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a b s t r a c t

The water sorption properties (i.e. diffusivity and solubility) of three unfilled vulcanized EPDMs were 
investigated in wet atmosphere (typically between 0 and 95% RH) and in pure distilled water (denoted as 
100% RH) at 70 �C with an IGAsorp dynamic sorption analyzer. In the 0e0.5 activity range, all EPDMs 
obey to the usual Fick and Henry's laws. In contrast, at activities higher than 0.5, the water sorption 
behavior of all EPDMs deviates from these two laws because of the formation of water clusters. Park's 
equation was used for simulating accurately the sorption isotherms and thus, accessing Henry's constant 
and the average size of water clusters. In wet atmospheres, clusters would be composed of about 8 ± 4 
molecules corresponding approximately to the size of free volume holes. In contrast, in pure distilled 
water, clusters consist in a much larger number of water molecules (between 55 and 71) presumably 
because of an exacerbated swelling of EPDM samples. Thus, immersion in water solution is more drastic 
than exposure to fully saturated wet atmosphere. The impact of the EPDM formulation (nature and 
content of crosslinking agent) on these experimental results is clearly of the second order of magnitude.

1. Introduction

The performance and reliability of the electricity distribution
networks is a major concern for its operators all around the world.
Increasingly electrical cables and associated accessories are made
of polymeric materials and the question of their in-service dura-
bility is an open issue. In particular, it is necessary to prevent the
penetration of moisture up to the insulation layers because water
could cause a dielectric breakdown. For this reason, manufacturers
preferably use apolar polymers in their electrical cables and asso-
ciated accessories products, such as polyethylene (PE) and its vul-
canized terpolymers (Ethylene Propylene Diene Monomer
(EPDM)), which are reputed to be almost hydrophobic [1e3].

If in apolar polymers, the equilibriumwater uptake is effectively
very low, in contrast, the water diffusion is very fast. The main
reason for such a behavior is the almost total absence of polar

groups (in general, very few oxidation products are formed during
processing) playing the role of hydrophilic sites [4]. Since these
sites establish intense interactions (hydrogen bonds) with water
molecules, they are the main contributors to water absorption, but
they also hinder the migration of water molecules into the polymer
volume according to a three-step mechanism [5] (see Fig. 1).

According to this mechanism, the dissociation of the water-
polymer complex would be much slower than the migration of
water molecules between two neighboring hydrophilic sites.

In the 80s, McCall and al [6]. performed desorption experiments
with a highly sensitive electromagnetic microbalance (with a
sensitivity estimated to± 2 ppm) on low density polyethylene
(LDPE) after immersion in pure distilled water. They showed that
LDPE does not absorb more than 20 ppm (i.e. 0.002wt%) of water,
whereas its water diffusivity is about 7.5� 10�11m2 s�1 at 25 �C.
These authors also found that both quantities increase with the
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temperature according to an Arrhenius law (Dm∞ ¼ 7:5�
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respectively), thus reaching respectively about 142 ppm (i.e.
0.014wt%) and 5.5� 10�10m2 s�1 in current operating conditions
of electrical cables and accessories (typically 70 �C on the outer
surface of the insulation layers).

However, to our knowledge, there is almost no information
available for EPDMs in the literature, except for a few values of
water permeability (i.e. product of D by S) determined at low
temperature close to room temperature for complex industrial
formulations [7e10]. The question arises whether the experimental
data obtained byMcCall et al. [6] on LDPE can be simply transposed
or not to unfilled EPDMs, of course, after having corrected them by
the crystallinity ratio of LDPE (since crystals are considered
impermeable to most gases and vapors). In fact, in the case of
EPDMs, one can suspect several degrees of complexity.

On the one hand, it is well known that these elastomers are not
totally pure but contain several vulcanization additives, some of
them carrying polar groups able to establish intense interactions
with water molecules (e.g. zinc oxide [11], stearic acid [12], or a-
cumyl alcohol originating from peroxide by-products [13,14], etc.).
What is the impact of EPDM formulation on water absorption? On
the other hand, although the molecular interaction theory works
perfectly for moderately (e.g. polycarbonates and polyesters) and
highly polar polymers (e.g. polysulfones and amine crosslinked
epoxies) [4], its application to apolar polymers seems very limited
and even, questionable. Indeed, it would involve the knowledge of
the precise nature of the polar groups interacting with water
molecules. However, in apolar polymers, such groups could origi-
nate from oxidation products (in particular, hydroperoxides, hy-
droxyls and carbonyls) formed in very low concentration [6]. They
are thus hardly detectable by conventional spectrochemical labo-
ratory techniques (FTIR, NMR, etc.) because of their poor sensitivity
threshold.

