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Abstract
This work describes a newly introduced experimental procedure to quantify the diffusion progress of mineral oils locally 
resolved in NBR. Diffusion of reference oils IRM 901, IRM 902 and IRM 903 in NBR with various acrylonitrile contents 
was investigated. Classical sorption experiments were performed as a basic characterization and compared to the newly 
introduced method. Here, elastomer specimens are only being dipped with the bottom in a relatively small reservoir of 
mineral oil. This provides a determination of locally resolved concentration profiles of mineral oils, and the calculation of 
diffusion coefficients. These diffusion coefficients follow the same trends like those determined via sorption experiments. 
Despite differences in the absolute numbers, activation energies of diffusion can be applied as a suitable measure for the 
compatibility of elastomers and fluids.

Keywords Diffusion · Mineral oil · NBR · Gas chromatography/mass spectrometry · Concentration profile

Introduction

During use, elastomers are frequently in close contact 
with surrounding media and can be exposed to relatively 
high temperatures. Certain components of these surround-
ing media, such as air, oil or fuels, might migrate into the 
elastomer bulk resulting in an overall volume change and a 
modification of material properties [1–7]. Depending on the 
dimensions of a component, an inhomogeneous penetration 
can result.

The diffusion rate strongly depends on the degree of 
interaction. Therefore, diffusion rates can give important 
evidence on the compatibility of elastomers with surround-
ing media. For sealing applications where mineral oils are 
involved, frequently acrylonitrile–butadiene rubber (NBR) 
is used as barrier material [1, 5, 8–10]. This results from the 

fact that NBR normally exhibits a good resistance towards 
non-polar fluids due to its distinct polar nitrile groups. How-
ever, the compatibility between the elastomer and the sur-
rounding medium is dominantly influenced by their chemical 
constitution. With regard to NBR especially the acryloni-
trile (ACN) content determines the material’s properties. 
An increasing ACN content leads not only to a better com-
patibility with non-polar media but also improves the aging 
stability as well as mechanical properties such as abrasion 
resistance, tensile strength and the hardness [1, 11–13]. As 
mentioned, also the composition of the penetrating liquid 
has a significant influence on the occurring diffusion pro-
cesses, which lead either to swelling or to shrinkage [14, 15]. 
For hydrocarbon-based fluids in contact with NBR, it is well 
known that higher aromatic contents lead to higher uptakes 
by the elastomer and faster extraction of additives originat-
ing from enhanced polar interactions [16, 17]. Therefore, the 
investigation of migration phenomena is always an important 
step for the evaluation of the compatibility between a certain 
elastomer and the corresponding fluid.

Since diffusion usually is a slow kinetically controlled 
process, concentration profiles of the penetrating liquid and 
elastomer additives develop in the bulk of the elastomer, 
which may lead to an inhomogeneous distribution of certain 
properties of the material with regard to specimen depth 
and ongoing sorption time. Hence, a detailed quantification 
of the occurring diffusion processes would contribute to a 
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better understanding of swelling and shrinkage phenomena. 
However, results from experimental determination of spa-
tially resolved concentration profiles of migrating fluids in 
elastomers are rarely found in literature.

Therefore, the emphasis of this work is laid on the inves-
tigation of local diffusion processes and their progression 
over time. For this purpose, first, a general characterization 
of the diffusion behaviors of the investigated elastomers 
was performed utilizing classical sorption experiments. In 
a second step, a new method was introduced allowing the 
monitoring of concentration profiles of both the penetrating 
fluid and the additives of the elastomer. The study is based 
on various sulfur-hardened NBR materials usable in service 
with various ACN contents including, e.g., fillers, plasticiz-
ers, antioxidants as well as residual curing agents. As test 
liquids, the three reference mineral oils IRM 901, IRM 902, 
and IRM 903, exhibiting different swelling potentials, were 
selected. The newly demonstrated diffusion experiments 
were carried out at different temperatures.

From the obtained data, individual concentration profiles 
of oils and plasticizer were determined and correlated with 
the hardness of the tested elastomer specimen. Transport 
characteristics especially diffusion coefficients were indi-
vidually calculated. It was found that local changes of the 
mechanical property depend strongly on the concentration 
of the overall extractible matter in the examined area. The 
effects of simultaneous oil sorption and additive depletion 
were considered. Generally, this work provides a new sim-
ple to handle approach for spatial investigations of diffusion 
processes and their progression over time in polymers. This 
allows more precise predictions with respect to compatibility 
questions.

