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Abstract: Butyl rubber-based composite (BRC) is one of the most popular materials for the 14 
fabrication of protective glove against chemical and mechanical risks. However, in many working 15 
places such as metal manufacturing or automotive mechanical services, its mechanical hazards 16 
usually appear together with metalworking fluids (MWFs). The presence of these contaminants, 17 
particularly at high temperature, could modify its properties due to the scission, the plasticization, 18 
the crosslinking of polymer network and thus led to severe modification of mechanical and 19 
physicochemical properties of material. This work aims to determine the effect of temperature and 20 
a metalworking fluid on mechanical behavior of butyl rubber composite dealing with crosslinking 21 
density, cohesion forces and elastic constant of BRC on the based on Mooney-Rivlin’s theory. The 22 
effect of temperature with and without MWFs on thermo dynamical properties and morphology of 23 
butyl membranes is also investigated. The prediction of service lifetime is then evaluated from 24 
extrapolation of Arrhenius plot at different temperatures. 25 

Keywords: Polymer aging, swelling behavior, protective glove materials, elastomers, composites, 26 
rubber 27 

 28 
 29 
1. Introduction 30 
Rubber is one of the most important materials for various industries, especially in petroleum, 31 
construction [1] and protection material sectors [2, 3]. Protective gloves are often covered by an 32 
elastomeric coating to protect against chemical and mechanical damages due to its good resistance to 33 
abrasion, oils, chemicals and its excellent damping properties [4-12]. However, the swelling 34 
phenomena involving the degradation of the mechanical properties of these materials have often 35 
been observed [13]. Butyl rubber-based composite (BRC) is one of the most effective materials against 36 
chemical risks [4, 13]. However, this material is sensitive to nonpolar solvents or metalworking fluid. 37 
These non-polar compounds can easily penetrate in the polymer and lead a dramatically change of 38 
material properties. These problems represent a large risk for users and thus require a better 39 
understanding of the problem [13, 14]. Like other polymers, butyl rubber-based composites can be 40 
affected by oxidation and this effect becomes more intensive at high temperature. 41 
  42 
 The swelling characteristics of rubbers are related to the deterioration of mechanical properties 43 
and may affect to their failure mechanics. Nowadays, there are no models to predict the failure 44 
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mechanisms in the presence of industrial contaminants. Several investigations have been reported on 45 
the effect of industrial contaminants on morphology, mechanical properties and structure of gloves 46 
material. In previous works [15-24], we reported that polymers and composites [16-20, 22, 23, 25-41] 47 
can be degraded by several aging agents such as heat, water, humidity, oxygen, ozone and various 48 
other environments factors [16-24]. The scission, crosslinking and plasticization of polymer network 49 
may be occurred and led to severe deterioration of mechanical and physicochemical properties of 50 
material [42], which are quite important as regards their applications in various fields of mechanical 51 
engineering. 52 
 53 
 Many researchers have been attempted to understand the relationship between morphological 54 
and property changes with microstructure of rubber material[43], especially with failure mechanism 55 
of elastomer by using several traditional test methods including tensile test, strain-stress relation, and 56 
compression measurements [44-46]. Mooney-Rivlin’s equation is usually used to evaluate the 57 
property-structure relationship of material by analysing of tensile stress-strain curves of materials. In 58 
this model, Rivlin [47, 48]  proposed an extension of the Mooney’s model by describing W as a 59 
polynomial series in (I1 - 3) and (I2 - 3): 60 

   with C00 = 0 61 

During a simple tensile test, we are: 62 

                                     63 

The stress σn is given by the equation: 64 

 65 

According to the behavior law, we can still write: 66 

 67 

From which 68 

  69 

where W is the density of deformation energy, λ is elongation of material and C1 et C2 are two elastic 70 
constants associated with network structure and the flexibility of network, respectively. According 71 

to Eq.5, plot of  as a function of λ-1 should be a linear and the C1 constant is directly 72 

calculated by extrapolating of the linear portion of the curve up to λ-1 = 0 and the C2 constant is the 73 
curve slope. In the molecular aspect, this constant C1 of Mooney-Rivlin’s model characterizes by the 74 
density of crosslinking between elastomer chains [49, 50]. It can be used to evaluate the physical 75 
manifestation of the degree of crosslinking N [51, 52].   76 
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 78 

