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SYNOPSIS 

The aging of five thick-walled natural rubber compounds has been studied by computed 
X-ray tomography scanning and crosslink density measurements. The compounds were 
compounded as ordinary carbon-black-filled rubbers with sulfur and peroxide as curing 
agents. The rubber samples were aged in air at  70,100, and 15OoC for 1000 h. The relatively 
new technique of computed X-ray tomography scanning proved to be a good method for 
studying the aging procedure, and especially for following the crack propagation in the 
surface. Antioxidants (TMQ and 6PPD) had a low effect on the resistance toward oxidative 
degradation and crosslinking under these conditions. Surprisingly, the efficient sulfur-vul- 
canized material had a poor resistance toward thermal degradation. When the crosslink 
density and the computed X-ray tomography scanning results were compared, it was assumed 
that the computed X-ray tomograph detected oxygen in the surface, both as elementary 
oxygen and as oxygen in degradation products, i.e., in carbonyls. The results agree well 
with the theory that oxidative aging is limited by the ability of the oxygen to diffuse into 
the material. 

INTRODUCTION 

It is well known that rubber exposed to air undergoes 
oxidative aging, i.e., chain scission and oxidative 
crosslinking, resulting in a deterioration in physical 
properties. Since the rate of oxidative aging is oxygen 
diffusion controlled, thin rubber components are 
more affected by oxidative aging than are thick- 
walled components. When a thick-walled rubber 
specimen is aged at elevated temperatures, however, 
the network in the bulk may be degraded if the vul- 
canizing system has a poor thermal stability.' 

An increase in crosslink density will, according 
to Mason,2 lead to a decrease in specific volume. 
Gillen3 claimed that there will a t  the same time be 
a density increase during aging because of the com- 
plex system of gaseous products formed and released 
during aging, covalently bonded oxygen in the sur- 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 44,83-94 (1992) 
0 1992 John Wiley & Sons, Inc. CCC 0021-8995/92/010063-12$04.00 

face, and a volume decrease because of evaporation. 
He showed by density profiling of an air-aged NBR 
sample that there is a pronounced density gradient 
with the highest density at the surface. 

In 1971, Hounsfield4 and Cormack5p6 introduced 
computed X-ray tomography scanning (CT) as a 
powerful method of medical diagnosis. The tech- 
nique was until the late 1970s used solely as a med- 
ical tool. Today, CT is a nondestructive testing 
method for process control in many industries, e.g., 
the aircraft and nuclear power industries. Persson7 
has in an earlier work described how the crosslink 
density in nonfilled peroxide-cured poly ( isoprene) 
rubber can be described by CT. Computed X-ray 
tomography scanning (derived from the Greek word 
for slice, tomos) has two great advantages over con- 
ventional radiography. Above all, tomography pro- 
vides a distortion-free two-dimensional image of a 
two-dimensional cross section through an object. 
Conventional radiography gives, contrarily, a dis- 
torted two-dimensional image of a three-dimen- 
sional object (Fig. 1 ) . Using CT, a three-dimensional 
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Conventional radiography Computed X-ray tomography scanning 

Figure 1 
and computed X-ray tomography scanning. 

Diagram describing the principal difference between conventional radiography 

image can be constructed from a series of the two- 
dimensional tomographs. 

Medical CT scanners are able to detect' all ma- 
terials built of elements with an atomic number 
lower than 20 (Ca) , or with densities less than ap- 
proximately 2 g/cm3. The linear attenuation coef- 
ficient, p, of the material is represented in CT by 
the Hounsfield unit ( H )  , also called the CT number, 
which is related to Hounsfield's own scanner, the 
EM1 mark I. The CT number of a substance with 
linear attenuation p x  is defined by the following: 

Px - Pwater at 73 keV 

Pwster at 73 keV 
CTnumber = 1000 X 

= 5263 X p x  - 1000 ( 1 )  