Experimental

Materials

All experiments were performed on three different, deployed 
in service, carbon black-filled acrylonitrile–butadiene rub-
bers E18, E28 and E39 with acrylonitrile contents of 18, 
28 and 39%, respectively. For reasons of comparability, the 
three sulfur-cured materials exhibit an identical composition 
except for the type of the acrylonitrile–butadiene copolymer 
as given in Table 1. All investigated elastomers were sup-
plied by the Deutsches Institut für Kautschuktechnologie 
(DIK, Hannover).

The reference oils, ASTM oil 1 (IRM 901), IRM 902 
and IRM 903 according to DIN ISO 1817 were supplied by 
Fuchs Europe Schmierstoffe GmbH and used without any 
further modification [18] (Table 2).

Instrumentation

Storage experiments at elevated temperatures were carried 
out in drying cabinets (type: T6120, Heraeus). An ana-
lytical balance AG 285, supplied by Mettler Toledo (accu-
racy ± 0.01 mg), was used for all weighing processes. Gas 
chromatography/mass spectrometry (GC/MS) analyses were 
performed on an Agilent 7890A gas chromatograph cou-
pled to an Agilent 5975 MSD mass spectrometer equipped 
with a Double-Shot-Pyrolyzer PY-2020iD and a cold trap 
MicroJet Cryo-Trap MJT-1030E (Frontier Laboratories Ltd., 
Fukushima/Japan). The column was a 30 m Ultra Alloy 5 
(0.25 mm inner diameter, 0.25 µm film thickness). Helium 
was used as a carrier gas, while the mass spectrometer was 
operated in electron ionization mode (EI). The hardness of 
the specimens was determined with a digi test (Bareiss-Prüf-
gerätebau GmbH) that is equipped with a respective micro 
Shore A module.

Table 1  Elastomer formulations

Component Content/phr

E18 E28 E39

Perbunan 1846 100 – –
Perbunan 2845 – 100 –
Perbunan 3945 – – 100
Bis(2-ethylhexyl) phthalate (DEHP) 20
N-(1,3-dimethylbutyl)-Nʹ-phenyl-p-phenylene 

diamine (6-PPD)
2

Carbon black (N550) 60
Zinc oxide 5
Stearic acid 1
Sulfur 2
N-Cyclohexyl-2-benzothiazole sulfenamide (CBS) 1.5
TMTM-80 (80% tetramethylthiuram monosulfide) 0.5

Table 2  Selected properties of reference oils

a Specified properties according to [18], not analytically determined

Property IRM 901 IRM 902 IRM 903

Kinematic viscosity/10–6 
 m2  s−1a

20 (99 °C) 20 (99 °C) 33 (38 °C)

Flash point/°C  mina 243 240 163
Density at 15 °C/g  cm−3a 0.886 0.933 0.921
Paraffine content/% 31 49 43
Naphthene content/% 64 39 43
Aromatics content/% 5 12 14
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Gravimetric sorption experiments

At first, thin sheets (30 × 10 × 1  mm3) of the three different 
elastomer types were extracted with acetone (> 99%, Sigma 
Aldrich) for 5 days using a soxhlet apparatus. After the 
complete extraction of the soluble additives DEHP, 6-PPD, 
stearic acid as well as residual CBS and TMTM-80, the sam-
ples were left out in an open air for 2 days, until acetone was 
completely desorbed. The dried specimens were then stored 
in 60 mL screw-tight glass vessels each containing the cor-
responding reference oil (all elastomer types were stored in 
the three different oils). After a certain period of time, the 
samples were taken out and cleaned with petroleum ether 
using a paper tissue. Finally, the mass of the dry specimens 
was determined by weighing, before the elastomer sheets 
were placed back into the immersion liquid. This procedure 
was repeated from time to time for approx. 3 months. The 
experiments were performed at temperatures of 60 °C, 80 °C 
(70 °C), 100 °C and 120 °C. Sorption curves (solid lines) 
and averaged diffusion coefficients D were calculated by 
iterative fitting of the experimental data according to Eq. (1) 
considering the first 11 elements of the infinite series. The 
equation is applicable to one-dimensional diffusion in a 
plane sheet according to Fick’s second law [19].

mt is the elastomer mass at time t, while m0 corresponds 
the initial mass of the extracted sample. h is the specimen 
thickness (here approx. 1 mm) and n the running index. m∞ 
is the elastomer sheet mass at saturation.

