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Executive Summary

Project Title: Study of Low Temperature Mechanical Properties of Rubber Vulcanisates for
Solid Tire

Principle Researcher and Affiliation:

Asst. Prof. Dr. Arisara Chaikittiratana

Department of Mechanical Engineering, Faculty of Engineering
King Mongkut’s Institute of Technology North Bangkok

1518 Piboonsongkram Rd., Bangsue

Bangkok 10800

E-mail: acn@kmitnb.ac.th

Background and rationale of project

Frozen food industry is one of the Thai main exporters whose exported goods' value
exceeds several billion bahts each year. Many frozen food factories have their own cold
storage rooms which working temperature is below the freezing point. These cold storage
rooms employ forklifts equipped with solid tyre for their products handling operations. These
solid tyres are required to perform well under extremely freezing cold condition. Most of the
solid tyres for cold storage rooms are imported from abroad and often very expensive as solid
tyres made in Thailand are not capable of working properly under a such harsh condition.
There were reported problems of detachment of solid tyres from the metal rims, flat spots and
bad handling on the slippery surface. Thus, to develop solid tyres that are free from the
mentioned problem will be very fruitful to the frozen food industry and could become an
export product to other extremely cold climate countries such as Canada and Russia.

In the process of developing low temperature solid tyres, the properties such as tensile
behavior and tear strength at room temperature are not adequate. Instead, these properties
should be obtained at the actual working low temperature since rubber used in solid tyres has
mechanical properties that are temperature dependence. Therefore, it is very essential to study
mechanical properties of rubber at low temperatures below the freezing point and thus the
tested data can be used for the future development of the rubber compound and mechanical
design to achieve solid tyres that can perform well in very low temperature conditions.

Objectives

To study mechanical properties of rubber vulcanisates at low temperature for the
development of solid tyres that can perform effectively at low temperature conditions


mailto:acn@kmitnb.ac.th

Methodology

=

. Literature survey of related published work.

2. Set up an appropriate apparatus and test methods for the study of mechanical properties
of rubber at low temperatures from -50 °C to room temperature.

3. Conduct tests for mechanical and physical properties such as tensile test, short term
relaxation , dynamic test, thermal expansion and differential scanning calorimetry.

4. Investigate the effect of temperature on the test results and model the mechanical
behavior using the viscoelaticity theory and apply to the finite element analysis

5. Improve the existing rubber compound for better mechanical property at low
temperatures

6. Discuss, conclude the study and write a report

Outputs

The study of mechanical property of rubber at low temperatures that can be used for
the development of rubber compound and solid tyre suitable for low temperature applications

Project Duration September 2008 - December 2010
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Abstract

This work aims to study physical and mechanical behavior of rubber used in solid tires
at low ambient temperature below the freezing point such that the results from the study can
be used for development of solid tires used in frozen food cold storage rooms. In this work an
appropriate apparatus was set up and used together with an universal testing machine for the
study of mechanical properties of rubber at low temperatures from -50 °C to room
temperature . The tests performed were including tensile and stress relaxation tests. It was
found that at lower temperature rubber became stiffer and slower to relieve stress. The
stiffening and slow stress relaxing were especially apparent as temperature went below the
glass transition temperature of the rubber compound studied. When a small solid tire with the
existing rubber compound was compressed inside the chamber with the ambient temperature
of -25 °C, it was found that the tire is apparently stiffer and when load was removed the
recovery of the original shape was very slow compared to the test at room temperature. In
this work, a new rubber compound was presented as an example compound that has BR and
naphthnic oil in its composition. This compound has glass transition temperature lower than
the existing compound's by approximately 8 °C and has narrower glass transition range. This
new compound was found to be softer and faster to relieve stress at temperature below 0 °C.

The viscoelastic behavior of the two compounds at different temperatures was
captured using prony series and shift-time-temperature equivalent factors and later used in the
subsequent finite element analysis of a press-on solid tire. The finite element model was
constructed and then used to simulate the the static load compression and recovery behavior
of a press-on tire at room temperature and at -25°C. It was found that the creep and recovery
behviour of the press-on solid tire can be modeled adequately with the developed finite
element model. It also predicted that at -25°C the solid tire with the new compound will have
less creep deformation and will have faster recovery after load removal. This is the desirable
performance for the usage of solid tires at low temperature.

Keywords Low temperature properties, Solid tire, Viscoelasticity
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Specification
Load cell 30 KN
Crosshead speed range 0.005 mm/min - 500 mm/min
Return speed 600 mm/min
Total vertical test space 1192 mm
Space between columns 420 mm
Testing type Tensile ,Compression
Drive unit Lead screws
Acceleration time (From 0 to top speed) 150 ms
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aIumaN PHR
Nature Rubber 60.000
SBR1500 40.000
Struktol A60 1.000
Zinc Oxide 3.000
Stearic acid 2.000
Carbon black N220 64.000
Antioxidant 0.500
WAX 4.000
Tackifying resins 6.000
Struktol 40 MS 2.000
Aromatic oil 10.000
Sulphur 1.500
MBTS 1.000
DPG 0.500
TMTD 0.200
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2.7 minaaail DSC(Differential Scanning Calorimeter)
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2.8 Hanmiinageil TMA(Thermal Mechanical Analysis)
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Sample: SIB639
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Engineering Stress(MPa)
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--------- Experimental data