From Eq. (1) a CT number of water equal to zero 
Hounsfield unit can be derived. The CT number of 
air is -1000 H and that of dense bone +3095 H, i.e., 
the Hounsfield scale ranges over 4096 H values, 
which can be individually assigned to each picture 
element. CT makes it possible to study not only the 
linear attenuation of a material but also the specific 
weight, thanks to the linear relationship between p 
and p. A scanner has three essential components; 
viz., an X-ray source, several detectors, and a com- 

puter. During scanning, the X-ray source and the 
detectors revolve 360" around the object, and the 
linear attenuation of the X-ray beams in each vol- 
ume element is measured. A tomographic image is 
reconstructed from the X-ray intensity measure- 
ments. The image is composed of a number of picture 
elements (pixels), often 512 X 512. The CT number 
of each pixel represents the linear attenuation of 
the corresponding voxel (volume element) in the 
actual slice. Due to the statistical variation in the 
X-ray intensity, p will have a standard deviation of 
typically 1 4 % .  This is an improvement of a t  least 
two orders of magnitude over the contrast resolution 
in conventional radiography. This is the second great 
advantage of CT. Persson7 has shown that a modern 
CT is able to detect a density difference of approx- 
imately 3 mg/cm3. The spatial resolution has in 
practice been shown not to be the pixel size, but 
approximately 1.5 times larger than the pixel size. 

The aim of this study was to evaluate the possi- 
bility of using computed X-ray tomography scanning 
to study the aging of rubber. For this purpose five 
thick-walled carbon-black-filled natural rubber vul- 
canizates were aged at  elevated temperatures in air. 
Aging gradients were determined and compared by 
computed X-ray tomography scanning and crosslink 
density measurements. 
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Table I Formulations in Weight Proportions (phr) 

Conventional EV Peroxide 
Material - 

Vulcanization system A1 A2 A3 D E 

SMR CV60 
ISAF N220 
Dutrex 729HP" 
ZnO 
Stearic acid 

6PPD' 
Antilux 654d 
CBS' 
Sulfur 
TMTD' 
DTDMg 
Di Cup 40h 

T M Q ~  

100 
45 
8 
4 
1 
- 
- 
2 
0.8 
2 
- 
- 
- 

100 
45 
8 
4 
1 
3 

2 
0.8 
2 

- 

- 
- 
- 

100 
45 
8 
4 
1 

3 
2 
0.8 
2 

- 

- 
- 
- 

100 
45 
8 
4 
1 
- 
- 
2 
1 

1 
1 

- 

- 

Vulcanization temperature 160 160 160 160 160 ("C) 
Vulcanization time 80 80 80 80 150 (min) 

a Aromatic, heavy hydrocarbon oil (Shell). 
Polymerized 1,2-dihydro-2,2,4-trimethylquinoline. 
' N-phenyl-n'( 1,3-dimethylbutyl)p-phenylendiamine. 

Parafinic hydrocarbon wax (Rhein Chemie). 
N-cyclohexyl-2-benzothiazole sulphenamide. 

4,4'-dithiomorpholine. 
Dicumyl peroxide, 39.5-41.5% active dicumylperoxide supported on precipitated calcium carbonate (Hercules). 

' Tetramethylthiuram disulphide. 

EXPERIMENTAL 

Materials 

The rubber used in this experiment was compounded 
as an ordinary carbon-black-filled natural rubber. 
The recipes are shown in Table I. Three traditional 
curing systems and two antioxidants gave five dif- 
ferent compounds; A1 was conventionally sulfur 
cured by S/CBS, A2 was also cured by S/CBS but 
contained the antioxidant TMQ, A3 was also cured 
by S/CBS, but the antioxidant in this case was 
GPPD, D was cured by an efficient vulcanization 
system (TMTD ) , and the fifth compound E by a 
peroxide curing system. The compounds were 
compression molded to cylindrical test pieces with 
a diameter of 75 mm and a length of 200 mm. 

Aging Conditions 

The samples were aged at 70, 100, and 15OoC in 
ovens with circulating air, For each combination of 
material and temperature, two cylinders were man- 
ufactured one for crosslink density measurements 
and one for CT measurements. At the predetermined 

aging times of 0, 1, 4, 9, 17, 28, and 42 days, the 
cylinders were taken from the ovens for measure- 
ment, and then put back into the ovens for continued 
aging. 

Crosslink Density 

At each aging time a small cylinder (diameter 10 
mm) was drilled from each "crosslink density cyl- 
inder." This was done along a diameter (Fig. 2) .  
The hole in the cylinder was plugged with a rubber 
stopper to protect the interior of the specimen from 
oxygen attack via these holes. Half the smaller cyl- 
inder was then cut into 2-mm-thick slices, the swell- 
ability of which in dichloromethane was determined 
at  room temperature ( x = 0.525 ) ? The value of the 
polymer-solvent interaction parameter x may, 
however, be influenced due to oxidation.' The cross- 
link density was calculated according to the well- 
known Flory-Rehner equation." The influence of 
carbon black on the crosslink density was compen- 
sated for by applying values of the interaction con- 
stant suggested by Porter." 
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0 75 mm 

E 
E 
0 
0 cu 

Aged cylinder 
Figure 2 Diagram describing the preparation of crosslink density samples. 