(1)
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Spatial resolved migration experiments

First, 100 mL volumetric flasks were filled with approx. 
250 µL of IRM 903 or IRM 902 to generate a thin layer 
(approx. 0.5 mm) of the respective oil on the bottom of the 
flask. Elastomer strips (90 × 5 × 2  mm3) were then placed 
upright in the flask to ensure that only the bottom tip of the 
specimens was in contact with the test fluid. This procedure 
allows the assumption of a one-dimensional oil diffusion in 
the elastomer samples. The experiments were performed at 
60 °C, 80 °C, 100 °C and 120 °C for 24 h. After storage, the 
specimens were taken out and cleaned with petroleum ether 
to remove oil from the surface. The hardness was then meas-
ured along the lower part (first 20 mm) of the specimens at 
a distance of 1 mm resulting in 19 data points as the first 
point was determined at a distance of 2 mm from the bottom 
edge. Afterwards, the lower part of the strips was cut into 
20 samples of approx. 1 mm length using a sharp scalpel. 
The exact thickness of the specimens was determined with 
a micrometer screw gauge. For thermal desorption GC/MS 
analyses, pieces of approx. 0.3–0.8 mg were cut out from the 
middle part of the previously prepared 1 mm thick samples 
and placed into the respective stainless-steel sample cups. 
The volatile matter was thermally desorbed at 300 °C for 
5 min and condensed in a cold trap. Subsequently, a gas 
chromatographic separation was performed.

The quantification of the mineral oils, the anti-aging 
agent and the plasticizer was performed by external calibra-
tion using linear regression. For this purpose, standard solu-
tions were prepared by dilution of the respective mineral oil, 
6-PPD and DEHP in acetone. To cover the required calibra-
tion range, appropriate quantities of the standard solutions 
were pipetted into the stainless-steel sample cups and the 
exact mass was determined by weighing. These calibration 
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Fig. 1  Influence of mineral oils on Shore A hardness (left) and the volume change (right) of E18 (x axis is displayed in t1/2 for reasons of compa-
rability)
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specimens were then analyzed analog to the elastomer sam-
ples as described before.

Results and discussion

Gravimetric sorption experiments

Classical compatibility investigations include the storage 
of elastomer specimens in a liquid for several days up to 
several weeks at elevated temperatures. Figure 1 shows the 
effect on the elastomer hardness and volume after storage 
in the three mineral oils IRM 901, 902 and 903 at 100 °C 
for up to 7 days exemplarily for non-pre-treated E18. As 
expectable, a shrinkage occurs after storage in IRM 901, 
i.e., a net loss of soluble matter. Medium swelling in IRM 
902 and pronounced swelling in IRM 903 can be observed. 
Consequently, Shore A hardness is affected by the change 
in material composition. Hence, the material becomes 
softer after storage in IRM 903. On the other hand, a 

volume reduction triggered by storage in IRM 901 cor-
responds to an increase in hardness, most likely caused by 
an extraction of the plasticizer. Classical swelling experi-
ments with ready to use elastomers, therefore, only give 
information on overall changes of the material. Without 
further chemical analyses, no information on the detailed 
material composition is derivable.

One possibility to focus on the uptake of mineral oils is 
the chemical extraction of elastomer additives prior to sorp-
tion experiments. This procedure allows an understanding 
of the overall uptake characteristics of materials by gravi-
metrical determination. Figures 2,3,4 show sorption charac-
teristics of the three tested elastomers for the storage in IRM 
901, 902 and 903 at temperatures in ranging from 60 °C to 
120 °C and storage durations up to approx. 3 months.