 The constant C2 is associated with the cohesion forces (intramolecular bonds and interchain) and 79 
reinforcement-matrix interactions[52]. This constant also reflects the flexibility of the structure of the 80 
material[53]. It depends on the degree of vulcanization which increases with the increasing of the 81 
crosslink density[53]. The values of two constants C1 and C2 that can be determined during the tensile 82 
tests allow for studying the influence of the crosslinking degree and network structure on the stiffness 83 
of material. Gordon [52] is determined the Young's modulus according to C1 and C2:  84 

 85 

 It reported that the constant C1 usually remains constant with variation of the swelling degree 86 
of polymer material, while the constant C2 decreases with the increase of swelling degree[54-56]. It 87 
lacks a systematically research on the effect of temperature and metalworking on morphology, 88 
properties and structure of elastomer materials.  89 

In this study, a butyl rubber membrane, representing a common material used in protective 90 
gloves, has been used to determinate the swelling characteristics to metalworking fluid at various 91 
temperatures ranging from 80 °C to 120 °C. The elastic behaviors dealing with elastic constants, 92 
crosslinking density and modulus were continuously followed during the contamination procedure 93 
to evaluate the dominant parameter on polymer deterioration. The modification of morphology, 94 
tensile properties and physicochemical properties were also investigated.  95 

2. Materials and Methods 96 

2.1. Materials  97 
 Butyl rubber based composite (BRC) membranes used in this work are made from butyl rubber 98 
with carbon black fillers. These commercial products (thickness of ~1.6mm) are kindly supplied by 99 
MCMaster-Carr Inc. (Canada). An industrial MWF used in this work, namely Milform 64 SST, is 100 
directly purchased from a company in metalworking sector in Quebec, Canada. The chemical 101 
composition can be found in our previous publication. The carbon black filler content in composite 102 
membranes is estimated to be 42- 44 wt.% (by TGA measurement). 103 
2.2. Contamination procedure  104 
 The elastomer membranes having the mass (m0) were immersed in to the liquid contaminants 105 
for different periods of time for measuring of swelling index changes according to the ASTM D471-106 
12 standard. They are then delicately wiped by thick wiping papers to remove the excess oil on 107 
sample surface and reweighed (mt). The process is repeated until saturated state. The swelling index 108 
(M) is calculated according to the relation following: 109 

0

0

(%) 100tm mM x
m
−=         Eq.8 110 

where mo and mt are respectively the weight of the samples before and after immersion in 111 
contaminant. 112 
2.3. Scanning electron microscopy (SEM) 113 

12CN
kT

=
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Eq.6 
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 Scanning electron microscopy model Hitachi S570 was used to investigate the morphology and 114 
the fractography changes of samples before and after contamination process. These observations 115 
serve to examine the failure modes of morphology changes of elastomer materials. 116 
2.4. Tensile tests 117 
 Tensile properties of elastomer membranes are measured with the dog bone rectangular 118 
samples. Measurements were performed with an Alliance 2000 (MTS) universal testing machine 119 
equipped with 1000N load cell and operated at a cross-head speed of 500 mm/min according to the 120 
ASTM D412-06 standard test method. For each condition, five replicates are measured. 121 
2.5 Thermal gravimetric analysis (TGA) 122 

TGA is carried out with original and aged composite samples to evaluate the percentage of filler 123 
content and the effect of aging process on the sample weight loss as a function of time. The TGA is 124 
carried out in nitrogen atmosphere at a heating rate of 20 ºC/min using a Parkin Elmer TGA model 125 
4000. Thermograms were recorded from 0 to 800 ºC.  126 