Simulation using Prony's series
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2 - Data at 25 C (room temp)
Simulated at 25 C
P Dataat 0 C
1.8 i Simulated at 0 C
P Data at -25 C
: Simulated at -25 C
e e Data at -50 C
N, —— Simulated at -50 C
1.4 A
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=
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1% o Jd A J
5.1.1 mstﬁmmumamma"lﬂ"lumeamuﬂ

a

a o 4 a ¢ A o 1 {
Tumsinnzd ldafrawusiaesns i ludeawudiiosiassnmsunszusinaiguugil
1 9 o Y v o d' IJq 9 o an o o
A9 UBIABEIAULUD Press-on HTdAanInd 5-1 1@ lFuusiasauuy 2 1@ uazshmsdiaeslae
14 11/5n5MABAQUS 6.8 Tagldiaeu lvveuvadanaad 13 1unini 5-1 mslimszlumsiaeei
Y A Y a A til 9 A o 4
Taens11n132N9a01984 (Reference Point, RP) NUOUUA0153AIN Y11A 1000 Kg Tumidiansld
o [ { a 7 . .
MM3ad1a Mesh sauaas 13 lunmi 5-1 1diden wawudan14Ae CP4R (Plane Strain Linear Element
o @ I <3 ]
with Reduced intergration) lununiiaesiifaqaesilszannoman(lasnmanuaz faqen wonln
[ <3 I [ 1
o qmamﬂma ALLUY Isotropic Linear Elastic Taalif1 Young's Modulus A9 200 GPa LAz Poisson's
LA I @ . . v o n v ' a J 1 A &
Ratio A? 0.3 wazenuduiaauuy Visco-Hyperelastic tunoadalai'la Tagan wisiimes ludmiilu
. . o A Y} Y, v Y A ' A d . Y A °
Viscoelastic ¥o4e1anqaowiia lanand 13 luiden 4.1 drmiilu Hyperelastic ladonuuuiias
1 a 4 ) [ 1 {
11U Neo-Hookean Taga1misiiiwesveuuusiaessinannamnsa ldnindoyan lannmsnadouds
Y

1 a 4 o % U @ o
UNUIAY (uniaxial tensile test) AT 1ADFVOUVVTIADI Neo-Hookean H3A0f1 C,, Y01 70981991

Y Y
aodlauand A luarsnai 5-1
Lifimanfeufiiaauuy

druiflulaanwmén
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Aquiidlueng

CEEEEH

prannwg)
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MNN 5-1 LLﬁﬂQLL‘U‘Uiﬂﬁ’ENUH\Illu9’]L’E)ﬁ!iJLl?flLlﬁzlﬂﬂuhhlﬁll’ﬂﬂﬁlﬁtluﬂTﬁNa@ﬂ

4 1 a J o
ﬂ]ﬁ"l\‘]ﬁ 5-1 AMWIUNDIUDILUVINADI Neo-Hookean

Jag A1C,
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{ a { a t g Ao < { ]
(Aigungiives 25 °C waghguugi -25 °C Fudugaungiing llludesdunldlugaamnssuny

2 A ' R'E) Y, A = A o 1 o ¥ v
LU NIRRT ﬂ\‘]ulﬂllﬁﬂ\iuhaluﬂ']‘ww 5-2 NATNN 5-13 LAZAIDYINNNITNILYAIVDIAIULAUUDIAD

N v v H
A o ' = a o, A ! @ Y Ulsl =
EIN1/]1/]1%1ﬂEqu¢lial1’iiJ(B)1/lqmﬁQ3JWéN 25 °C azng YUNYN -25 C NN ﬂ\‘lhlﬂ!!,ﬁﬂ\i 31115]11/‘]1’]
= =
5-14 990N 5-23
S, Mises LE, Max. Principal
(Avg: 75%) (Bug: 75%)
+1.977e+00 +3.457e-01
+%§é§e188 - +3.181e-01 =
T1ER7EI00 Eycesh
+1.342e+00 +2.351e-01
+1.183e+00 +2.075e-01
+1.025e+00 +1.798e-01
+8.661e-01 +1.522e-01
+7.074¢-01 +1.245¢-01
+5.487e-01 +9.6908-02
+3.900e-01 +6.926e-02
+2.313e-01 +4.162e-02
+7.258e-02 +1.397e-02

ODB: br-m059_25-c-r2.0db  Abaqus/Standard 6.9-1  Fri Gt 23 15:22: 14 SE Asia Standard Time 2010
ODB: br-m0S9_25-c12.0db  AbaqusfStandard 6.9-1 Fri Oct 29 15:22:14 SE Asia Standard Time 2010

(a) (b)
MW 5-2 LAAINANITNIZIBAIVDY () AVAY Von Mises (b) ANUIATIANANGIGA TUAIUENUDY

Ao AU(gATIAN A) Nganqil 25 °C et 1 Jfina19InT U152 1,000 Kg

(S/&\’/\/QI“E?SSQ/ ) LE, Max. Principal
+2.0348+00 (Avg: 75%)
+1.870+00 - +4.636e-01
+1.7062+00 Hd2toe0l -
F1.5426 400 1383501
+1.3756+00 Rt
+1.215e+00 42 782e-01
+1.051e+00 e
81875601 :
+2.040e-01
+g gg?& g% +1.669&-01
+5.601e ¥129%e-01
+3.963%e-01 +9.278e-02
+2.326e-01 +5.570e-02
+6,890e-02 +1.861e-02
691 FHOee 23 1522114 5E Asis Standard Time 2010 DB brmOma_25-cziedh Abaqus/tandsrd 891 Fl Ot 29 15122114 5E Asla Seandard Time 2010