Otherwise, the free volume theory can be tentatively used to
explain the water sorption behavior of apolar elastomers. This
theory assumes the existence of a “mobile” nanoporosity allowing
themigration of water molecules into the polymer volume [15e17].
In its simplest version, water molecules are assimilated to spheres
of 1.43 Å radius [18] that can fill larger holes in polymers. The size of
these holes can be estimated by different techniques, for instance
swelling tests, N2 gas adsorption and thermoporosimetry [19e21],
but the most accurate one seems to be Positron Annihilation Life-
time Spectroscopy (PALS) [22]. As an example, holes with an
average volume of 25 Å3 were evidenced by this technique in high
density polyethylene (HDPE) [23]. Assuming, here again, a spherical
shape, the corresponding average radius would be 1.8 Å, which
would imply that only one water molecule could be inserted into a
hole. This result does not seem absurd knowing that McCall et al.
[6] found a classical water sorption behavior for PE.

In this rather simple case, it is generally assumed that the
water diffusion obeys Fick's second law and thus, Crank's math-
ematical decomposition [24] is commonly used for determining
the coefficient of water diffusion D from the slope at the origin of
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takes at time t and at equilibrium respectively, and e: sample
thickness). In addition, Henry's law [25] allows accurately
describing the linear shape of the sorption isotherms (Dm∞ ¼ H*
a, with H: Henry's constant, and a: water activity) throughout the

whole activity interval (i.e. between 0 and 1).
In contrast, in vulcanized EPDMs, it is well known that free

volume holes are much larger. Indeed, their average volume and
radius are respectively 190 Å3 and 3.57 Å [26], thus offering the
possibility to several (at least six) water molecules to be inserted
into a hole. Literature even reports that the formation of water
clusters is suspected to lead to peculiar sorption behaviors in
polymers. In particular, they are responsible for the appearance of a
positive concavity on the sorption isotherms at highwater activities
[3,27].

Many analytical models have been proposed to tentatively
simulate this peculiar shape of sorption isotherms [28]. Some of
them are purely empirical. Others have some physical bases, but
either contain too many parameters to be identified from such
simple curves, or poorly match the experimental data throughout
the whole activity interval [27]. Shen & Springer [29] suggest a
semi-empirical power law with only two parameters to accurately
describe the clustering effects (Dm∞ ¼ B*an, with B: an experi-
mental parameter, and n: average cluster size, i.e. average number
of water molecules associated in clusters). Park [30] proposed to
add this term onto Henry's law to describe the sorption isotherms
throughout the whole activity interval (Dm∞ ¼ H*aþ B*an). This
semi-model seemed to us to have the best compromise between
simplicity and richness of provided information for analyzing and
elucidating the water sorption behavior of the different EPDM
insulation formulations of electrical cables used on the electricity
distribution networks.

This study will involve two successive steps:

i) First of all, the determination of the sorption behavior of these
materials directly in a climatic chamber equipped by a highly
sensitive microbalance throughout the whole water activity
interval at a temperature close to the current operating condi-
tions of electrical cables and accessories (i.e. 70 �C);

ii) Then, the analysis and simulation of the obtained sorption ki-
netics and isotherms with literature models, chosen with in-
cremental increasing complexity (first Fick and Henry, then
Park) in order to propose a realistic scenario for the moisture
penetration into the insulation layers.

2. Materials and methods

2.1. Materials and samples

The starting EPDM gum was supplied by Dow chemical Co.
under the reference Nordel IP 4520. This linear terpolymer is
composed of 55wt% ethylene, 42wt% propylene and 3wt% ethyl-
idene norbornene (ENB) as diene monomer. Three macromolecular
networks (representative of EPDMs used in cable junction appli-
cations) were elaborated: two were crosslinked with sulfur
(denoted EPDM A and B), and one was crosslinked using dicumyl
peroxide (denoted EPDM C). Their chemical composition is detailed
in Table 1.