It is obvious, that maximum uptakes of oil, corresponding 
to the horizontal part in each curve, increase with tempera-
ture. This is explained by a higher mobility of the polymer 
chains creating voids for diffusing fluids. Additionally, one 
can learn that diffusion coefficients, that are proportional to 

Fig. 2  Relative mass change 
of elastomers E18, E28 und 
E39 after storage in IRM 901 
in dependence on the stor-
age duration for 60 °C, 80 °C, 
100 °C and 120 °C (solid lines 
correspond to sorption curves 
and were calculated by iterative 
fitting of the experimental data 
according to Eq. (1))
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the slope in the beginning of each curve, follow the same 
trend. This is also reflected in a reduction of the required 
time until equilibrium state due to faster diffusion. From 
the diagram shapes, it is concluded that the mass transport 
is nearly perfectly described by Fickian laws. Trends are 
equal for all investigated mineral oils, but in the case of 
IRM 901, slight deviations from the ideal Fickian diffusion 
behavior are observed. This can be explained by analyti-
cal errors and especially by the fact that diffusion of IRM 
901 in E39 is significantly slower because the resistance of 
this elastomer against IRM 901 is very good. Therefore, for 
this combination, no diffusion coefficients could be deter-
mined from the data. Sometimes a second increase in mass 
is observed, especially at high temperatures. The reason for 
this is assumed to be found in a partial oxidation of the min-
eral oils leading to a change of the fluid’s polarity, which 
was proven by infrared spectroscopy. This additional oil 
uptake is relatively slow as the extent of oxidation is low. 
It is expected that this effect could be excluded by storage 
under inert gas. Furthermore, slow overlaying processes, 

which are not considered by prevalent models, cannot be 
excluded. Hence, deviations of the equilibrium uptake after 
long storage durations were not taken into account for fur-
ther interpretations.

The maximum mineral oil uptake at equilibrium corre-
lates not only with the acrylonitrile content but also with the 
swelling potential of the mineral oil. An explanation for this 
is found in the elastomer’s polarity, which strongly depends 
on the acrylonitrile content. Non-polar mineral oils show 
more intense interactions with less polar polymers.

The swelling potential of the tested oils increases in the 
order IRM 901 < IRM 902 < IRM 903, which results from 
IRM 903’s highest aromatic content and its relatively high 
amount of short molecules with low sterical demand. Addi-
tionally, IRM 903 shows the lowest viscosity and the lowest 
boiling range. This is reflected in the amount of adsorbed 
mineral oil which correlates with the solubility of mineral 
oils in elastomers. For example, E18 adsorbs up to approx. 
110 mg, whereas E28 only takes up approx. 70 mg and E39 
approx. 20 mg of IRM 903 at 100 °C.

Fig. 3  Relative mass change 
of elastomers E18, E28 und 
E39 after storage in IRM 902 
in dependence on the stor-
age duration for 60 °C, 80 °C, 
100 °C and 120 °C (solid lines 
correspond to sorption curves 
and were calculated by iterative 
fitting of the experimental data 
according to Eq. (1))
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Fig. 4  Relative mass change 
of elastomers E18, E28 und 
E39 after storage in IRM 903 
in dependence on the stor-
age duration for 60 °C, 70 °C, 
100 °C and 120 °C (solid lines 
correspond to sorption curves 
and were calculated by iterative 
fitting of the experimental data 
according to Eq. (1))
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Table 3  Diffusion coefficients determined via sorption experiments for IRM 901, 902 and 903 in E18, E28 and E39 in the temperature range 
from 60 °C to 120 °C

Elastomer DS/10–8  cm2  s−1

120 °C 100 °C 80 °C 60 °C

IRM 901
 E18 7.3 3.7 2.0 0.7
 E28 3.1 1.0 0.6 0.2
 E39 n. d n. d n. d n. d

IRM 902
 E18 5.8 3.1 2.0 0.6
 E28 5.0 1.6 1.0 0.3
 E39 1.2 0.6 n. d n. d

Elastomer DS/10–8  cm2  s−1

120 °C 100 °C 70 °C 60 °C

IRM 903
 E18 11.3 6.6 2.4 1.7
 E28 9.4 3.8 1.0 0.7
 E39 2.8 1.0 0.2 0.1
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Diffusion defines the kinetics of mineral oil uptake in 
the beginning phase of storage. Iteration of Eq. (1) allows 
the determination of diffusion coefficients for sorption (DS) 
experiments. Table 3 gives an overview of determined val-
ues. Diffusion coefficients are calculated higher when a 
more pronounced and faster mineral oil uptake is found. 
For example, the diffusion coefficient of IRM 903 decreases 
from 11.3 ×  10–8  cm2s−1 in E18 via  9.4 ×  10–8  cm2s−1 in E28 
to 2.8 ×  10–8  cm2s−1 in E39 at 120 °C.  Within one elasto-
mer–oil system, Arrhenius-like temperature behavior can be 
observed (s. Fig. 5).

