American Journal of Applied Sciences 11 (4): 648-655, 2014

ISSN: 1546-9239

©2014 Science Publication

doi:10.3844/ajassp.2014.648.655 Published Onlin@12014 (http://www.thescipub.com/ajas.toc)

MATERIAL PARAMETER OF RUBBER
GLOVE VULCANIZED USING COMBINED
INFRARED AND HOT-AIR HEATING

Tipapon Khamdaeng, Numpon Panyoyai and Thanasit Wongsiriamnuay
Faculty of Engineering and Agro-Industry, Maejo insity, Chiang Mai, Thailand

Received 2013-12-11; Revised 2013-12-13; Accepted-B2108
ABSTRACT

Vulcanization is an important chemical-thermal @ex in production of rubber products resulting in
change of material properties, increased elastaity strength. In general, Young’'s modulus is wsedn
indicator of elastic deformation at loading configtion. However, rubber is not truly elastic andiragle
parameter is insufficient to describe the wholeod®fition contributed by microstructure of rubber
network. Therefore, we present the material pararsetoncerning the mechanical interaction of rubber
constituents. In this study, tensile force and gation were measured to analyze the rubber defamadn
order to describe the deformation behavior of tbmltined infrared and hot-air vulcanized rubber glov
the material properties, stress and stretch, wereefore presented. The stress-stretch relationsifiphe
vulcanized rubber gloves were established basqm@nously well-known hyperelastic material modetia
their material parameters were determined usingrarmpeter estimation technique. In conclusion, tress-
stretch relationships of the combined infrared &od-air vulcanized rubber glove can be successfully
established with our optimized material parametdrs; magnitudes of rubber modulusg{@nd locking
stretch §.) were in a range of 0.041-0.079 MPa and 10.27Z Qdspectively. Furthermore, the resulting
material parameters can be properly used to irglitet micro structural deformation.
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1. INTRODUCTION process causes the non-homogeneous material in the
final product. The rubber region where has the low
Vulcanization has been known as an important elasticity and strength will damage before the iothe
chemical-thermal process of the rubber productibiclv ~ regions. From this reason, the combined heating,
has been discovered by Charles Goodyear in 1843including convection and radiation heat transféqusd
Sulfur and additives were added in the processhef t be considered as the effective heating processfcove
production of the rubber products in order to pdevi the temperature distribution as well as to deteenihre
more elasticity and prevent degradation by heate@¢  new optimized parameters of the vulcanization.
heating processes were incorporated into vulcaoizat Therefore, in this study, the combined infrared and
methods, for example, hot air, microwave and imftdlar hot-air heating process was used. Since the ifreas
(Bideau et al., 2009; Zhanget al., 2004; Clark and potentially penetrate into the material with thefrorter
Sutton, 1996). The vulcanization methods and ogtichi  wavelengths, the heat and mass transfer insiderialeaite
heating processes of the rubber gloves have beesubjected to the emission. Infrared combined withdir
investigated (Makuuchit al., 1990). However, the non- heating will provide the complex phenomena than
homogenous temperature on the rubber glove duhieg t infrared or hot-air heating only (Dongbang and
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Matthujak, 2013; Lakhaét al., 2009). Furthermore, the removed and was heated again. After that, the walkl
infrared heater is not only easy to set with anothe dipped into the rubber latex for 10 sec and wareu.
system due to the less space using and uncomplicateA thin layer of the rubber latex covering the handld
setting but also quickly responses to temperaturewas vertically placed in the cabinet vulcanizedberb
controlling. The heating parameters that expectedlydryer and was heated using the combined infraretl an
affect the temperature distribution of the presenthot-air. The cabinet vulcanized rubber dryer cariton
vulcanized rubber glove are temperature, vulcanizedWill be briefly detailed as follow. . ,
duration and distance between infrared heater ainioer As illustrated inFig. 1A, the cabinet vulcanized
glove. rub.ber dryer was made of sheet metal at the_ ougside