EPDM plates of about 0.6e0.7mm thickness were press-molded
and vulcanized at 170 �C under a pressure of 20MPa. The optimum
duration for crosslinking each EPDM formulation at 170 �C was
previously determined using rheometry according the ISO standard
6502. This duration (10min for A, 20min for B, and 22min for C)
corresponds to the time required for the torque to reach 98% of its
maximum value. For water sorption experiments, rectangular
specimens of about 8mm width and 10mm length were taken
from the plates using a specific cutting tool.



2.2. Water sorption experiments

All sorption measurements were made at 70 �C. Measurements
in wet atmosphere (typically between 0 and 95% RH) were realized
with an IGAsorp dynamic sorption analyzer from Hiden Isochema
Co. This analyzer is composed of a climatic chamber equipped with
an ultra-sensitive microbalance measuring changes in the sample
mass as a function of temperature and relative humidity. The
moisture content in the chamber is set between 0 and 98% RH by
mixing wet (100% RH) and dry (0% RH) nitrogen streams. In addi-
tion, the temperature is precisely controlled using a continuous
fluid circulation via a loop inside the chamber.

Samples were suspended by a hook to themicrobalance in order
to maximize their initial mass and thus, to increase the sensitivity
of the microbalance up to ±0.2 mg. Before any sorption experiment,
the samples were dried at 70 �C in a 0% RH atmosphere (at least 6 h)
in order to remove any traces of water adsorbed on their surface
until the establishment of a horizontal baseline, corresponding to
the mass of the fully dry material. It should be noted that the
IGAsorp device is also equipped with a special oven capable of
heating the samples at high temperature (up to 350 �C) when they
cannot be quickly dried at the sorption temperature. However, such
an oven was not necessary in this study.

Once completed this preliminary drying stage, the moisture was
introduced at the desired relative humidity in the already heated
climatic chamber. The changes in the sample mass were directly
monitored in a computer and recorded throughout the test
(recording during 5 h for each humidity).

Measurements in fully saturated wet atmosphere (i.e. denoted
as 100% RH)were realized by immersion in pure distilled water. The
samples were removed periodically from the bath to be manually
weighted on a common laboratory microbalance. Before weighting,
the samples were wiped with Joseph paper to remove any traces of
water flowing on their surface.

2.3. Definition of water uptake

Since water is far below its critical point (TC¼ 374 �C), the
pertinent environmental parameter is the water activity. For wet
atmospheres, this latter is defined as:

a¼ Pwater

Psat
¼ RH

100
(1)

with Pwater: the partial pressure of water vapor in the atmosphere,
Psat: the saturated vapor pressure of pure water, and RH: the rela-
tive humidity expressed in percent.

According to literature [3], immersion in water solution is
equivalent to exposure to the fully saturated wet atmosphere above

the solution. Therefore, in pure distilled water, it may bewritten as:
a¼ 1.

Water uptake Dm (expressed in wt%) is defined as:

Dm¼ Wwater

W0
*100 (2)

with Wwater: mass of sorbed water and W0: mass of the dry sample
(in g).

3. Experimental results

Fig. 2 presents the raw experimental data obtained in the
0e0.95 activity range at 70 �C for the three EPDMs under study. All
measurements are well-defined with an excellent signal to noise
ratio. The initial part of all sorption curves is linear when they are
plotted in function of the square root of time, indicating that a
common Fick's diffusion process proceeds in all EPDMs.

In a first approach, Crank's mathematical decomposition was
used to tentatively simulate all these experimental curves. As ex-
pected, Crank's model accounts for the initial straight-line and thus,
gives access to the value of the coefficient of water diffusion. In
contrast, some deviations between theory and experiments can be
observed at longer times. The simulations call for several
comments:

- In the 0e0.5 activity range, Crank's model reproduces faithfully
the entire sorption curves until the final saturation plateau. The
coefficient of water diffusion takes an almost constant value
around 2.5� 10�10m2 s�1 regardless the water activity for all
studied EPDMs (see Table 2). This result is a sound argument in
favor of the validity of Fick's law. Since this average value is in
the same order of magnitude, but between 2 and 5 times lower
than that reported for PE [6], the presence of diffusion traps is
suspected in the three EPDMs under study. According to the
literature [4,5,15e17], two main trapping mechanisms can be
considered: i) The establishment of intense interactions
(hydrogen bonds) with polar groups coming from vulcanization
additives (ZnO [11], stearic acid [12], a-cumyl alcohol origi-
nating from peroxide by-products [13,14], etc.) or formed during

Table 1
Detailed formulation in parts per hundred of rubber (phr) of the three EPDM elastomers under study.