Crosslink density cylinder 

Sliced into 2 mm thick slices. 

Y 

J 9 x 9 pixels 
I 

CT image x/ 1 pixel = 0,2 x 0,2 mrn 

Figure 3 Diagram describing how the CT numbers were measured in the CT images. 
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Table I1 Crosslink Densitya in Bulk 

Aging Temperature 7OoC 100°C 15OoC 

AgingTime (h) 0 1000 0 1000 0 1000 

Crosslink Density (lo-' mol ~ m - ~ )  

Material 
A1 3.9 5.0 4.1 5.1 4.3 5.8 
A2 2.8 3.5 2.1 3.8 3.4 4.5 
A3 2.6 3.5 2.8 3.7 2.6 4.4 
D 8.5 9.2 8.3 9.8 8.7 2.6 
E 10.1 9.4 10.0 10.4 10.1 8.6 

a Mean value of five consecutive slices between 20 and 30 mm 
into the bulk. 

Computed X-Ray Tomography Scanning 

The CT measurements were performed at  the hos- 
pital in Skelleftei using a General Electric 9800 
Quick CT scanner. To avoid artifacts arising from 
the abrupt density change at the edge of the rubber 
cylinder, the specimen was placed in a water-filled 
PMMA container during scanning. In each test five 
consecutive CT slices with a thickness of 10 mm 
were scanned through the cylinder. Since CT is a 
nondestructive method, exactly the same region was 
measured at  each aging time ( a  PTFE thread was 
inserted in each cylinder surface to provide a starting 
point for the scans). In each CT slice was the CT- 
number measured pixel for pixel ( 1 pixel = 0.2 X 0.2 
mm) at  the surface and in regions of 9 X 9 pixels 
along the radius (Fig. 3 ) . 

The machine settings 
were 

X-ray tube voltage, 

Scan time, 8 s 
Slice thickness, 10 mm 
Filter algorithm, tissue 

140 kV 

during the experiments 

Anode current, 170 mA 
Scan space, 10 mm 
Scan field of view, large 
Matrix size, 512 X 512 

pixels 

RESULTS 

In Table I1 crosslink densities near the center of the 
cylinder are shown for samples unaged and aged for 
1000 h. Some results, especially those for the EV 
system ( D )  at  150°C are very interesting. In this 
case the crosslink density was lowered to a third of 
the original, whereas the crosslink density in the 
conventionally vulcanized materials, Al, A2, and A3, 
increased 26,24, and 41 ?TJ , respectively. Table I1 also 

shows the initial homogeneity of the crosslink den- 
sity in cylinders of the same material. 

Figures 4 (a) to 6 (b)  compare the CT results with 
the crosslink density results, the results being plot- 
ted as a function of the square root of aging time at  
100 and 150°C. In the conventional systems both 
the crosslink density and the CT number increases 
with time. However, when aging the EV system and 
the peroxide system at 100°C, the CT number in- 
crease whereas the crosslink density decreases. 

Figure 7 illustrates how the crosslink density 
through the cross section of material D changed 
when the material was aged at  150°C at three aging 
times. At the surface the crosslink density increased, 
whereas the bulk showed a distinct degradation. 

The thickness of the oxidized layers are shown 
in Table 111. The thickness was evaluated by CT 
measurements by taking as the oxidized layer the 
area at the surface where the CT number was higher 
than in the bulk. Figure 8 shows an area with lower 
CT number close to the oxidized layer in sample A1 
aged at  100OC. 

Photographs of CT images shown in Figures 9 ( a )  
to 9 (d)  indicate the increased amount of aged rubber 
with increased time and the propagating cracks. The 
material is the peroxide-cured cylinder aged at 
15OoC. Figure 10 is a three-dimensional CT image 
of the same material a t  42 days aging time, giving a 
hint of the spread of the oxidized material. 

DISCUSSION 

Materials Al, A2, and A3 showed aging behavior 
resembling each other [ cf. Figs. 4 ( a ) ,  ( b )  and 5 ( a ) ,  
(b ) ]  , although A2 and A3 contained antioxidants. 
The antioxidants seemed therefore to have little ef- 
fect on the aging. It is known12 that conventional 
antioxidants used in CBS-sulfur systems do not act 
as well as they ought to do. 