(a) (b)
4 @ 9 . @ 1
mwﬁ 5-3 LLEANNANITNTSD1IAIVDN (a) AULAY Von Mises (b) mmm%ﬂwaﬂqqqﬂiuﬁaumWM

dooAU(gATIAN A) Ngangdl 25 °C Ma 30 INANAININTUNITZ 1,000 Kg
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5 Mises LE, Max. Principal
(Avg: 75%) (Avg: 75%)
+2.035e+00 ThEadeOL -
+1.871e+00 - T2/ Jen
+11707e+00 13200t
+1.543e+00 Eidesor
+1.379e+00 ERE T
+1.216e+00 +2'4156701
+1.052e+00 2415
Ts8306.01 +2.044e-01
175a%ent +1.672e-01
15604001 +1.301e-01
13.9656-01 +9.294e-02
+2.327e-01 +5.579e-02
16.5808-00 +1.8642-02
ODB: br-m059_25-c-r2.0db  Abaqus/Standard 6.9-1 Fri Oct29 15:22:14 SE Asia Standard Time 2010 ©DBi br-m059_25-c-r2.0dh  Abaqus/Standard 8,31 Fri Oct 29 15:22:14 SE Asia Standard Time 2010
v v
Step: Step-crasp Step: Step-crasp
Defuimiad Uar 1) simtion Seals Factor: +1.0008+00 B i seale Factor: +1.500e+00

MW 5-4 LAAIHANITNTZIBAIVON () ANUIAY Von Mises (b) ANUIAToanangIgaludiuesves

dooAu(gasiay A) gyl 25 °C et 60 INHANEINSUN521,000 Kg

S Mises LE, Max. Principal
(/’Avg‘ 75%) (Avg: 75%)
43 108e-01 +1.349e-01
13a53e01 - +1.240e-01 -
15587001 +1.131e-01
+23416-01 +1.022e-01
15h85e01 +9.1276-02
T1esne01 +8.036e-02
+1.574e-01 +6.945e-00
11318601 +5.854e-02
+1.062¢-01 +4.764e-02
18.065e-02 +3.6736-02
+5.507e-02 +2.582e-02
+2.950e-02 +1.491e-02
+3.9206-03 +4.002e-03
©ODB! br-m0S9_25-¢-r2.0db  Abaqus/Standard €,.9-1  FriQct 29 15122114 SE Asiz Standard Time 2010 QDB br-m059_25-c-r2.0db  Abaqus/Standard €.9-1  Fri Qct29 19:22:14 SE Asia Standard Time 2010
i Stap: Step-recovery, ramove load Y Steps Step-recovery, remove load
L, mmorssmn i L, s
Daformad wan U Deformaton Scals Factor; +1.000++00 Bt Yo G Bk oymaeion Scale Factor: +1,0006+00

4 @ 9 . @ 1
MW 5-5 LAAINANIINTZIBAIVO (a) AIWAY Von Mises (b) ANUIATIAKANGIgA TUAIUE19v04

Y Y] a a a o
ARENAU(GAIIAN A) NQaIKRN 25 °C NIAT 1 IWNHEI9IND1N1321,000 Kg 800

S, Mises LE, Max. Principal
(Avg: 75%) (Avg: 75%)
+3.106e-04 +8.0756-04
+2.850e-04 = +7.416e-04
+2.594e-04 16.7586-04
+2/3350-04 Tet3ce 4
+2.083e-04 15 441e-04
+1.827e-04 +4.7826-04
+1.5716-04 +4.124e-04
+1.316e-04 o
+3.465¢-04
+1.060e-04 o
+2.807e-04
+8.040e-05 TSVt 04
+5.482¢-05 490604
+2.924e-05 +1.4508e-
15 E600-08 +8.310e-05
+1.725e-05

ODB: br-m0S8_25-c-r2.0db  Abaqus/Standard £.3-1 Fri Gct 23 15:22:14 SE Asia Standard Time 2010 i o
ODB: br-m059_25-c-r2odb  AbsqusiStandsrd 6,9-1 Fri Oct 29 15:22114 SE Asia Standsrd Time 2010

Stap: Step-racovery, removs laad

Increment 105: Step Time = 30.06 v

B Brimary Var: S, Mises Stap: Step-racovery, remove laad
y  Increment 105: Step Time = ~30.06
Brimary tari LE, Mas, Principal