Function Additive EPDM A EPDM B EPDM C

Elastomer matrix EPDM NORDEL IP 4520 100 100 100
Vulcanization activator ZnO 5 5 e

Stearic acid 1 1 e

Reticulation agent Sulfur 4 1.2 e

Peroxide e e 5
Vulcanization accelerator MBTS

Dithiobis(benzothiazole)
4 4 e

TMTD
Tetramethylthiuram.disulfide

2 2 e

Co-reticulation agent TAC 70
Triallyl cyanurate 70%

e e 2

Fig. 1. Three-step mechanism for water diffusion into polymer matrices. S1 and S2
designate two neighboring hydrophilic sites and [Si/H2O] a hydrogen bonded water-
polymer complex.



the processing operation (oxidation products); ii) The formation
of water clusters in free volume holes.

- In contrast, at activities higher than 0.5, it can be observed small
deviations between theory and experiment, especially in the
transition zone between the transient (initial straight-line) and
steady regimes (final saturation plateau), which seem to be
more and more marked when increasing the water activity. In
addition, the coefficient of water diffusion becomes a decreasing
function of the water activity. This general trend was confirmed
by performing sorption experiments in immersion in pure
distilled water (a¼ 1) on all EPDMs, for which coefficients of
water diffusion even lower by one order of magnitude were
determined at 70 �C (Fig. 3). Referring to the trapping mecha-
nisms previously mentioned, this behavior can be attributed to
solely water clustering.

Fig. 4 gives the equilibrium water uptake at 70 �C of the three
EPDMs under study as a function of the water activity. It appears
clearly that these sorption isotherms are linear only in the low

activity range (typically between 0 and 0.5) and display a positive
concavity at high activity (typically when a > 0.5). According to the
literature [3,27], this peculiar sorption behavior is due to the

Fig. 2. Sorption curves at 70 �C in the 0e0.95 activity range and best adjustment of experimental data (points) with Crank's model (continuous lines) for EPDM A (a), EPDM B (b)
and EPDM C (c).

Table 2
Average values of coefficients of water diffusion at 70 �C (expressed in m2.s�1) in the
0e0.5 activity range for the three EPDMs under study.

EPDM A EPDM B EPDM C

1.2± 0.3� 10�10 1.4± 0.3� 10�10 3.0± 1.0� 10�10

Fig. 3. Coefficients of water diffusion at 70 �C and throughout the whole activity range
for the three EPDMs under study (determined with Crank's model according to Fig. 2).
The empty symbols point out measurements carried out in immersion in pure distilled
water.



formation of water clusters. As reported in introduction, this result
is not surprising because free volume holes are much larger in
crosslinked EPDMs than for instance in PE, thus offering the pos-
sibility to several (at least six) water molecules to be inserted in a
hole. This large difference in free volume could also explain why,
although they are almost hydrophobic, the studied EPDMs display
much higher values of equilibrium water uptake than common PE.
These values are typically ranged between 1.2 and 2.7wt% for the
studied EPDMswhen immersed in pure distilled water at 70 �C (see
empty symbols given for a¼ 1 in Fig. 4). They are thus about
100e200 times higher than for PE immersed in pure distilled water
at similar temperature [6].