IRM 903 exhibits the highest diffusion coefficients for 
any elastomer–oil combination followed by IRM 902 and 
IRM 901. This corresponds to the swelling potential, which 
subsumes the parameters aromatic fraction, molecule size, 
viscosity and boiling range. IRM 901 shows the lowest dif-
fusion coefficients for all elastomers. Exceptions are experi-
ments of E18 in IRM901 at temperatures of 120 °C, 100 °C 
and 60 °C which show marginally higher values than experi-
ments of E18 in IRM 902. After storage of E18 in IRM 901 
at 100 °C and 120 °C, discrepancies between experimental 
and calculated curve progression are observed. The reason 
for this cannot be derived from the present data finally. How-
ever, this phenomenon is known in literature for diffusion of 
dichloromethane in Santropen [20]. Changes in the polymer 
chain morphology are described as possible reasons for this 
observation, which are caused by the uptake of the diffus-
ing fluid. Nevertheless, these discrepancies are considered 
acceptable, as minor inaccuracies in the calculations occur 
when values are comparably low. Determined diffusion coef-
ficients are typical for mineral oils diffusing in relatively 
polar polymers. According to Bellili et al. a diffusion coef-
ficient of 15.0 ×  10–8  cm2s−1 was published for IRM 903 in 
ethylene vinyl acetate [19].

The temperature dependence of the diffusion process is 
described by the activation energy, which is derived from 
the corresponding Arrhenius plot (s. Fig. 5). As no diffusion 

coefficients could be calculated for IRM 901 and IRM 902 
diffusing in E39, no activation energies could be derived (s. 
Table 4).

Activation energies of diffusion in sorption experiments 
seem to increase in the order IRM 903 via IRM 902 to IRM 
901 independent of the elastomer type. Thus, a tempera-
ture increase results in a stronger acceleration of diffusion 
in IRM 901 compared to storage in IRM 902 or IRM 903. 
Elastomers with higher acrylonitrile content show higher 
activation energies. In literature polymers with higher rigid-
ity exhibit higher activation energies [21]. In addition, mac-
romolecules of PAN are described as relatively rigid due to 
repulsive effects of their nitrile groups [22]. Therefore, it 
is assumed, that with increasing acrylonitrile content NBR 
becomes more rigid. An increase in temperature, leads to 
a widening of the polymer network resulting in an acceler-
ated diffusion. The temperature effect is more pronounced 
in this case compared to materials, which already take up 
relative high amounts of mineral oil at lower temperatures. 
Therefore, the activation energy of diffusion is proposed as 
a criterion for compatibility.

In comparison to literature, the determined activation 
energies in the range from 34.7 to 56.8 kJ  mol−1 are rela-
tively high for diffusion processes. Mathai et al. published 
activation energies for the solvents toluene and p-xylene in 
NBR of 2.2 and 4.3 kJ  mol−1, respectively [23]. The reduced 
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Fig. 5  Arrhenius plots for sorption experiments of mineral oils IRM 901, 902 and 903 in elastomers E18, E28 and E39

Table 4  Activation energies determined via sorption experiments for 
IRM 901, 902 and 903 in E18, E28 and E39 in the temperature range 
from 60 °C to 120 °C

Elastomer EA/kJ/mol

IRM 903 IRM 902 IMR 901

E18 34.7 39.6 41.1
E28 48.1 49.6 49.9
E39 56.8 n. d n. d
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mobility of the mineral oils, caused by relatively high molec-
ular masses, might explain the comparably high activation 
energies in this work [24].

Spatial resolved migration experiments

Sorption experiments offer valuable general information on 
the compatibility of mineral oils with elastomers. However, 

no spatially resolved conclusions can be drawn. When larger 
elastomer components are in contact with non-polar liq-
uids an uptake of these substances occurs heterogeneously. 
Due to diffusion processes, a homogeneous distribution of 
adsorbed liquids cannot occur instantaneously. In conse-
quence, material properties are affected in dependence of 
the extent of overall liquid uptake and on the penetration 
depth of the surrounding liquid. In order to understand and 
evaluate processes in larger elastomer parts, local resolution 
of the concentration is necessary.