Deformed Var (1 Deformation Seale Factor: +1,000e+00

Deformed Vars U Deformation Scale Factor +1.000e+00

MW 5-6 LAAINANITNTZINBAIVD (a) AWIAY Von Mises (b) ANUIATIANENZIgA Tud L1909

dounAu(gasiay A) igavagl 25 °C e 30 Ifinaenne1n1521,000 Kg 080
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3, Mises
(Avg: 75%) LE, Max. Principal
+6.167e-07 (Avg: 75%)
+5.653e-07 " +4.261e-06
+5.140e-07 +3.914e-06 =
+4.627e-07 +3.566e-06
+4.114e-07 +3.219e-06
+3.600e-07 +2.871e-06
+3.087¢-07 +2.524e-06
+2.574e-07 +2.176e-06
+2.060e-07 +1.829e-06
+1.547¢-07 +1.482e-06
+1.034e-07 +1.134e-06
+5.206e-08 +7.866e-07
+7.341e-10 +4.391e-07
+9.165e-08

ODB: br-m0S9_25-c-r2.0db  Abaqus/Standard 6.9-1 Fri Oct 20 15122114 SE Asia Standard Time 2010
- ODB: br-mD33_75-crr2.0db  Abaqus/Standard 6.3+1  Fri OCt 28 15122114 SE Asia Standard Time 2010

Y
Staps Step-racovsry, ramovs load v ot
e Time = 60 perecovery, remove loa
K By Vo S thagy o e « Inchmant | 13% Srep Time = - 50.00
eforr el efermation Seale Factor + 24 Primary Wari LE, Mas, Principal
o Vil pef on Sesle Fact 1000et00 Deferted War U Deformation Scale Facter +1.0002+00

MW 5-7 LAAIHANITNTZIBAIVON (a) ANUIAY Von Mises (b) ANUIAToANANGIgaTuaIM19U04

9 % a = a o = a = (%
aammu(gmmu A) NYUNHYY 25 C N1IA1 60 IUIMNKAINNBINITE 1,000 Kg 98N
S, Mises LE, Max. Principal
(Avg: 75%) (Avg: 75%)
T 00 . S .
+1.786e+00 +1.568e-01
+1.615e+00 +1.418e-01
+1.444e+00 +1.268&-01
+1.273e+00 Ié éég:igé
PG +8.1856-032
e 185800
+4.181e-01 +3.690&-02
+2.471e-01 +2.191e-02
+7.612e-02 +6.928&-03
ODB: br-m059--25-c-r.odb  Abaqus/Standard 6.5-1  Fri Oct 23 13:16:31 SE Asia Standard Time 2010 ODBi br-m053--25-c-rodb  Abagus/Standard 6:3-1  Fri Gct29 13:116:31 SE Asia Standard Time 2010
Lo e e Lo o
Daformed ar U Deformation Scale Factor: +1.0008+00 Daformad Var: U Daformation Scals Factor: +1,000¢ +00

MW 5-8 LAAIHANITNTZAIWAIVI () ANWIAY Von Mises (b) ANUIATEANANGIGA TUAIUENS

(@a3tay A) NP -25 °C NIa1 1 IWNNNA991NTVN321,000 Kg

s, Mises LE, Max. Principal
(Avg: 75%) (Avg: 75%)
+2.018e+00 +2.663e-01
+1.856e+00 = +2.450e-01 L}
+1.694e+00 +2.2378-01
+1.533e+00 +2.024e-01
+1.371e+00 +1.810e-01
+1.209e+00 +1.597&-01
+1.047e+00 +1.384e-01
+8.849&-01 +1.171e-01
+7.230e-01 +9.578e-02
+5.611e-01 +7.447e-02
+3.992e-01 +5.315e-02
+2.373e-01 +3.184e-02
+7.537e-02 +1.052e-02
ODB: brem0S8--25+c-rodb  Abaqus/Standard £.3+1  Fri Oct 23 13:16:31 SE Asia Standard Time 2010 ODB: br-m059--25-c-rodb  Absqus/Standard 6.9-1 Fri Oce29 13:16:21 SE Asia Standard Time 2010
N v
Step: Step-creep Stapi Step-cresp
1, oo o nme som L, i e on

Brimary Wan S, Mises

Daformed Var: U Deformation Scale Factor: +1.0002+00 Defarmed Vari L Deformation Scale Factor: +1,000e+00

MW 5-9 LAAIWANITNTZINBAIVD (a) AR Von Mises (b) ANMIATIANENTIgATud e

=

(@3N A) NYUNI -25 °C M1 30 JWNNNEI9INTVNII21,000 Kg

Q U
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S, Mises LE, Max. Principal
(Avg: 75%) (Avg: 75%)
+2.004e+00 +2.863e-01
+1.843e+00 b +2.633e-01 L)
+1.682e+00 +2.404e-01
+1.521e+00 +2.175e-01
+1.361e+00 +1.946e-01
+1.200e+00 +1.717e-01
+1.03%e+00 +1.488e-01
+8.783e-01 +1.25%e-01
+7.175e-01 +1.030e-01
+5.568¢-01 +8.00%e-02
+3.960e-01 +5.719e-02
+2.353e-01 +3.428e-02
+7.455e-02 +1.137e-02
, ,
L i ks cono Lo Dt s, sooo