The impact of the EPDM formulation (nature and content of the
crosslinking system) on all these experimental results is extremely
low. Those are clearly of the second order of magnitude. Never-
theless, the coefficient of water diffusion is slightly higher and the
equilibrium water uptake slightly lower in the peroxide cross-
linked EPDM (EPDM C) than in sulfur vulcanized EPDMs (EPDM A
and EPDM B). For all studied EPDMs, it is possible to identify that
more D is lifted (DC>DB>DA), more Dm∞ is lower
(DmC<DmB<DmA). These small differences observed in sorption
behavior between EPDMs could be attributed to a small difference
in formulation rather than in free volume. Indeed, it is found that
Dm∞ varies in the opposite direction than expected for an
increasing crosslinking density (for instance, if comparing EPDMs B
and A). On the contrary, this result seems in satisfying agreement
with the molar contributions to cohesive energy density and molar
attraction constants reported in the literature for usual chemical
groups. Indeed, according to Van Krevelen and Te Nijenhuis [31],
sulfur structures would be slightly less apolar than aliphatic hy-
drocarbon groups. Thus, these former would establish a few more
interactions with water molecules, which would explain the small
increase in Dm∞ with the sulfur ratio. In addition, as previously
reported the literature [5], these additional interactions would also
hinder the migration of water molecules into the polymer volume,
which would also explain the small decrease in D with the sulfur
ratio.

Finally, the values of water permeability Pe (i.e. product of D by
Dm∞) determined at 70 �C for the three studied EPDMs were
plotted in Fig. 5 as a function of water activity and compared to the
values reported between 25 and 70 �C in 100% RH for pure PE in the
literature [6,32e34]. In the 0e0.8 activity range, permeability takes

an almost constant value around 5.1� 10�16molm2 L�1. s�1. Pa�1

for all studied EPDMs (see Table 3). In contrast, at activities higher
than 0.8, it can be observed a slow decrease in permeability up to a
minimal value ranged between 4.2� 10�17 (for EPDM A) and
1.5� 10�16molm2 L�1. s�1. Pa�1 (for EPDM B) when increasing the
water activity. These two latter values border the single value at
70 �C in 100% RH (1.2� 10�16molm2 L�1. s�1. Pa�1) available in the
literature for PE [6]. Thus, the permeability is not the relevant
property to discriminate and analyze the differences in water ab-
sorption behavior between EPDMs and PE, unlike diffusivity and
equilibrium water uptake. In addition, the permeability appears to
be less sensitive to water clustering since the regime change occurs
at higher activity (0.8 against 0.5 for diffusivity and equilibrium
water uptake).

To conclude on this first analysis part of experimental results, it
can be considered that the deviations between Crank's model and
the experimental data are within the experimental scattering. As a
consequence, it can be considered that Fick's law gives a satisfying
estimation of the coefficient of water diffusion throughout the
whole water activity range, so more complex models are not
necessary for modeling water diffusion in EPDMs. In addition, since
the water permeability takes a constant value in the 0e0.8 activity
range, D can be directly deduced from the value of the equilibrium
water uptake.

Next parts of this article are devoted to the understanding and
modeling of the sorption isotherms of the three EPDMs under
study.

4. Modelling of sorption isotherms

As stated in introduction, it seems relevant to use Park's model
(Dm∞ ¼ H*aþ B*an) for modelling the sorption isotherms. This
model is an extension of Henry's law, so the model parameters
were determined incrementally. In a first stage, Henry's constant H

Fig. 4. Sorption isotherms at 70 �C of the studied EPDMs throughout the whole activity
range. The empty symbols point out measurements carried out in immersion in pure
distilled water.

Fig. 5. Water permeabilities at 70 �C and throughout the whole activity range for the
three EPDMs under study. The empty symbols point out measurements carried out in
immersion in pure distilled water. Comparison with literature data between 25 and
70 �C for PE [6,32e34].

Table 3
Average values of coefficients of water permeability at 70 �C (expressed in
mol.m2.L�1.s�1.Pa�1) in the 0e0.8 activity range for the three EPDMs under study.

EPDM A EPDM B EPDM C

4.6± 0.3� 10�16 5.0± 0.7� 10�16 5.2± 0.8� 10�16



was determined from the linear part of the sorption isotherms in
the 0e0.5 activity range in order to quantify the water-polymer
interactions, as shown in Fig. 6. The average values obtained for H
are: 0.22 g/g for EPDM A; 0.19 g/g for EPDM B and 0.11 g/g for EPDM
C. These values confirm that the water-polymer interactions are
slightly higher in sulfur vulcanized EPDMs (EPDM A and EPDM B)
than in the peroxide vulcanized EPDM (EPDM C).