To verify the material standard of the final rubber Stainless steel at inside, to prevent the erosiom fthe
product, the rubber must be performed on the méchlan  €vaporated acid moisture and has insulations vzt
testing. The general quantitative characterizatidna  these metals. The hand mold stand was made of
linear elastic material is known as Young’s modulus stainless steel and was fixed at the cabinet center
However, the rubbery material has a network strectn~ Control  system includes temperature controller,
enable a non-linear deformation (Boyce and Arruda,temperature sensor, on/off blower controller andLi&
2000). The contribution of this network structuesults present the operating conditions. The dryer consi$t
in the stress-strain response. Therefore, thenetiff of  two types of heater, i.e., two 1000 W infrared dwd
rubbery material should be determined from the eslop 1500 W finned heaters. Both infrared and finned
change of the stress-strain curve. Several cotigétu heaters were controlled by temperature sensors. Two
models have been proposed based on undergoing larg@frared heaters were set in the cabinet on thesipp
strain, using a large deformation theory (&lial., 2010;  side which one was fixed and another one was
Sasset al., 2008; Guo and Sluys, 2006; Marckmann and attached to the rail in order to adjust the distanc
Verron, 2006; Ogderet al., 2004; Arruda and Boyce, petween the heater and the rubber glove. Circulated
1993). The well-established hyperelastic modelsewer ot air with average velocity of 0.5 m/s was flowed

apptr_oached byrl]"Sir_‘g a_.T_?]umrt)ti?nts_ 0'; bothhsta_tisa'ndld pass the finned heaters via the inlet channel en th
continuum mechanics. The statistical mechanics inode upper side of the cabinet. The hot air flow direntis

such as the Langevin (Arruda and Boyce) 8-chain R
model, provides suitably estimation of the largeist shown inFig. 1B.
response with a few material parameters concetthieg 2.2. Mechanical M odd

microstructure  of the network, also called

microstructural model. The invariant-based continuu The rubber gloves were tested on standard of
mechanics model represents the phenomenologicaMethods for vulcanized rubber and thermoplastic
response which the invariants can be implied to€lastomers tension (ASTM D 412). The tensile load
microstructural deformation. However, in order to Set of 10 kN was applied on the dumbbell-shapet tes
establish the continuum mechanics model, manySample with gauge length of 33 mm (Type C). At

Arruda, 2000). The tensile stress was then calculated based on the

In this study, we propose to establish the stremins ~ Cauchy’s stress theorem. The hyperelastic conisttut
relationships of the combined infrared and hot-air €quation in the axial direction can be writteneémt of
vulcanized rubber glove using the Langevin (Arrada  Strain energy function (Humphrey and Delange, 2004)
Boyce) 8-chain model and to optimize their material @ shown in Equation (1):
parameters, which are rubber modulug)(é&nd locking
stretch §,), at any vulcanized condition. 1 /\0W (1)

%= " detF oA
2. MATERIALSAND METHODS

) Where:
2.1. Experimental Setup 0,,= Cauchy stress in the axial direction
Rubber gloves were formed using the medium size of F =  Deformation gradient tensor and dev#s equal
hand mold. The Pre-Vulcanized Rubber latex (PVHA) to unity since the rubber deformation was
was prepared in a container. The mold was heateat up assumed to be incompressible

Stretch ratio in the axial direction
The strain energy function

80°C for 23 min and was dipped into coagulation, A
preparing from 10% calcium chloride. The mold was W
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A Air inlet channel

System controller—, Finned heater

Infrared heater

Front view

Side view

Fig. 1. The cabinet vulcanized rubber dryer; (A) the maimponent consists of system controller, finned dreatfrared heater and
air inlet channel. (B) Diagram of hot air flow. Dxaand light gray arrows respectively representdinection of hot air flow
with higher inlet and lower outlet temperatures

In this study, the stress-strain relationships fod t L(B )—coth(B )_i
vulcanized rubber glove were fit using the Langevin chain) ™ e g
(Arruda and Boyce) 8-chain model (Arruda and Boyce,
1993) which is expressed as Equation (2):
Bchain - L—l ( Achain} (3)
W= NKT V| By g+ /11 | et ) Vi
chain’* chain Sinthham
where, Achain IS Stretch on each chain in the structure
Where: which is defined as the root mean square of thetchtrin
N = The number of chains per unit volume three orthogonal axes in the Cartesian coordinates
k = Boltzmann’s constamt Equation (4):
T = Temperature
n = The number of individual segment of the
molecule length i1 L 5
Beain= The inverse Langevin function that is given by Acham{[ﬁ = +/\2ﬂ (4)
Equation (3): SLVA™ VA
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The two material parameters obtained from the Cauchy stress-stretch relationships of the vulehiz
Langevin (Arruda and Boyce) 8-chain model were rubber gloves were established at different cood#i
rubber modulus and locking stretch defined as <C  of temperature, vulcanized duration and distance

NkTand A, =+n, respectively. between infrared heater and rubber glove as shown i
Fig. 3. The material parameters were estimated using a
2.3. Parameter Estimation parameter estimation technique as given by Equation

(5)-(6). The optimized parameters were precisely
obtained with the minimizing function of mean scpiar
error of the Cauchy stresses. The optimized parmmet
of the vulcanized rubber gloves at each vulcanized
condition are shown iffable 1.