Therefore, the experimental setup was optimized to allow 
diffusion of mineral oil in only one direction. Specimens are 
only dipping in a limited amount of oil during the storage 
procedure. After storage, thin slices of the original specimen 
are cut with a knife followed by pyrolysis GC/MS to deter-
mine the composition of each slice (s. Fig. 6).

This procedure allows for the generation of concentration 
profiles of adsorbed mineral oil. The shape of these pro-
files is typical for fluids diffusing in a solid with a constant 

Fig. 6  Experimental setup during migration experiments

Fig. 7  Concentration profiles 
of IRM 903 in elastomers in 
dependence on the penetration 
depth after 24 h at temperatures 
between 60 °C and 120 °C 
(dashed lines correspond to 
sorption curves and were 
calculated by iterative fitting of 
the experimental data according 
to Eq. (2))
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surface concentration. Thus, diffusion can be described 
mathematically with Eq. (2): [25]

Figure 7 shows locally resolved mineral oil concentra-
tions in the elastomers E18, E28 and E39 after storage in 
IRM 903 at temperatures between 60 °C and 120 °C for 
24 h. Relative mineral oil concentrations were determined 
by pyrolysis—GC/MS and are normalized to solid elas-
tomer components (polymer and carbon black). Figure 8 
comprises concentration profiles of IRM 902 under equal 
storage conditions. At penetration depths of 0 (end of speci-
men dipping in mineral oil), equilibrium concentrations are 
reached after short storage times. These equilibrium concen-
trations agree very good with values determined during the 
overall uptake samples (s. Figs. 1,2,3,4). All trends derived 
from the basic characterization experiments are confirmed 
and a clear correlation to the compatibility is obvious. For 
every tested mineral oil/temperature combination, the most 

(2)c (x, t) = cs −
�

cs − c0
�

erf

�

x

2
√

Dt

�

noticeable uptake of oil is reached with E18; whereas, E39 
experiences the lowest degree of mineral oil uptake. One can 
also see that IRM 903 is favorably adsorbed compared to 
IRM 902 under the same storage conditions. Finally, a tem-
perature dependence is observable for all elastomer types, 
i.e., increased uptake at higher temperatures. Experiments 
with IRM 901 were not further considered as no significant 
additional information gain was expected with regard to the 
basic characterization experiments.

Not only the maximum uptake of mineral oil, but also 
the penetration depth follows the trend of the mineral oil’s 
swelling potential. IRM 903 shows further advanced dif-
fusion progress than IRM 902 for all tested temperatures 
and elastomers. After 24 h, IRM 903 reached a maximal 
penetration depth of approximately 20 mm in E18 at 120 °C, 
whereas only approx. 10  mm are reached in E39. The 
maximal penetration depth here is defined as a significant 
increase of adsorbed mineral oil in comparison to the plateau 
concentration.

With increasing penetration depth, the amount of 
adsorbed oil generally declines. Against theoretical 

Fig. 8  Concentration profiles 
of IRM 902 in elastomers in 
dependence on the penetration 
depth after 24 h at temperatures 
between 60 °C and 120 °C 
(dashed lines correspond to 
sorption curves and were 
calculated by iterative fitting of 
the experimental data according 
to Eq. (2))
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considerations, concentrations do not drop to 0, but a con-
stant minimum value (plateau) is reached. This can be 
explained by oil vapor adsorption via the gas phase during 
storage. Experiments with a specimen not dipped in the liq-
uid but hung above without any direct contact confirm this 
assumption. Fig. 9 shows oil concentrations after storage in 
the headspace of IRM 903 at 100 °C for 24 h.

The amount of IRM 903 adsorbed via the gas phase is in 
very good agreement with plateau concentrations reached 
after the dipping storage procedure. Although a minimal 
dependence on the distance to the liquid reservoir can be 
seen, it is assumed that a certain amount of mineral oil is 
adsorbed via gas phase. This is considered to be specific 
for every mineral oil–elastomer–temperature combination.