The bulk of the A materials showed a slight post- 
vulcanization, i.e., crosslinking with remaining el- 
ementary sulfur, to approximately the same extent 
a t  all temperatures (see Table 11). This is notewor- 
thy especially a t  15OoC, where thermal degradation 
should in general dominate, but desulfuration l3 is 
possible, i.e., S,- and S2 crosslinks can be broken 
and will, if the accelerator is still active, be rear- 
ranged to monosulfidic crosslinks. The surface of 
the samples also showed this behavior when aged 
at  7OOC. 

The surfaces of the samples aged at 100 and 150°C 
exhibited crosslink density changes probably dom- 
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Crosslink-density 
(lO+qole cm-3) 

. X A3 

" .  
0 30 

Figure 4( a) Crosslink density of the surface versus the square root of aging time. Materials 
A l ,  A2, and A3 aged at 100°C. ti-Al denotes the proposed induction time for oxidative 
crosslinking. 

inated by oxidative crosslinking. The CT measure- 
ments showed a density increase with a similar trend 
as the crosslink density [see Figures 4 ( a ) ,  ( b )  and 
5 ( a ) ,  (b)  1 ,  indicating that the CT number was pro- 
portional to crosslink density. 

For materials D and E in Figures 6 ( a )  and 6 ( b  ) , 
the relation between CT number and crosslink den- 
sity is unclear. At 100°C the CT number increased 
whereas the crosslink density decreased because of 
thermal degradation of the network. A comparison 
with Persson's work, showed that the crosslink 
density changes in this work were too small to be 
detectable with CT. There appeared therefore to be 

nnumber 

185 
I 

175 

165 

155 

other effects than crosslinking leading to a higher 
density in the surface. This can probably be ex- 
plained by diffusion of oxygen leading to a density 
increase. In other words the CT measurements 
probably detect the amount of diffused oxygen, 
whether as elementary oxygen or/and as oxygen 
bound in oxidation products, The increase of oxi- 
dation products (carbonyl compounds 13) in a thick- 
walled unfilled TMTD-vulcanized natural rubber 
compound with aging has been shown in another 
publication from this de~artment. '~ 

The diffusion theory for polymeric materials pre- 
dicts that the absorption of matter is proportional 

135 4 
0 10 ' 20 30 

Sqn t. (h) 

Figure 4(b) CT number of the surface versus the square root of aging time. Materials 
A l ,  A2, and A3 aged at 100°C. ti-A1 denotes the proposed induction time for oxidative 
crosslinking . 
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15 -- 

to the square root of time.15 One might therefore 
expect that the CT curves should be straight lines, 
but as the aging proceeds, the oxidized layer at the 
surface lowers the diffusion constant for oxygen, 
giving a self-limiting aging according to Clough and 
Gillen16 and Stenberg et al.17 They presented mea- 
surements of the diffusion rate of oxygen in aged 
rubber materials and showed a dramatic decrease of 
the oxygen permeation rate through the oxidized 
rubber. Thus, the oxidized surface protects the in- 
terior of the sample against thermooxidative deg- 
radation. This was the case at  150°C for all materials 
[Figs. 5 (a)  and 5 (b)  1. In contrast, the diffusion at 
100°C seems to increase with time [Figs. 4 ( b )  and 
6(b) ] .  This may be related to an induction time 

[ti - A1 in Figs. 4 ( a )  and 4 (b) ] for the oxidative 
crosslinking a t  100OC. Continued aging at  100°C 
would give a self-limiting aging, as was the case at  
15OoC. The earlier establishment of an oxidized layer 
a t  15OOC due to faster oxygen consumption' is also 
obvious in the crosslink density measurements [see 
Figs. 4 ( a )  and 5 ( a )  1. That the CT and crosslink 
density results show less oxidative crosslinking at  
the surface at  15OoC than at  100°C is probably an 
effect of the area resolution, since the resolution of 
the crosslink density measurements is not better 
than 2 mm. The crosslink density of the surface may 
therefore be more or less influenced by bulk material 
close to the surface. At 100°C the oxidized layer is 
thick compared to that a t  150°C (Table 111). The 

135 4 
0 10 20 30 

Sqn t, (h) 

Figure 5( b) CT number of the surface versus the square root of aging time. Materials 
Al,  A2, and A3 aged at 150°C. 
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Figure 6( a) 
terials D and E aged at 100°C. 

Crosslink density of the surface versus the square root of aging time. Ma- 
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Figure 6(b) 
D and E aged at 100°C. 

CT number of the surface versus the square root of aging time. Materials 

Crosslink-density 

0 
0 10 20 30 

Distance from cylinder's surface, (mm) 

Figure 7 
aging times. 

