208

POLIMERY 2018, 63, nr 3

These results show that CNT/FE and CNT/FE-OBD pos-
sess much higher hardness compared to OBD-aged and
unaged CB/FE and FE. Therefore, the OBD resistance of
this nanocomposite is higher compared to others. Data in
Table 2 also show that FE-OBD and CNT/FE-OBD have
lower hardness compared to FE and CNT/FE, respective-
ly, while CB/FE-OBD and CB/FE have the same hardness.
However, the changes in hardness of FE due to OBD test
are bigger than the others. CB/FE-OBD and CB/FE have
the same hardness and probably this is due to having
negative swelling of this elastomer in OBD. Normally, it
is expected that negative swelling cause the increase in
hardness. Again, NORSOK M-710 [17] or ISO 23926-2 [18]
defines the hardness change of elastomer for most of oil
field applications. Per these standards the change in hard-
ness out the range of +10/-20 units is not acceptable. There-
fore, according to Table 2 all of elastomers under study
had the acceptable hardness changes oil field applications,
however, as mentioned before, only CNT/FE could pass
the swelling and appearance test for oil field applications.

Table 2. Hardness changes of filled and unfilled FE due to
OBD test

Sample Sh H AH
ore A Shore A

FE 59

FE-OBD 56 -3
CB/FE 69

CB/FE-OBD 69 0
CNT/FE 78

CNT/FE-OBD 76 -2

Tensile properties

In addition, the higher modulus/hardness of CNT/FE
compared to CB/FE and FE should be another explana-
tion for the results on surface, volume swelling or others
after aging in OBD which were verified by us in another
study [23]. This was only the part of a project that covers
both characterization and physical/mechanical experi-
ments. In a summary of our other study [23] on mechan-
ical properties of filled and unfilled FE subjected to aging
test in oil-based drilling fluids it was mentioned: tensile
results showed that elongation at break (EB) and tensile
strength (TS) of FE and CB/FE were decreased consid-
erably due to OBD aging. However, for CNT/FE, those
parameters had slight changes. Normal modulus (NM)
of all samples under study at low strains had negligible
changes after OBD aging. The order of tensile properties
for OBD-aged samples was: CNT/FE-OBD > CB/FE-OBD
> FE-OBD. In another previous study, also we verified
mechanical properties of original elastomers [24] and the
summary was as follows: under the same conditions, the
order of EB was FE > CB/FE > CNT/FE. NM at the same
conditions was in the order of CNT/FE > CB/FE > FE. TS
had the order of CNT/FE > CB/FE > FE.

CNTs have three especially important properties: me-
chanical, thermal and electronic ones. Most of the results
such as swelling, thermal stability and degradation in
this paper could be explained from mechanical proper-
ties of CNTs. This is the main role for CNTs in most of
polymer composites.

Low swelling and weight changes during aging of
CNT/FE could be explained by the high hardness or mod-
ulus of the composites containing CNT, which could re-
sist the swelling during aging and also lead to less weight
changes.

Thermal stability and degradation during aging of
CNT/FE can also be explained as follows: CNT compos-
ite higher modulus and a network of high modulus CNT
lead to denser polymer chain packing. Thus, the diffusiv-
ity of the chemicals of the drilling fluid to the nanocom-
posite can be reduced and lead to increase in the thermal
stability and reduce degradation rate of nanocomposite.

Verifying resistance of filled and unfilled FE to OBD

Sugama et al. [25] evaluated the degradation of O-rings
made with different types of elastomers including FE in
300 °C steam, heat, and chemically aggressive environ-
ments (drilling and geo-brine fluids). The assessed fac-
tors included the extent of oxidation, microdefects, per-
meation of ionic species from the test environments into
the O-rings, and silicate-related scale-deposition. Ac-
cording to their results FE performed poorly in all but
high heat environments. Reactions between calcium and
degradation derivatives caused calcium permeation into
the elastomer body (a depth of at least 0.4 mm from the
surface), resulting in the material hardening at the edg-
es. The drilling and geo-brine fluids visibly damaged FE
O-rings and the morphological image revealed a rim-like
layer at the subsurface. Additionally, microcracks were
observed in the interfacial regions between the rim layer
and the rest of the O-ring body, demonstrating that the
formation of this rim was resulted in structural damage.
These data, in conjunction with previous studies [26-32],
suggested that the poly-VDF was the first to be degraded
in the structure of the tested FE. Formation of calcium
salts (possibly calcium fluoride) could have contributed
to the O-ring-edge hardening in the drilling and geo-
-brine fluids.