MW 5-10 HAAIHANITNTZIBAIVBI (a) ANWIAU Von Mises (b) ANUIAToAnANgIgaludIue

(@A31AY A) NYUNYI -25 °C MIA1 60 IWNNHAI9INTUNIIL1,000 Kg

S, Mises LE, Max. Principal
(Avg: 75%) (Avg: 75%)
+2.205e-01 +1.189e-01
+2.024e-01 - +1.094e-01 =
+1.843e-01 +3.994e-02
+1.662e-01 +9.045e-02
+1.481e-01 +8.096e-02
+1.301e-01 +7.147e-02
+1.120e-01 +6.198e-02
+8.390e-02 +5.250e-02
+7.582e-02 +4.301e-02
+5.774e-02 +3.352e-02
+3.966e-02 +2.403e-02
+2.158e-02 +1.454e-02
+3.497e-03 +5.052e-03
ODEB: br-m059--25-c-rodh  Abaqus/Standard 6.9-1 Fri Oct 29 1516131 SE Asia Standard Time Z0LD OB br-m0S3--25-c-rodh  Abaqus/Standard 6.3-1 Fri 9ct 25 131634 SE Asia Standard Tims 2010
H rep: Step-racousry, remoue |oa: ¥
L mma e s ares 1, memregmo

Brimary Wan LE, Mas. Principa

P
Daformed s U Daformation Scale Factor: +1.0002+00 Dafarmed Vari U Deformation Scale Factor: +1,0008+00

MW 5-11 LAAIHANTNTZIYAIVDI (a) ANUAY Von Mises (b) ANUIAToANANGIgaTua N1

(qAT1AN A) Mgl -25 °C Na1 1 INNHENNBINT21,000 Kg 007

S, Mises LE, Max, Principal

(Avg: 75%) (Avg: 75%)
+6,0868-02 +3.866e-02
+5.587e-02 = +3.558e-02 ]
+5.087e-02 +3.250e-02
+4.5888-02 +2.942e-02
+4.086-02 +2.634e-02
+3.588e-02 +2.3266-02
+3.0898-02 +2.018e-02
+2.580e-02 +1.710e-02
+2.090e-02 +1.402e-02
+1.5908-02 +1.0942-02
+1.051e-02 +7.857e-03
+5.911e-03 +4.7776-03
+0.1546-04 +1.637e-03

t
ODB: br-m053--25-c-radb  Abaqus/Standard 6.5-1 Fri Oct 23 15:16:31 SE Asia Standard Time 2010

©DB: br-m059--25-c-r.odb  Abaqus/Standard .91 Fri Oct 23 13:16:31 SE Asia Standard Time 2010

Seap: St 4 Step: Step-recovery, remove load
Incremen 29,98 ncrement tep Time =
% Brimary ar: 5, Mises % Doerement 299, ol T 2338
Deformed Yar U Deformation Scale Factor: +1,000¢+00 Deformed Var: U Deformation Scale Factor: +1.0002+00

MWA 5-12 1AAIWANITNTZIIOAIVDI (a) ANWIAY Von Mises (b) ANUIATIANANGIGA TUAIUEIUDY

=

A0INAU(FATIAN A) Ngarigil -25 °C 11 30 IAHAINLINI2 1,000 Kg 09N

T S




S, Mises

(Aug: 75%)
+3.585¢-02
+3.291e-02
+2.996e-02
+2.702e-02
+2.408e-02
+2.113e-02
+1.819e-02
+1.525e-02
+1.231e-02
+9.364e-03
+6.421e-03
+3.479-03
+5.359e-04

©0B: br-m099--25-c-rodb  Abaqus/Standard 6.5-1 Fri 02t 22 13:16:31 SE Asia Standard Time 2010

 remove load
Step Time = £0.00

Deformation Scale Facton +1,0002+00

43

LE, Max. Principal

(Avg: 75%)
+2.472e-02
+2.275e-02
+2.078e-02
+1.881e-02

+1.090e-03

i
ODB: brm053--25-crodb  AbaqusfStandard 6.3+1 Fri Oct 28 13116131 SE Asia Standard Time 2010

Step: Step-recouery, remans load
4 Incrament 680; Step Time = 50.00
Primary War LE, Max, Principal
Deformed Var: 1) Deformation Scale Factan +1.000e+00

NN 5-13 LAAIWNANTATLIAIVD () ANUAU Von Mises (b) ANUIATEANANGIGA TUEINEN

] v
~

(@311 A) NPl -25 °C M1 60 INNEI9INBINTE1,000 Kg 89N

T T

S, Mises
(Avg: 75%)
+2.030e+00

+6.951e-02

-cib_28-cvodb Abaque/Standard £.5-1  Fri Sct 29 1607113 SE Asia Standard Time 2010

-creep
w77 StepTime= 1133

b ar: 5, Mises
Defarmed Var U Deformation Scale Factor: +1,000e+00

LE, Max. Principal

(Avg: 75%)
+4.020e-01
+3.658e-01
+3.376e-01
+3.054e-01
+2732e-01
+2.410e-01
+2.088e-01
+1.766e-01
+1.444e-01
+1123e-01
+8.006e-02
+4.785e-02
+1.567-02

ODB: br-sib_25-c-rodh  Abaqus/Standard .91 Fri OCt 29 16:07:13 SE Asia Standard Time 2010

api Step-
x  Increment 77:StepTime= 1.13%
Primary Var: LE, Mas, Principal
Deformed Vari U Deformation Scale Fagtor +1.000+00