Iteration of Eq. (2) allows the determination of diffusion 
coefficients for the spatial resolved migration experiments 
(for results s. Table 5). Within one elastomer type, diffu-
sion coefficients increase with higher temperatures for both 
investigated mineral oils.

Experimental results prove that a faster and more pro-
nounced uptake of mineral oil is seen for IRM 903 compared 
to IRM 902 under equal experimental conditions. This is 
reflected in the determined diffusion coefficients.

Diffusion coefficients determined from the migration 
experiments are about two orders of magnitude higher than 
values derived from the sorption experiments (s. Tables 3 

and 5). Although the oil amount during storage in the sorp-
tion setup is clearly higher and the oil can access speci-
mens from all sides, uptake coefficients are lower. This can 
be explained by the normalization to the whole specimen 
weight. In case of the migration experiments, very small 
elastomer slices are analyzed focussing on the local resolu-
tion. That means diffusion coefficients are mathematically 
based on different elastomer masses, as in the case of sorp-
tion experiments, where a higher fraction of uninvolved 
elastomer is considered for the calculation. The sample 
geometry also has an influence on the permeation process. 
In sorption experiments, the maximum diffusion path is 
half of the sample thickness. Whereas during dipping it is 
significantly larger, namely the whole specimen length. In 
consequence, concentration gradients, as the driving force 
for diffusion, decrease faster during sorption experiments. 
This might explain higher diffusion coefficients for the 
migration experiments. The maximum solubility of mineral 
oils is reached relatively fast in the sorption experiments, 
corresponding to a decrease of the diffusion velocity. This 
poses a further aspect for lower diffusion coefficients during 
the sorption experiments. Another factor that should not be 
neglected is that elastomers are extracted prior to sorption 
experiments. The plasticizer seems to have an accelerating 
effect on the diffusion of mineral oil. Whether the sheer pres-
ence or the extractive diffusion is the driving force cannot 
be finally judged from the present data. It might be part of 
future work.

The received data allow a determination of activation 
energies of the diffusion process via an Arrhenius procedure 
(s. Fig. 10). Results are displayed in Table 6. Differences 
between the single mineral oil/elastomer combinations seem 
to be only very subtle. However, a difference between diffu-
sion of IRM 902 and IRM 903 is identifiable. And it can also 
be derived that elastomers with higher acrylonitrile content 
show a higher activation energy. The activation energy can 
be seen as a measure of the temperature influence on the 
velocity of diffusion processes. Higher activation energies 
are equivalent to a more pronounced temperature-induced 
acceleration.

Activation energies correlate to the resistivity of an elas-
tomer against mineral oils: The higher the elastomer com-
patibility with a mineral oil, the higher is the temperature 
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Fig. 9  Normalized concentration of IRM 903 in elastomers E18, E28 
and E39 in dependence on the penetration depth after 24  h in the 
headspace at 100 °C

Table 5  Diffusion coefficients 
for IRM 903 (left) and IRM 902 
(right) in elastomers E18, E28 
and E39 determined by iteration 
of Eq. (2)

IRM 903 IRM 902

Elastomer D/10–6  cm2  s−1 Elastomer D/10–6  cm2  s−1

120 °C 100 °C 80 °C 60 °C 120 °C 100 °C 80 °C 60 °C

E18 6.5 3.2 1.5 0.6 E18 1.9 1.0 0.4 0.1
E28 5.8 3.1 1.1 0.3 E28 1.2 0.6 0.2 0.1
E39 4.1 2.0 0.6 0.2 E39 0.9 0.5 0.1 n. d
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influence. An explanation for this can be found in the com-
patibility itself. For a given oil / elastomer combination, it is 
logical, that the temperature influence is more pronounced 
for compatible elastomers, as the polymer chain mobility, 
which seems to be the rate-limiting step, is increased by 
temperature. From the point of view of the mineral oil, the 
effect is confirmed equal. IRM 902, which has a lower swell-
ing potential, shows higher activation energies for all tested 
elastomers which is in good agreement with the sorption 
experiments. Beyond the observed trends, absolute numbers 
for activation energies of the two experimental setups are in 
very good accordance.

Although absolute numbers for diffusion coefficients vary 
by two orders of magnitude within these two types of experi-
ment, trends within one series are in very good agreement. 
Depending on the analytical focus, the appropriate experi-
mental setup can be selected. Sorption experiments focus on 
the overall oil uptake and enable general statements on the 
behavior of fluids and elastomers. Migration experiments, 
additionally, allow the generation of information on locally 
resolved effects.