In our drilling mud, there was Ca, therefore, in our
FE-OBD and CB/FE-OBD the same phenomenon (the
O-ring-edge hardening with calcium in the drilling flu-
ids) would happen and cause cracks and degradation of
the surface. However, CNT/FE-OBD could resist OBD
test. Furthermore, this nanocomposite had barrier prop-
erties toward the permeation of Ca into the nanocom-
posite as would be explained subsequently. The Ca deg-
radation products were evaluated by XRD and will be
discussed at the end of paper.

Degradation of FE in mud with amine species normal-
ly was a nucleophilic substitution with addition of amine
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and then removal of fluorine, formation of a double bond,
and then further degradation [33].

Pham et al. [34] for the thermal stability of the CNT/FE
reasoned that the interactions between CNT and FE result-
ed inincreased physical and chemical cross-linking points
which prevented the degradation of the polymer chains.
Furthermore, in comparison with CB, CNTs showed high-
er reinforcing efficiency due to their higher aspect ratio
and surface area that resulted in higher cross-link densi-
ty and stronger filler—polymer interaction [35]. Moreover,
Endo et al. [1] reasoned that thermal stability of FE near
CNT was due to the presence of bounded rubber to CNT
and concluded that this structure could prevent the de-
composition of rubber at high temperatures by resisting
the molecular mobility. The same reasons as mentioned
above could help in explanation of the increased resistance
to OBD and temperatures of CNT/FE. The barrier property
of composites relied on the geometry of the filler (prop-
erty, size, shape, concentration, and orientation), matrix,
temperature, interaction between the filler and the matrix,
etc. [36, 37].

Wei et al. [38] reported that reduction in permeability
of GO/FKM (GO - graphene oxide, FKM - enhanced flu-
oroelastomer) to organic solvent (such as methyl ethyl
ketone) indicated the improved liquid barrier proper-
ties. The diffusion depended on the concentration of free
space available in the matrix which accommodated the
penetration of solvent molecule [39, 40]. The addition of
the GO and RGO (reduced graphene oxide) reduced the
available free space and restricted segmental mobility of
the rubber matrix.

The nanocomposites exhibit similar barrier properties
toward the Ca when Ca penetrates into nanocomposites
from OBD. Due to this reason and other reasons mentioned
previously for induced stability of FE by CNT, the surface
of CNT/FE-OBD is not degraded due to OBD test and this
nanocomposite could resist the OBD at high temperature
and pressure. CNT has also anti-oxidation effect (belonging
to electronic chemical properties of CNT), therefore, caused
reduction of degradation rate [34]. In one of our previous
publications [41] we proved that our CNT-filled FE obeyed
thin film behavior meaning that the surface area of 8 % CNT
was so big that the distance between two adjacent CNT in
FE was less than 100 nm (thin film). We also observed by
FESEM (Field Emission Scanning Electron Microscope) that
the distance between each two adjacent CNT was less than
100 nm and therefore there was a large amount of the rub-
ber near to CNT and in fact most of the rubber was near to
CNT (our CNT dimensions: outside diameter > 50 nm and
length of 1020 um). We also proved with different tech-
niques (e.. DMA, Dynamic Mechanical Analysis) that there
was a large amount of bound rubber and affected different
properties like tensile properties. Those were due to high as-
pect ratio and high surface area of CNT. Obeying thin film
behavior and having large amount of bound rubber could
result in high barrier properties of CNT/FE to OBD and also
CNT/FE resistance to OBD.