 127 
3. Results and discussions 128 
3.1. Effect of temperature on mechanical properties  129 
 The influence of temperature on the viscoelastic properties of BRC is investigated at three 130 
different temperatures ranging from 80 and 120°C. Figure 1a shows the relationship between the 131 
constant C1 and exposure time. It demonstrates that the highest value of constant C1 is observed at 132 
temperature around of 120°C. At the beginning of exposure (t ˂ 4 h), C1 undergoes a significant 133 
increase, and then rapidly decreases before achieving a constant value. At lower exposure 134 
temperature (80°C and 100°C), the variation of the constant C1 is not significant representing by a 135 
slight decrease of C1 at the first exposure hours then appears to be converged to the similar value to 136 
that observed at 120°C. These results allow confirming that the stiffness of butyl is optionally 137 
increased with temperature, as reported in the case of a neoprene membrane which is exposed to 138 
high temperature [57]. Figure 1b shows the variation of C2 as a function of exposure time at different 139 
temperatures. The variation of the constant C2 at 80°C appears to be similar to that at 100°C with 140 
parabolic shape curve. An increase in C2 at first hours of exposition (t ˂ 4h) is observed and then it 141 
becomes to slightly decrease with the time. It can be attributed to the increase of cohesive force at the 142 
first hours of exposition time and then decrease [54]. This physical phenomenon is completely 143 
different to that observed at higher exposure temperature (120°C). The constant C2 decreases 144 
significantly from the first steps of exposure and go down to zero. These results are not surprise and 145 
are in good agreement with that published by Marck [54].  146 
 147 
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 148 
 149 
Figure 1 Effect of temperature on mechanical properties of BRC as function of MWF exposure time 150 
a) constant C1; b) constant C2; c) Crosslinking density (N); d) Tensile force. 151 
 152 
The synergy the between the variation of C1 and C2 is also investigated and the results are shown in 153 
Table 1. This synergy is determined by calculating the theoretical Young's modulus by using Eq.7 154 
and the experimental Young's modulus from the first linear region of the force-displacement curves 155 
(Fig. 1d). The obtained results show that the rigidity of the butyl remains almost unchanged at 80°C. 156 
However, a significant increase of Young's modulus with exposure time was recorded at 100°C and 157 
120°C. This can be attributed generally to the increasing of crosslinking density (N) that may be 158 
occurred at high temperature due to the vulcanization or reticulation of polymer chains. After 24 hrs 159 
exposure in MWF, the Young's modulus seems to be increased for all studied temperatures (Fig 1c). 160 
Figure 1d demonstrates the tensile force of BRC as a function of exposure time, it can be seen that the 161 
rupture properties remain constant during all exposure times whatever the exposure temperature. 162 
The variation of tensile strength at break with exposure time is not significant. This implies that the 163 
BRC has relative high resistance to temperature for a short time and the later does not affect the 164 
mechanical failure behavior.  165 
 166 
 167 
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Table 1: Young Modulus values of a butyl membrane exposed various temperatures  171 
 172 
 173 

Note: between parentheses: standard deviation (SD) 174 
 175 
3.2. Effect of simultaneous temperature and metalworking fluid on properties, structure and morphology  176 
 In the working condition, glove materials are often in contact with hot MWFs, generated by 177 
friction of machine devices. This factor could be directly affected on the protective performance of 178 
the glove materials. The effect of simultaneous temperature and MWFs on properties of butyl 179 
membranes is investigated. Figure 2a shows the variation of the constant C1 as a function of expose 180 
temperature in the presence of a metalworking fluid (Milform 64 SST). As shown in Figure 2a, the 181 
changes of the constant C1 with exposure time at 80°C are substantially similar to that at 100°C, thus 182 
these two curves are approximately superposed. However, at 120°C, the curve tendency is different 183 
when compared to that at lower exposure temperatures, where C1 values dramatically drop at the 184 
first hours of exposure and then tends to archive a plateau region. Figure 2b shows the effect of 185 
temperature and MWFs on the constant C2. It demonstrates that the constant C2 is rapidly decreased 186 
with the exposure time and approach to zero after 24 hrs of exposition. Therefore, the cohesive 187 
strength of inter-chain eventually became weak [54] and the viscoelastic behavior may be also 188 
affected. The results are in good agreement with that observed by Gumbrell et al. [58] and Allen et 189 
al.[59] in studying the aging process of natural rubber to different solvents. 190 

 191 
 The calculation of the Young's modulus, in particular at 80 °C and 100 °C, highlights the effect 192 
of simultaneous temperature and contaminants on the rigidity of the material. A significantly 193 
decrease of Young's modulus as a function of exposure time was observed (Table 2). This could be 194 
attributed to the reduction of the cohesive strength of inter-chains. The rigidity of butyl at 120°C is 195 
unstable. The Young's modulus firstly increases, then decreases before achieving a plateau region. 196 

 

Exposure time 

(h) 