The Cauchy stress distributions of 6 vulcanized
conditions that provided a desired large deformmtio
corresponding to the Cauchy stress-stretch
relationships offFig. 3, were plotted along with the
deformed dumbbell-shaped test sampldsg.( 4).

The material parameters of the constitutive equatio
were calculated using a parameter estimation tecieni
The minimization of the objective function was
required in order to estimate the best-fit valuéshe
material parameters. In this study, the minimizing
function of mean square error of the axial stresstes
any configuration was determined. The expression is
given by Equation (5):

X2=Zn:(0n-0§§p) (5) Therefore, the capture images of the Cauchy stress
=t k distributions at break point can be observed. The
magnitudes of the Cauchy stresses and stretches of
Where: vulcanized rubber glove were in a range of 4.4%7.3
k = The K" of n data points MPa and 9.17-11.54, respectively.
oo = The Cauchy stress in the axial direction
calculated directly from the uniaxial loading 4.DISCUSSION

test which was assumed to be uniform in stress
distribution which can be evaluated by
Equation (6):

This study aims to establish the Cauchy stressechtre
relationships of the vulcanized rubber gloves. Both
nominal stress and stretch were experimentally oreds

f in order to determine the stress-stretch relatipnsh
0 =N (6) Using the hyperelastic constitutive equation in #xél
° direction as shown in Equation (1), the Cauchysst@n

be written in term of nominal stress and stretch.

The 27 vulcanized conditions were considered but
only 18 vulcanized conditions that obtained well-
produced rubber gloves were used to estimate the
3. RESULTS material parameters and only 6 vulcanized condition

provided a desired large deformation, i.e., (i) 805

The temperature distributions of the vulcanized ¢m and 5 min, (ii) 80°C, 10 cm and 5 min, (iii) &0°
rubber gloves are shown iRig. 2. At the distance 10 c¢cm and 10 min, (iv) 80°C, 10 cm and 15 min, (v)
between infrared heater and rubber glove of 5 ¢hgrt ~ 80°C, 15 cm and 10 min and (vi) 80°C, 15 cm and 15
and 15 cm, the average standard deviation of themin. Since the Langevin (Arruda and Boyce) 8-chain
temperature were respectively found to be equal tomodel was clearly captured the effective behavioa o
5.20°C, 8.00°C and 3.66°C. The temperature complicated network response of deformed rubber
distributions of rubber gloves vulcanized at thstatice  (Boyce and Arruda, 2000), this model was then &bl
between infrared heater and rubber glove of 15 @rew to our study. We found that, the 18 uniaxial dagtss
uniform than those of the other distances. can be very well fit with the Langevin (Arruda and

The Cauchy stresses for each vulcanized rubbeeglov Boyce) 8-chain model and our optimized material
were determined using Equation (1)-(4) at 300%irstra parameters Table 1). Therefore, the Cauchy stress-
and at break point. The Langevin (Arruda and Boyse)  stretch relationship can be used to represent an

chain model was applied to describe the stresgebire jnieresting deformation behavior that was directly
behavior and was fit with the 18 uniaxial data s&tse related to the deformed rubber glove.

Where
f = Applied load
A, = Undeformed area
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Fig. 3. Comparison of the Cauchy stress-stretch relatignehithe Langevin (Arruda and Boyce) 8-chain moethe uniaxial
loading test of the vulcanized rubber gloves atdistance between infrared heater and rubber gbév@) 5 cm (B) 10
cm and (C) 15 crwith different temperatures and vulcanized duration
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Fig. 4. The Cauchy stress distributions of deformed dumibdieped test samples with six proper vulcanizedditmns; (A)
80°C, 5 cm, 5 min (B) 80°C, 10 cm, 5 min (C) 8040,cm, 10 min (D) 80°C, 10 cm, 15 min (E) 80°C,chs, 10 min (F)

80°C, 15 cm, 15 min

The material parameters of the Langevin (Arruda and2010; Qi and Boyce, 2004; Arruda and Boyce, 1993)
Boyce) 8-chain model were rubber modulus)(@nd since the rubber glove using present vulcanized
locking stretchX;). The magnitudes of Cand_ were in heating process characterized smaller in material
a range of 0.041-0.079 MPa and 10.27-70.12,stiffness. In addition, the combined infrared arat-h
respectively. It can be noticed thatz @nd A, were air vulcanized rubber glove was found to be not
respectively smaller and greater (in approximatehe significantly greater (p-value > 0.001) in stiffrsethan
magnitude of order) than previous reports (Clateseh., the infrared vulcanized rubber glove.