One further very valuable advantage of the migration 
experiments is that the experimental setup allows a direct 
correlation of the chemical composition with mechani-
cal properties. Figure 11 shows concentration profiles 
of adsorbed IRM 903 and residual elastomer plasticizer 
DEHP in relationship to the Shore A hardness in depend-
ence on the penetration depth.

It can be seen that independent of the elastomer, type 
an extraction of DEHP occurs in a comparable extent. A 
significant loss of plasticizer approximately takes place in 
the first 12 mm of each specimen. The type of oil seems 
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Table 6  Activation energies 
of diffusion of mineral oils in 
elastomers determined from 
migration experiments

Elastomer EA/kJ/mol

IRM903 IRM902

E18 44.1 47.0
E28 49.2 54.6
E39 59.0 61.7
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to have a minor effect. It is supposed that the very polar 
DEHP diffuses comparably fast in all tested elastomers 
under these experimental conditions. Storage of E39 in 
IRM 903 does not lead to significant changes of the mate-
rial’s hardness over the whole specimen. A negligible 
increase of hardness at a penetration depth of 0 certainly 
can be attributed to the complete loss of plasticizer with 
nearly no uptake of mineral oil. In contrary, adsorption of 
mineral oil, both IRM 902 and IRM 903, leads to a reduc-
tion of hardness, even when the plasticizer is completely 
extracted. This effect is more distinct in the case of IRM 
903. Not only the higher amount of adsorbed oil, but also 
the oil type seems to affect this observation.

Conclusions

This work presents an experimental approach to quantify 
diffusion of mineral oils in NBR. Classical sorption experi-
ments were performed to characterize diffusion processes of 
mineral oils in elastomers. Diffusion coefficients determined 
via gravimetrically evaluated sorption experiments allow a 
general assessment of the compatibility of elastomers and 
mineral oils. It was shown that diffusion coefficients are rela-
tively small at lower temperatures and elastomers with high 
acrylonitrile contents. The reason for this is a reduced degree 
of attractive interactions. IRM 903, showing the highest aro-
matic fraction and the lowest boiling range, exhibits highest 
diffusion coefficients. With increasing sterical demand of 
the diffusing molecules and increasing viscosity, diffusion 
proceeds slower.

Activation energies of diffusion give a valuable tool to 
compare different systems of fluids and NBR elastomers 
regarding their compatibility. The temperature acceleration 
effect was shown to be more pronounced when interactions 
between solid and fluid are less intense, i.e., elastomers with 
high acrylonitrile contents show higher activation energies 
when in contact with the same mineral oil. Thus, the activa-
tion energy of diffusion can be considered as a very well 
quantifiable measure for the compatibility. Whether this con-
clusion is appropriate for other elastomer types than NBR, 
should be part of future works.

To describe transport phenomena locally resolved, diffu-
sion experiments with elastomer specimens dipped in a very 
low amount of mineral oil were performed. This procedure 
allows a determination of the penetration depth of mineral 
oils. And it can also give valuable information on the chemi-
cal constitution of elastomers. This procedure additionally 
offers the possibility to investigate the material’s hardness 
in dependence on the penetration depth. This description 
of the diffusion progress in combination with mechanical 
properties helps to understand diffusion processes in larger 
elastomer components, which suffer from heterogeneous 

property changes after contact to mineral oils. Activation 
energies of diffusion determined by migration experiments 
follow the same trends compared to sorption experiments.

Absolute values of diffusion coefficients determined 
with the two presented methods are of limited comparabil-
ity because of substantial differences in the experimental 
procedure. Oil concentrations are very high for sorption 
experiments, which might lead to obstructions in the dif-
fusion. On the other hand, only little oil concentrations in 
the migration experiments allow unhindered movement of 
the mineral oils. Although differences in the absolute num-
bers occur, activation energies of diffusion are very similar 
and follow equal trends and, therefore, give a possibility to 
evaluate the complex interplay between material’s properties 
on the one hand and swelling potential on the other hand. 
Consequently, activation energies of diffusion are assumed 
a suitable and analytically easy accessible measure for the 
compatibility of elastomers and fluids.
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