Exposure temperature 

80°C 100°C 120°C 

Etheo Eexp Etheo Eexp Etheo Eexp 

0 
4.08  

(0.42) 

3.40  

(0.04) 

3.78  

(0.06) 

3.00  

(0.05) 

4.80  

(0.30) 

4.11 

(0.16) 

1 
3.90  

(0.36) 

2.89  

(0.2) 

3.93  

(0.48) 

3.15  

(0.25) 

6.57  

(0.12) 

6.10 

(1.10) 

2 
3.99  

(0.30) 

3.01  

(0.09) 

3.90 

 (0.10) 

3.20  

(0.13) 

8.12  

0.24) 

7.43 

(0.18) 

4 
3.78  

(0.24) 

2.99  

(0.03) 

3.66  

(0.36) 

2.88 

 (0.18) 

6.65  

(0.66) 

5.45 

(0.85) 

6 
3.78  

(0.42) 

2.98  

(0.10) 

3.72  

(0.04) 

3.01  

(0.02) 

5.44  

(0.18) 

4.57 

(0.02) 

14 
3.84  

(0.24) 

2.98  

(0.09) 

4.14  

(0.09) 

3.27  

(0.01) 

6.35  

(0.36) 

5.08 

(0.14) 

24 
3.90  

(0.36) 

2.96  

(0.02) 

4.08  

(0.09) 

3.30  

(0.09) 

6.08  

(0.16) 

4.80 

(0.12) 
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This variation is possibly related to the changes in the cross-linking density (N) as shown in Figure 197 
2c. This variation is due to the correlation between the constants C1 and C2. The similar behavior was 198 
also discussed by Nohilé et al.[4] demonstrating that the swelling of BRC by solvents led to an 199 
increase of the material rigidity due to the loss of fillers. The later leads to a reduction of the tensile 200 
strength of BRC as shown in Figures 2d. It can be seen from these figures that the mechanical 201 
properties of material are decreased whatever exposure temperatures are applied. The longer 202 
exposure time, the higher loss of mechanical is observed.  203 
 204 

 205 
Figure 2 Effect of temperature and a MWF on mechanical properties of BRC as function of MWF 206 
exposure time a) constant C1; b) constant C2; c) crosslinking density (N); d) tensile force. 207 
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Table 2: Young Modulus values of BRC membrane exposed at different temperatures in the presence of 219 
metalworking fluid 220 

 221 
 Exposure temperatures 

t (h) 80°C 100°C 120°C  
Etheo Eexp Etheo Eexp Etheo Eexp 

0 3.72  

(0.36) 

2.87  

(0.20) 

3.36  

(0.36) 

2.70 

 (0.22) 

4.74  

(0.15) 

4.26  

(0.28) 

1 3.36  

(0.36) 

2.64  

(0.16) 

3.03  

(0.12) 

2.51  

(0.09) 

6.76  

(0.54) 

6.28  

(0.17) 

2 3.12  

(0.30) 

2.43  

(0.08) 

3.03  

(0.20) 

2.52  

(0.01) 

6.78  

(0.09) 

6.46  

(0.01) 

4 3.00  

(0.24) 

2.41  

(0.05) 

2.82  

(0.30) 

2.33  

(0.11) 

3.804  

(0.36) 

3.26  

(0.18) 

6 2.70  

(0.42) 

2.30  

(0.03) 

2.52  

(0.12) 

2.18  

(0.03) 

3.72  

(0.36) 

3.41 

 (0.03) 

14 2.46  

(0.24) 

2.31  

(0.05) 

2.40  

(0.48) 

2.01  

(0.05) 

3.66  

(0.18) 

3.15  

(0.04) 

24 2.22  

(0.36) 

1.98  

(0.02) 

2.16  

(0.42) 

1.92  

(0.06) 

3.64  

(0.04) 

3.06  

(0.05) 

Note: between parentheses: standard deviation (SD) 

3.3. Effect of temperature and MWF on dynamical Thermo-mechanical properties  222 
 Dynamical thermo-mechanical analysis (DMTA) provides access to the elastic modulus and 223 
tangent values of materials. Figure 3a shows the example of Young modulus of BRC membrane 224 
before and after aging at 100 °C during 24 h in MWF (Milform 64SST). The curves are recorded from 225 
temperature -120 °C to 70°C. It shows that thermal degradation of membrane in metalworking fluid 226 
significantly reduces its Young modulus. It is clearly seen that the Young modulus is decreased from 227 
1.45x107 to 4x106 MPa at -120 °C after aging at 100 °C for 24 h of exposure. 228 