MW 5-14 HAAIWANITNITZIBAIVBI (a) ANWIAU Von Mises (b) ANMIAToananggaludiuesues

v
=1

gﬂt’]Nﬁu!ﬁﬂiiﬁij B) ngavig

Q

S, Mises

(Aug: 75%)
+2.064e+00
+1.897e+00
+1.731e+00
+1.565e+00
+1.39%e+00
+1.232e+00
+1.066e+00
+8.997e-01
+7.334¢-01
+5.672e-01
+4.00%e-01
+2.346e-01
+6.828e-02

©DB: br-sib_25-c-r.odb  AbsqusiStandard 6.5-1 Fri Oct 23 16:07:13 SE Asia Standard Time 2010

cton +1.000¢+00

125 °C a1 1 IWNNMa9Insunse 1,000 Kg

LE, Max. Principal
(Ava: 75%)
+4,498e-01

+1.255e-01
+8.952e-02
+5.349e-02
+1.747e-02

ODB: br-sib_25-c-rodb  Abaqus/Standard 6.9-1  Fri OCt 23 16:07: 13 SE Asia Standard Time 2010

resp
108: Step Time = 20.62

oore

W LE, Maw., Principal
eformed Var U Deformation Scale Factor: +1,000e+00

4 Y 9 . @ 1
ﬂ”I‘INﬁ 5-15 UAAIHANITNTZIEAIVDY (a) AUAY Von Mises (b) mmm’?awmqwﬂumumwm

aooeAu(gas Inal B) igaurigil 25 °C Mnan 30 Ifinas9Iniunsz1,000 Kg
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S, Mises LE, Max. Frincipal
(Aug: 75%) (Bug: 75%)
+2.076e+00 +4,679e-01
+1.808e+00 . petoract] .
+1.741e+00 +3.929e-01
+1.5746+00 13isecoi
+1.407e+00 +3.180e-01
+1.239e+00 13805001
+1.072e4+00 +2.430e-01
+2.045e-01 +2.056e-01
+7.372e-01 +1.681e-01
+5.698e-01 +1,306e-01
+4,025e-01 +3.313e-02
+2.352e-01 +5,565e-02
+6.782e-02 +1.817e-02
, .
T e Lo it 8 e cono

Defermad Usn U Deformation Seals Facton +1,0004+00

NN 5-16 LAAIWANTATLIAIVD () AUAY Von Mises (b) ANWIATEANANGIGA TUETINENUDI

dog19dn(gas lni B) gaivgil 25 °C e 60 Iufinaennsunsz1,000 Kg

S, Mises LE, Max. Principal
(Avg: 75%) (Avg: 75%)
+8.160e-02
+2002e-01 . +7.500e-02 .
+1.673e-01 +6.858e-02
+1.508e-01 +6.208e-02
+1.343e-01 +5.557e-02
+1.178e-01 +4.907e-02
+1.013e-01 +4.2566-02
+8.4852-02 +3.605e-02
+6.837¢-02 +2,955e-02
+5.189¢-02 +2.304e-02
+3.540e-02 +1.653e-02
+1.892¢-02 +1.003e-02
+2.434e-03 +3.523e-03

008 brosib_23-erodh Abaqus/Standard 6.9:1 Pl Oct 23 16:07:13 SE Asia Standard Time 2010 ODB: br-sib_25-c-r.odb  Abaqus/Standard 5.9-1 Fri Oct 29 16:07113 SE Asia Standard Time 2010

Step: Stap-racouery, remave load v
In 65: Step Tima = 1.058 Step: Step-recouery, remaue load
® b ar: 5, Mises 4 Incremen 55 Step Time= 1.058
D U Defarmation Seals Factors +1,0006400 Brimary Uar: LE, Maw. Principsl

Daformad Vart U Daformation Seale Facten +1.0008+00

MW 5-17 LAAINANINTZIBA VDI (a) ANUAU Von Mises (b) ANuAIoanangagaludiues

(@93 1% B) Moavind 25 °C Anan 1 31NMa991n9101521,000 Ke 900

Q U

S, Mises LE, Max. Principal
(Avg: 75%) (Avg: 75%)

+9.535e-02 +4.089e-02

+8.750e-02 = +3.762e-02 L}

+7.965e-02 +3.435e-02

+7.180e-02 +3.1088-02

+6.395e-02 +2.781e-02

+5.610e-02 +2.454e-02

+4.825e-02 +2.1278-02

+4.040e-02 +1.800e-02

+3.255e-02 +1.473e-02

+2.470e-02 +1.146e-02

+1.685e-02 +8.193e-03

+8.998e-03 +4.924e-03

+1.147e-03 +1.654e-03

ODB: br-sib_25-c-rodb  Abaqus/Standard .3-1 FriOct 29 16:07:13 SE Asia Standsrd Time 2010 DB bresib_25-corodb  Abaque/Standard 651 Fri Ot 29 16107115 SE Asia Standard Time 2010

Stap: Step-recovery, remava load v
Incrament 115: Sta 2578 Step: Stap-racouery, removs load
] x  Incrememt 115 StepTime = 29.78
cala Factors +1.000+00 Primary 'ar: LE, Maw, Principal

Defarmed Var: U Dieformation Scale Factor: +1,0008+00

MWA 5-18 LAAINANITNTZIIOAIVDI (a) ANWIAY Von Mises (b) ANUIATIANANIgA lua e

(@93 1vu B) Noanad 25 °C Mna1 30 IUINHAI1IAD1N1521,000 Ke 98N

Q U
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LE, Max. Principal S, Mises
(Avg: 75%) (Ava: 75%)

