (min)
EV 7.63 10.96
CV 7.90 12.62
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