AJAS

,///4 Science Publications 653



Tipapon Khamdaeng et al. / American Journal of AggpBciences 11 (4): 648-655, 2014

Table 1. The optimized parameters of the vulcanized rubbmreg from the different vulcanized conditions
Optimized parameters

Temperature (°C) Distance (cm) Duration (min) KMPa) () ¥ (MP&)
80 5 5 0.051 25.87 2.80xT0
10 0.052 18.66 3.90x16
15 0.056 12.74 5.04x16
10 5 0.042 38.28 1.75x10
10 0.055 70.12 6.50x10
15 0.047 10.27 1.34x1T0
15 5 0.041 10.80 8.34xT§
10 0.055 32.17 2.30x10
15 0.050 16.48 3.02x10
100 5 5 0.053 15.57 1.74x19
10 0.061 11.86 9.22x19
10 5 0.079 11.68 6.87x10
10 0.055 15.03 5.27x19
15 0.060 15.95 9.61x165
15 5 0.063 15.15 1.89x716
10 0.063 14.88 5.23x18
15 0.065 18.79 8.65x 18
120 10 5 0.065 17.05 3.72x10
In indents, the vulcanization using the combinefdaned Finally, as shown ifrig. 4, the capture images of the

and hot-air heating at the lower vulcanized tenipega  Cauchy stress distributions were illustrated on the
provided high elasticity (represented by the rubberdeformed dumbbell-shaped test samples. The stress
modulus) and strength (represented by the maximumMyisributions were assumed to be null at the eridse®
Cauchy stress m_the_ aX|aI_d|rect|0n) O.f rubber\_/gl(as dumbbell-shaped test sample and be increased
well as the vulcanization using the only infraredting at . .
the higher vulcanized temperature. Furthermorethat nonlinearly from the end towa_\rds the middle of the
same vulcanized duration, the optimized conditidn o S@mple. Therefore, the maximal stresses of each
vulcanized rubber glove using the combined infraaad ~ deformed dumbbell-shaped test sample were fouttieat
hot-air heating was found to be shorter in theadise ~ Middle (line of symmetry about x-axis).
between infrared heater and rubber glove thanubiaig However, there are limitations associated with the
the only infrared heating. experimental constraint and assumption, i.e., #lecity
From the Cauchy stress-stretch relationshipig.(  of circulated hot air must be varied to determihe t
3) of 6 vulcanized conditions, it can be revealeat the  optimized value and the rubber should be treated as
most ductile rubber glove was found at the vulcadiz viscoelastic material. The rubber behavior could be
condition of 80°C, 5 cm and 5 min with the maximum considered to include the viscoelastic properties.
stretch of 11.54. The most elastic rubber glove wasTherefore, the viscoelastic properties will be &ddin
found at the vulcanized condition of 80°C, 10 crd &1 he fypyre by investigating both loading and uniogd

gzlrrc])nwétsht :hgb:rr‘nalloesé @ac;f fg'%z alt/”?f?e antljcatrr]]g edconditions to select the suitable viscoelastic rheae
9 u glove w u vu 12€0ihen determine the viscoelastic parameters.

condition of 80°C, 10 cm and 15 min with the
maximum Cauchy stress of 7.35 MPa. Regarding the
temperature distribution and the material paramseter 4.CONCLUSION

the optimized condition of vulcanized rubber glavas . : .
then found at 80°C, 10 cm and 15 min which the In this study, we investigated the Cauchy stress-

standard deviation of temperature distribution was Stréich relationships of rubber gloves vulcanizsthg

found to be equal to 3.53°C. The material paramsger combined infrared and hot-air heating with differen
of Cr and A, was respectively found to be equal to Vulcanized conditions. The material parameter sete

0.047 MPa and 10.27 and the maximum Cauchy stressletermined using a parameter estimation technighe.
was found to be equal to 7.35 MPa. Cauchy stress distributions can be successfullglighed
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using the Langevin (Arruda and Boyce) 8-chain model
with our optimized material parameters. In summérg,

rubber gloves vulcanized using our method could be

practically used based on ASTM D 412 testing stecthda
The Cauchy stress-stretch relationships were détetdn
in detail. The stress-strain behavior could be wagt in
this present work.
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