XRD analyses

To confirm the conclusions mentioned in the previous
section the XRD analyses were performed for filled and
unfilled FE-OBD samples. Figure 10 shows the XRD spec-
tra of these samples. There was CaCl, in our OBD and
due to the chemical degradation, it could undergo reac-
tion to produce CaF,. According to Pandurangappa and
Lakshminarasappa [42] researches, XRD spectra of CaF,
showed sharp peaks around 20 = 28.5° 47.0°, 56.5°, 69.0°,
76.5° and 88.5°. Furthermore, CaCl, showed sharp peaks
in XRD spectra at 20 = 31.7° [43], 13.5°, 14.0°, 14.5°, 15.0°,
15.5% 17.55, 20.5°, 21.5° 22.0° 23.0°, 24.5° 26.0° 26.5° 31.0°,
33.0° 34.0°, 35.0° [44], 38.2°, 39.2°, 50.6° and 56.4° [45]. Our
previous publication on XRD results [23, 24] showed that
VDF segments of FE, CB/FE and CNT/FE were crystal-
line and the crystals were in the form of y-phase with the
following peaks: 20 = 28.17¢, 36.08°, 39.26° 39.35° 39.47°,
41.05° 42.12° 43.16° 46.66° 54.43° and 55.52°. Further-
more, TFE segments were also crystalline with peaks at
20 = 31.8° 36.3° 41.7°, 50.3°, 56.6° 66.4° and 69.2° [23, 24].
It is noticeable that all of peaks presented in Fig. 10 can
be assigned with above mentioned peaks. If the peaks
positions are of the y-phase, TFE segments and CaF, in
comparison with those of CaCl, show that some of CaCl,
peaks are overlapped with others peaks. However, for
CaCl, the peaks at 31.0° 33.0°, 34.0° and 35.0° are not over-
lapped and they could be used to show the presence or
absence of CaCl, and also its XRD emission intensity. Fur-
thermore, the same things could be mentioned for CaF,
and the peaks at 45-46° also only belong to CaF,, CaCIF
and other complexes of Ca which are not overlapped with
any other peak. Therefore, this peak could be used to
show the presence and absence of CaF, and also its XRD
emission intensity.

Figure 10 shows that the XRD peaks of CaF, which are
mentioned above have higher intensity and surface area
in cases of FE-OBD and CB/FE-OBD compared to those of
CNT/FE-OBD. However, the same figure shows that the
XRD peaks of CaCl, which also are mentioned above have
higher intensity and surface area in case of CNT/FE-OBD

350
FE-OBD  CB/FE-OBD

300 +

CaCIF
and
CaF,
45.73

N
Q1
o
|
T

Intensity, cts

0 20 40 60 80
20, °

Fig. 10. XRD spectra of overlaid filled and unfilled FE-OBD
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Table 3. XRD peak list of FE-OBD, CB/FE-OBD and CNT/FE-OBD

FE-OBD CB/FE-OBD CNT/FE-OBD
20, ° Intensity, cts 20, ° Intensity, cts 20, ° Intensity, cts
6.77 31.80 5.52 63.55 6.26 2.45
10.07 26.37 742 28.08 8.79 11.19
12.72 7.35 9.14 21.84 10.83 14.74
14.96 6.69 10.85 13.57 15.38 223.72
16.78 7.81 12.70 9.26 16.84 263.76
20.72 3.46 14.46 13.36 25.31 287.85
23.65 11.23 17.69 6.33 28.78 64.47
25.33 10.84 22.72 9.52 30.11 53.61
27.06 9.86 24.80 11.34 31.62 62.62
3391 39.63 26.85 10.64 33.08 78.77
39.11 207.17 28.65 4.17 34.57 122.87
43.70 123.25 30.62 5.35 37.67 261.03
4593 113.47 36.79 51.05 39.12 278.49
49.58 27.00 39.20 117.25 42.14 281.27
54.66 19.36 42.00 137.23 43.55 236.16
62.16 62.95 45.65 176.77 46.61 135.30
67.75 37.37 54.82 62.69 48.06 65.81
71.52 31.20 62.13 29.88 49.58 71.37
75.07 36.93 64.63 31.38 51.08 85.57
77.08 28.08 67.48 38.75 52.60 83.65
70.83 24.20 55.60 5747
74.80 42.77 57.10 32.01
77.08 37.30 58.65 43.70
62.42 97.27
65.65 73.45
67.27 6797
70.35 68.33
76.03 41.56
78.03 16.73

compared to those of FE-OBD and CB/FE-OBD, particular-
ly the peaks at 31.0% 33.0° 34.0° and 35.0°. In CNT/FE-OBD
the CaF, and CaClF peaks are not appeared, therefore, the
intensity of them is zero but CaCl, peaks appeared. Also in
FE-OBD and CB/FE-OBD the CaCl, peaks do not appeared
while CaF, and CaClF peaks do. Therefore, for compar-
ing peak intensity of CaF, and CaClF in elastomers there
is no need of any reference peaks for data normalization
because the peak intensities for each of these chemicals in
one elastomer are zero whereas the same chemical have
peak intensity greater than zero in the other elastomer.
These could be seen in Table 3 which shows XRD peak list
of FE-OBD, CB/FE-OBD and CNT/FE-OBD.