+3.1166-02 +6.910e-02

+2.8666-02 s +6.3416-02 -

+2.6176-02 +5.7726-02

+2.367e-02 +5.203e-02

+2.117e-02 +4.634e-02

+1.867e-02 +4.065e-02

+1618e-02 +3.4966-02

+1.368e-02 +21837e-02

+1.118e-02 +2.358e-02

+8.683e-03 +1.790e-02

+6.186e-03 +1.201e-02

+3.688e-03 +6.5176-03

+1.190e-03 +8.285e-0d4

QDR bresib_25-c-rodb  Abaqus/Standard 631 Fri Ot 23 16:07:13 SE Asia Standard Time 2010 OB br-sib_25-c-riodb  Abaqus/Standard 6,9-1 Fri Oct 26 16:07:13 SE Asia Standard Time 2010

N v

Steps Step-recovary, remove load Stap: Step-i
x I api Step-recovsry, remeve load
x  Increment 14e: Stap Time = £0.00 e e e B T S 0.00
Primary ar: LE, Man, Principal X Drimary war 6 Mists
Deformed Var U Deformtion Scale Factar: +1.0002400 B i) Dformstion Seals Facton +1.0008400

MW 5-19 HAAIHANITNTZIBAIVBI (a) ANWIAN Von Mises (b) ANMIAToAnANgIgaludIuea

(@93 1% B) Noavind 25 °C M1a1 60 IUINHAIND1N15L 1,000 Ke 981

Q U

S, Mises LE, Max. Principal
(Avg: 75%) (Avg: 75%)
+2.036e+00 +3.057e-01
+1.872e+00 = +2.812e-01 =
+1.7082+00 +2.567e-01
+1.545e+00 +2.322e-01
+1.381e+00 +2.077e-01
+1.218e+00 +1.832e-01
+1.054e+00 +1.587e-01
+8.904e-01 +1.342e-01
+7.268e-01 +1.097e-01
+5.632e-01 +8.522e-02
+3.995e-01 +6.072e-02
+2.359e-01 +3.622e-02
+7.232e-02 +1.172e-02
ODB: br-sib_-25-c-rodb  AbaqusfStandard £.9-1  Fri Oct 29 16:21:59 SE Asia Standard Time 2010 ODB: bresib_-25-c-r.odb Abaqus/Standard 6.9-1 Fri Oct 29 16:21:59 SE Asia Standard Time 2010
; ;
Loy et S me- 1018 Loy Bt e 1018

4 @ 9 . @ 1
PN 5-20 LAAINANITNTLIYAIVDI (a) ANULAY Von Mises (b) mmm’?awaﬂqqqﬂiumum

(gaslny B) Nguunagd -25 °C a1 1 INH&1INTVAIL1,000 Ke

S, Mises LE, Max. Principal
(Avg: 75%) (Avg: 75%)
+2.019¢+00 +3.409¢-01
+1.856e+00 = +3.136e-01 .
+1/634e+00 +2:863¢-01
+1.5532+00 +2.590e-01
+1.370e+00 +2317-01
+1.2076+00 +2.0442-01
+1.0d5e+00 +1771e-01
+8.6276-01 +1.4538e-01
+7.205e-01 +1.225¢-01
+5.5826-01 +9.515¢-02
+3.858e-01 +6.7856-02
+2337e-01 +4.055¢-03
+7.1a0e-02 +13332-03
008: brsib_-25-c-rodb  Abaqus/Standard 6,9-1  Fri Qct 29 16:21:59 SE Asia Standard Time 2010 ODB: bresib_-25-c-radh  Abagus/Standard 6.9-1 Fri OCt23 16:21:59 SE Asia Standard Time 2010
M epi Step-cres| ¥
Loy Dot 5 st Time- 0.5 [, mnemrosre r oo
Defamed tar U Deformstion Seals Facton +1.000¢+00 Primary Yar L&, Mas, Principa
Deformed Yar U Deformation Scale Facten +1.000e+00

MW 521 HAAIHANTNTZIIBAIVO () ANWAY Von Mises (b) Az onrangegaludiues

(q@3 1y B) Ngaungil -25 °C M13a1 30 INNHAINTUNIIL1,000 Kg




S, Mises

(Avg: 75%)
+2.016e+00
+1.854e+00
+1.692e+00
+1.530e+00
+1.368e+00
+1.206e+00
+1.044e+00

+2.333e-01
+7.120e-02

ODB: bresib_r25-c-rodb  Abaqus/Standard 6.3-1 Fri Oct 29 16:21:59 SE Asia Standard Time 2010
Y
Step: Stepcreep
y  Increment 122 StepTime = 60.00
Primary Vars §, Mises
Deformed Vari U Deformation Scale Factor +1,000e+00

46

LE, Max. Principal

(Avg: 75%)
+3.487e-01
+3.208e-01 =
+2.929e-01
+2.649e-01
+2.370e-01

+4.151¢-02
+1.358e-02

ODB: br-sib_-25-c-rodb  Abaqus/Standard 6.5-1 Fri Oct 23 16:21:55 6E Asia Standard Time 2010

Steps Step-cresp
l w  Increment 122, StepTime = 60.00
Primary Yar: LE, Man, Principal
Daformed Var: U Deformation Scale Factor: +1,000e+00