 229 
 230 
 231 
 232 
 233 
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 234 
Figure 3 Evolution of storage modulus (a) and tangent delta values (b) of butyl rubber composite 235 
membrane before and after exposure in metalworking fluid (Milform 64 SST) at 100 °C during 24 h. 236 

 237 
 For an elastomer material, the glass transition temperature (Tg) is important factor that directly 238 
involves to the final properties of materials. This parameter is directly determined by DMTA curves, 239 
corresponding to the maximum peak of tan (δ). Figure 3b shows the example of the variation of tan 240 
(δ) of aged and un-aged samples at 100 °C with different aging times. It can be seen that the curve 241 
has a transition located around at - 45 °C, due to the glass transition temperature of butyl rubber. 242 
Another peak at a higher temperature at -8°C was also observed. This may be associated to movement 243 
of local molecular relaxations side [60, 61]. These local molecular movements not only affect the 244 
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viscoelastic response, but also the mechanical properties (elastic modulus, plastic deformation) and 245 
also the diffusion of solvents in polymer matrix. 246 
 After aging at 100 °C in a metalworking fluid (Milform 64SST) for 24 h, a significant increase of 247 
the glass transition temperature value from - 45 ˚C to - 63 ˚C temperature was observed. This result 248 
is in good agreement with that in the literature in showing that there was a decrease of Tg of BRC 249 
during thermal aging in silicone oil [62]. The intensity of tan peak (δ) of aged sample is observed to 250 
be lower than that of the un-aged sample. The disappearance of the peak corresponding to the 251 
secondary transition temperature associated with the local molecular movement is observed in the 252 
aged sample. It can be attributed by the presence of MWF in elastomer matrix and leads to a better 253 
"molecular lubrication" due to the plasticization affect [63].  Regard to the reduction of Tg, since the 254 
glass transition temperature varies linearly with the molar mass and the molecular loss lead to a shift 255 
of the Tg to lower temperature areas [64]. The decrease of Tg observed this present study, is may be 256 
due to the thermal and chemical degradation of material by chains scissions that lead to a reduction 257 
of the molecular mass, that can explain the deterioration of mechanical properties of the material as 258 
shown in the previous section. 259 
 260 
3.4. Effect of temperature and MWF on morphology, thermal properties and service lifetime of butyl 261 

composites  262 
 The scanning electron microscope was used to study the changes of the BRC membrane 263 
morphology during aging process. Figure 4 shows the SEM images of a sample of butyl before and 264 
after exposure in MWF. Figure 4 d shows that in the case of unexposed sample, a large distribution 265 
of fillers in the elastomer matrix is observed. However, these reinforcements are missing at the 266 
surface of exposed sample. The appearance of holes on the surface of the aged sample is also 267 
observed, this can be due to the removal of fillers that replaced by metalworking fluid (Fig. 4b). In 268 
other studies, the same damage was observed with bromobutyl rubber when they are undergone a 269 
thermal aging process [65]. The presence of MWF at elevated temperature, various micro cracks on 270 
the exposed sample (Fig. 4c) can be found due to the loss of reinforcements at the sample surface, 271 
generated by thermo-oxidation aging and plasticization effect. This observation is in good agreement 272 
the literature [65]. The appearance of micro-cracks on rubber materials is believed to derive from the 273 
nucleation effect of the dissolved vapor and gas in the low molecular weight domains of the rubber 274 
[66]. The loss of reinforcement is confirmed by thermogravimetric analysis (TGA) under argon 275 
atmosphere conditions. The thermal stability of BRC membrane was evaluated by thermo 276 
gravimetric analysis at the temperature range from 30 to 800˚C (Figure 5). The TGA curves show that 277 
the decomposition BRC evolves in the same way for both aged and un-aged samples. It found that 278 
the onset decomposition temperature of an original sample is about 205 °C with a residue of 52 % at 279 
460 °C while the onset decomposition temperature for the aged one is about 228 ˚C with a residue of 280 
42 % at 460 ˚C. In other words, the aged process leads to a reduction of carbon black filler from 52 % 281 
for original rubber to about 42 % for aged sample.  282 
 283 
  284 
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 285 
Figure 4  SEM images of butyl rubber composite membranes: a) non-aged sample, b) aged at 100 C, 286 
c) aged at 100 °C with the presence of a metalworking fluid (Milform 64 SST) during 24 hrs, c) higher 287 
magnification of image 4c, showing the rugosity of sample surface.  288 