Therefore, it could be concluded that FE-OBD and
CB/FE-OBD had higher CaF, content while CNT/FE-OBD
had higher CaCl, content. According to Rehmer et al. [46]
researches, by the reaction of CaCl, with HF, the products
would be CaF, and CaCIF. In our elastomers, HF liber-
ated from the fluororubber particularly during OBD test

which run at high temperature and OBD contained amine
species [29, 47]. Rehmer et al. [46] reported XRD spec-
trum of CaF, and CaClIF that showed the main peaks of
these two chemicals, particularly the spectrum contained
three peaks with 20 =46-47° which belonged to CaF, and
CaClF. In Fig. 10 these peaks have higher intensity in the
case of FE-OBD and CB/FE-OBD comparing to those of
CNT/FE-OBD.

This indicated that FE-OBD and CB/FE-OBD have
higher concentration of CaF, and CaCIF compared to
CNT/FE-OBD. As a result, it was concluded that during
OBD aging tests of FE-OBD and CB/FE-OBD, reaction be-
tween Ca and degradation derivatives caused Ca perme-
ation into the elastomer body. Then, CaCl, reacted with
rubber degradation products and CaF,, CaCIF and other
Ca complexes were produced. This phenomenon resulted
in the material hardening at the edges in the OBD ag-
ing test and caused cracks and degradation of the sur-
faces of FE-OBD and CB/FE-OBD. However, in the case of
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CNT/FE-OBD this phenomenon did not happen and the
Ca(l, did not react and remained unchanged. There-
fore, the O-ring-edge hardening did not happen and
CNT/FE-OBD was resistant to OBD. The reasons for this
OBD resistance were explained in the previous section.

The produced CaF, and CaClIF affect the roughness
and other AFM parameters of FE-OBD and CB/FE-OBD.
Ghosh and De [47] reported that the fluororubber exhibit-
ed comparatively smooth surface except for the random-
ly distributed particles protruding from the matrix [47].
Those particles were unreacted Ca(OH), and CaF, pro-
duced during vulcanization by reaction of Ca(OH), with
HF liberated from the fluororubber.

As mentioned before CNT/FE-OBD was resistant to
OBD therefore CNT/FE can be applied as sealing rubbers
(for example O-rings) in OBD drilling for oil and gas. In
contrast, original FE compound and CB/FE are not resis-
tant to OBD, therefore, FE or CB/FE cannot be applied as
the above mentioned sealing rubbers.

CONCLUSIONS

The high temperature and pressure OBD resistance
of the CNT/FE vis-a-vis CB/FE and FE were assessed by
AFM, weight gain, swelling test, and also optical micro-
scopy and XRD. All of the above mentioned test results
showed that while original unfilled rubber (FE) was not
resistant to the OBD, introduction of CNT into FE indu-
ced resistance of FE to OBD. Also CB did not induce resi-
stance of FE to OBD.

AFM results showed that surface of FE-OBD degraded
and changed considerably compared to that of FE. The si-
milar results were observed when CB/FE-OBD surface was
compared to CB/FE. However, the surface of CNT/FE-OBD
was the same as that of original compound of CNT/FE.

The other test results showed that the surface of
CNT/FE-OBD was not degraded and free of defects. Ho-
wever, for FE and CB/FE the surface was full of defects.
Weight gain and swelling test also showed the chemical
degradation of FE and CB/FE in OBD while CNT/FE was
resistant to OBD.

Optical microscopy images also showed that FE-OBD and
CB/FE-OBD surfaces degraded and were full of cracks but
that of CNT/FE-OBD was not degraded and had no cracks.
The hardness test results also showed that the change in
hardness of CNT/FE-OBD compared to CNT/FE was negli-
gible and indicated that the degradation was negligible. XRD
results showed that when FE and CB/FE were contacted with
aggressive fluids containing calcium, reactions between cal-
cium and degradation derivatives caused calcium perme-
ation into the elastomer body and resulted in the material
hardening at the edges and caused cracks and degradation of
the surfaces. However, reactions between calcium and degra-
dation derivatives and the following material edge hardening
did not happen for CNT/FE-OBD and it was resistant to OBD.

The final conclusion is that CNT/FE is suitable for
using as sealing rubbers (for example O-rings) in OBD

drilling for oil and gas. In contrast original FE compound
without CNT or FE with CB can not be used as the above
mentioned sealing rubbers.
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