Crosslink density along the radius of material D aged at 150°C at different 
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Table I11 
after 1000 h Aging 

Thickness of Oxidized Layere 

Temperature 

70 100 150 
Thickness (mm) 

Material 
A1 4.4 2.0 1.4 
A2 4.8 2.0 1.2 
A3 4.2 2.0 1 .o 
D 5.4 3.8 1.2b 
E 6.0 2.4 1.4‘ 

a Evaluated from CT measurements. 
Measured at 672 h. 
Measured at 408 h. 

degraded bulk material close to the surface in 150OC- 
samples will also lower the measured crosslink den- 
sity. The low CT number at 150°C is an effect of 
the diffusion limiting oxidized layer, which is formed 
at early stages at high temperatures. 

A thermal degradation of the network was shown 
in the bulk of material D aged at 150°C (See Table 
11). Because of the monosulfidic crosslinks in an EV 
system the reversion should be low (for this reason 
EV systems are often used in bulky products and 
products in need of improved thermal stability). 
Obviously this was not the case for material D aged 
at 150°C. It has, however, been indicatedlg that zinc- 
accelerator complexes promote the degradation of 
monosulfidic crosslinks. The amount of zinc-accel- 
erator complexes will be much higher in the EV sys- 
tem than in conventional systems, and the EV sys- 
tem will thus be degraded due to zinc-accelerator 

complexes to a greater extent than the conventional 
systems. At shorter times a reversion effect was ev- 
ident only at the surface, with a reversion in the 
bulk at longer times (Figure 7). The results obtained 
by Lindley and TeoZ0 also show that an EV system 
has quite a poor resistance towards thermal degra- 
dation. 

The depth of the oxidized layers decreased with 
increase in temperature (Table 111). This is, as al- 
ready mentioned, an effect of the self-limiting aging, 
i.e., faster oxygen consumption at high temperatures 
and thus earlier formation of layers prevailing from 
further oxygen diffusion. The reason for the thicker 
oxidized layer formed in the EV system and in the 
peroxide system is a greater resistance to oxidative 
crosslinking, allowing the oxygen to permeate deeper 
into the bulk of these materials than in the conven- 
tional sulfur-vulcanized materials. 

Close to the oxidized layer there was an area with 
a CT number lower than that in the bulk. This was 
most prominent in material A1 aged at  100°C (Fig- 
ure 8). This heavily degraded material was soft and 
tacky, and also seemed slightly porous. 

The formation of an oxidized layer at the cylinder 
surface was also followed visually on the CT images. 
Because these layers are brittle, there were cracks 
in the surfaces of material Al, D, and E already 
after 216 h aging at 150°C. In materials A2 and A3 
the antioxidants showed a positive effect, since the 
cracks did not appear until the cylinders were taken 
out after 672 and 408 h, respectively, at 150OC. The 
propagation of the cracks formed in Al, D, and E 
and the subsequent inner oxidation were easily 
studied in the CT images [Figs. 9 ( a )  - ( d )  and 101. 
Gas blisters, “black holes”, *’ formed during aging 
could also be detected in these images. 

185 

x-X 

D 0 U X *  

X 

165 T X  
4 
h 

Oh* 

672 h a  

lo00 h-X 

135 
0 1 2 3 4 5 

Distance from cylinder’s surface, (mm) 

Figure 8 
aging times. 

CT  number of the outermost rubber in material A1 aged a t  100°C at different 
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(b) 
Figure 9 CT images of material E aged at 150°C: (a )  aged 96 h, (b)  aged 216 h, ( c )  aged 
672 h, and (d) 1000 h. 

CONCLUSION 

The results obtained in this work, where computed 
X-ray tomography scanning has been used for 

thermo-oxidative aging studies, agree with the the- 
ory that oxidative aging is limited by the diffusion 
of oxygen and the rate of oxygen consumption.16 
Since the aged samples were thick-walled, thermal 
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Figure 9 (Continued from the previous page) 

degradation of the bulk was thought to be important, 
at  least at  150°C. Surprisingly, thermal degradation 
was not the dominating factor in the conventional 
vulcanized materials, while the EV system showed 
a pronounced reversion of the network in the bulk. 

Further CT was shown to be a powerful nonde- 
structive method easily adapted to oxidative aging 
studies. The formation of an oxidized layer at  the 
surface, cracks in this layer, and propagation of 
cracks into the bulk can be visually followed on the 
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Figure 10 Three-dimensional CT image of material E aged at  150°C. 

CT images. The crosslink density changes that oc- 
curred during aging could not be detected by CT 
measurements. 
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