 289 
Figure 5  Thermogravimetric curves of butyl rubber composite before and after aged in Milform 64 290 

SST at 80 °C during a week. 291 
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 Changes in tensile force are observed at all studied temperatures (Figure 6). Indeed, after 24 hrs 297 
of exposure, the tensile force drops by about 23 % at 80 °C. Whereas it decreases by about 41 % at 120 298 
°C. The results of tensile tests of BRC at different temperatures helps to give a prediction of the service 299 
life out by applying the Arrhenius model to the time-temperature data (Eq.9). In fact, the variation of 300 
rate of overall aging processes can be calculated from mentioned above equation (Eq.9). Where E is 301 
activation energy, R is universal constant (8.314 J/mol.K), T is absolute temperature and A is the pre-302 
exponential factor. The curves describing the relationship between ln(t) vs 1/T should be linear and 303 
thus the activation energy and service life time can be calculated from this curve. 304 
 305 

K= A exp (-E/RT)          Eq.9 306 
 307 
 308 

 309 
Figure 6  Variation of tensile force of BRC at different temperatures as a function of exposure time. 310 
 311 
 The definition of the end-used service lifetime of the material is still a subject in question in the 312 
literature. However, the assumption proposed by Rachid et al.[67] in which the material is considered 313 
run out when there is a reduction of about 50 % of tensile force seems to be acceptable. Here, were 314 
calculated the service life time for each aging temperature, using an empirical regression proposed 315 
method By El Aidani et al. [16, 67]. These lifetime values were exploited from Arrhenius curve, as 316 
shown in Figure 7, by plotting the logarithm of the lifetimes as a function of the inverse of the exposed 317 
temperatures. This Figure shows a good agreement with the Arrhenius model with high linear 318 
correlation coefficient (R2 = 0.95). This indicates that the effect of thermal treatment between 80 and 319 
120 °C on tensile force of BRC can be satisfactorily described by the Arrhenius model, which can 320 
therefore be used to predict the lifetime in this range of temperatures. The results of service life time 321 
of BRC can be found in Figure 6. An activation energy value of 157 kJ.mol-1 was obtained from the 322 
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Arrhenius curve. That means, at 80 °C, the mechanical properties of BRC remains acceptable till 344 323 
days while it drops to about 2 days at 120 °C. 324 
 325 

 326 
Figure 7  Extrapolation of Arrhenius plot of BRC membrane based on tensile force. Insert: 327 
Predicted values of service lifetime, calculated from Arrhenius plot based on tensile force at different 328 
temperature.  329 

4. Conclusions 330 

 The effect of temperature with and without MWFs on the evolution of mechanical and physico-331 
chemical descriptors as well as structure of BRC is investigated. The Mooney-Rivlin’s theory is used 332 
to determine the changes of physical and chemical bonds and the viscoelastic behavior of BRCs when 333 
they are in contact with a MWFs at high temperature via the determination of the elastic constant C1 334 
and C2 at different temperatures ranging from 80 °C to 120 °C. The results show that temperature and 335 
MWFs lead to the decrease of elastic constant C2, suggesting a decrease of the force of cohesion of 336 
polymer network. When BRC membranes are in contact with MWFs at high temperature, the 337 
irreversible behavior, related to intrinsic property of elastomers, is missing and significant changes 338 
in mechanical properties of material are observed.  339 

 The temperature is found to be accelerated the degradation process and the loss of mechanical 340 
properties of material was more pronounced at high temperature. The decrease of elasticity and 341 
reduction of the glass transition temperature of BRC is also observed, implying that BRC is not 342 
appropriated to use in oily working conditions, particularly in high temperature. In this case, gloves 343 
making from BRC must be changed more frequently to ensure an adequate protection level against 344 
mechanical and chemical risks. This work provides also useful information for rubber manufacturers 345 
to better understand the physicochemical degradation phenomena of their products under oily 346 
working conditions and thus improve the products quality. 347 
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