NN 5-22 LAAIWANTATLIAIVD () ANUAY Von Mises (b) ANUIATEANANGIGA TUEINEN

(ga3lvii B) Ngaungil -25 °C MIa1 60 INNHA99105VN321,000 Kg

5, Mises

(Avg: 75%)
+1.226e-01
+1.125e-01
+1.024e-01
+9.2368-02
+8.229a-02
+7.221le-02

+1.703e-03

ODB: br-sib_-25-c-rodh  Abaqus/Standard 8.9-1  Fri Ock 29 16:21:59 SE Asia Standard Time 2010

H Step: Step-recouery, remove load
o Incremam 73 StepTimec its
Brimary Uar 5, Misss
Dfirmed wan U Daformation Sesls Facton +1.0008+00

LE, Max. Principal

(Avg: 75%)
+5.343=-02
+4.917e-02 =
+4.491e-02
+4.065e-02
+3.639e-02
+3.213e-02
+2.786e-02

+2.301e-03

ODB: br-sib_-25-c-rodb  Abaqus/Standard 6.3-1  Fri Oct 25 16:21:5% SE Asia Standard Time 2010
v

Step: Step-racovery, ramovs load
Lx

Deformed Vari U Deformation Scale Factor: +1,000e+00

MW 5-23 LAAINANITNTZIBAIVBI (a) ANUAY Von Mises (b) ANUIAToAnANgIgaludIues

(ga3lva B) Ngungil -25 °C a1 1 IWNHa1111911521,000 Kg 001

3, Mises
(Avg: 75%)
+3.511e-02

+3.367e-03
+4,308e-04

ODB: bresib_+75-c-rodh  AbaqusiStandard 8.3-1  Fri Oct 78 16:21:59 SE Asia Standard Time 2010
v
Step: Step-recouery, remove load
L Increment  103: Stap Time = 30,92
® Primary Yari 5, Mises
Daformed ari U Daformation Scale Factor: +1.000e+00

LE, Max. Principal

(Avg: 75%)
+1,594e-02
+1.467e-02 "
+1.340e-02
+1.213e-02
+1.086e-02
+9.587e-03
+8.317e-03
+7.0462-03
+5.776e-03
+4,5062-03
+3.236e-03
+1.965¢-03
+6.951e-04

DBt br-sib_-25-c-radh  Abaqus/Standard £.9-1 Fyi Ozt 29 16121159 SE Asis Standard Time 2010
v
Step: Stap-racoery, remove load
4 Increment 103: Stap Time = 3052
Primary Var LE, Man, Principal
Deformed Vari U Deformation Scale Factor: +1,000e+00

MW 5-24 LAAIHANTNTZDIBAIVO () ANWAY Von Mises (b) A3 rangegaludiue

(qa3 1y B) Ngaungil -25 °C N11a1 30 IN1AI91N8101521,000 Kg 80N




S, Mises
(Avg: 75%)

+2.087e-02
+1.915e-02
+1.744e-02
+1.572e-02
+1.401e-02
+1.229e-02
+1.058e-02
+8.862e-03
+7.146e-03
+5.431e-03
+3.716e-03
+2.001e-03
+2.853e-04

ODB: br-sib_-25-c-rodb  Abaqus/Standard 6.9-1 Fri Ort29 16:21:59 SE Asia Standard Time 2010

Daformed Var:

47

LE, Max. Principal
(Avg: 75%)
+9.8482-03
= +9.063e-03
+38.2782-03
+7 493e-03
+6.708e-03
+5.924e-03
+5.13%¢-03
+4.354e-03
+3.569e-03
+2.785e-03
+2.000e-03
+1.2156-03
+4.3028-04

& Facton +1,0006+00

NN 5-25 LAAIWANTNTLIAIVD () ANUAY Von Mises (b) ANUIATEANANGIGA TUEINEN

(q@3 1y B) Ngaungil -25 °C Nal 60 1N1AaI191019101521,000 Kg 80N

MIAVAIVOITLILNILIAVDIN TGN UIAI VDL TUMNT UL NI AUAINAAUDINTZ00N
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Vertical Diplacement (mm)
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—25C (B)

—-25C (B)

0 20 40 60 80 100 120 140
Time (s)
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—-25C (B)
—-25C (A)

Vertical Diplacement (mm)
N

0 20 40 60 80 100 120 140
Time (s)
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Abstract

This work aims to study physical and mechanical behavior of rubber used in solid tires at low ambient temperature
below the freezing point such that the results from the study can be used in development of solid tires used in frozen food
cold storage rooms. In this work an appropriate apparatus was set up for the study of mechanical properties of rubber at low
temperatures such as tensile behavior and stress relaxation. The viscoelastic behavior of the rubber compound at different
temperatures was captured using linear viscoelastic material model and later used in the subsequent finite element analysis of
a press-on solid tire. It was found that the creep and recovery behavior of the press-on solid tire can be modeled adequately
with the developed finite element model. It also showed that at -25°C the solid tire will be recovered much slower after load
removal than at room temperature, in consistent with the test result observed. This finite element model developed will be

useful for further development of product to achieve the desirable performance at low temperatures.
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Relaxation Tensile Modulus E(t) (MPa)
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