In second stage, parameters B and n were determined from the
entire shape of the sorption isotherms in order to quantify the
cluster sizes (number of water molecules associated in cluster).
First, only in the 0e0.95 activity range, as shown in Fig. 7. Indeed,
when the water immersion condition (a¼ 1) is not considered, a
single couple of values for parameters B and n was found to
simulate accurately all experimental data for each EPDM individ-
ually (see Table 4). In that case, the average values obtained for n in
Park's model are: 10, 4 and 12 for respectively EPDMs A, B and C.
These values are consistent with the rough estimation made in
introduction with the free volume theory (clusters would be
composed of about 6 water molecules). These values seem to fully
confirm the proposal of scenario.

In the last stage, new attempts of modelling were done, but this
time throughout the whole activity range (see Fig. 8), but trying to
keep constant the previous values determined for H and B. In other
words, it was tried to determine the “best value” of n accounting for
the sorption isotherms throughout the whole activity range (i.e.
between 0 and 1). Unfortunately, to simulate the data in pure
distilled water, the values of H and B had to be substantially
modified. The average values thus obtained for n are reported in
Table 5. In that case, the values of n are ten times higher than
previously: 55, 58 and 71 for respectively EPDMs A, B and C. This
result could indicate a much larger swelling than expected when
samples are immersed in pure distilled water. The examination of
samples after their removing from the water bath confirmed this
suspicions, but the real causes of this exacerbated swelling remain
unknown. It can be thus concluded that, for vulcanized EPDMs,
immersion in water solution is more drastic than exposure to fully
saturated wet atmosphere. In other words, in that case, immersion
in pure distilled water is not eligible to the usual definition: “a¼ 1”.

5. Conclusion

The mains results obtained in this study can be summarized as
follows:

� In unfilled vulcanized EPDMs, water diffusivity is lower and
equilibriumwater uptake is higher than in PE. The impact of the
EPDM formulation (nature and content of crosslinking agent) is
extremely low on these two properties.

� Water permeability (i.e. the product of D by Dm∞) is similar in
EPDMs and PE. Thus, it is not the relevant property to discrim-
inate and analyze the differences in water absorption behavior
between EPDMs and PE, unlike diffusivity and equilibriumwater
uptake.

� In the 0e0.5 activity range, EPDMs obey the usual Fick and
Henry's laws.

Fig. 6. Modelling with Henry's law of the sorption isotherms at 70 �C in the 0e0.95
activity range.

Fig. 7. Modelling with Park's model of the sorption isotherms at 70 �C in the 0e0.95
activity range.

Fig. 8. Modelling with Park's model of the sorption isotherms at 70 �C throughout the
whole activity range.

Table 4
Parameters of Park's model (H, B and n) and coefficient of standard deviation (r2)
determined for the three EPDMs under study at 70 �C in the 0e0.95 activity range.

EPDM A EPDM B EPDM C

H¼ 0.26 g/g ± 0.01 H¼ 0.19 g/g ± 0.03 H¼ 0.098 g/g ± 0.003
B¼ 0.31± 0.05 B¼ 0.22± 0.02 B¼ 0.07± 0.01
n¼ 10± 3 n¼ 4± 1 n¼ 12± 3
r2¼ 0.99599 r2¼ 0.99747 r2¼ 0.99788



� At higher activities than 0.5, the formation of water clusters is
responsible for the deviations of the water sorption behavior of
EPDMs from these two laws. In wet atmospheres, clusters are
composed of about 8± 4 water molecules, i.e. they are approx-
imately of the size of free volume holes.

� In pure distilled water, an exacerbated swelling occurs leading
to a significant increase in the cluster sizes.
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Table 5
Parameters of Park's model (H, B and n) and coefficient of standard deviation (r2)
determined for the three EPDMs under study at 70 �C throughout the whole activity
range.

EPDM A EPDM B EPDM C

H¼ 0.31 g/g ± 0.03 H¼ 0.28 g/g ± 0.03 H¼ 0.108 g/g ± 0.005
B¼ 2.41± 0.04 B¼ 1.65± 0.05 B¼ 1.056± 0.008
n¼ 55 ± 5 n¼ 58 ± 10 n¼ 71 ± 5,5
r2¼ 0.99917 r2¼ 0.9980 r2¼ 0.99983
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