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Improving the thermal properties of fluoroelastomer (Viton 
GF-600S) using carbon nanotube

Javad Heidariana,b, Aziz Hassana and R. A. Lafia-Aragaa

aDepartment of Chemistry, polymer and Composite materials research Laboratory, University of malaya, Kuala 
Lumpur, malaysia; bnanotechnology research Centre, research institute of petroleum industry-ripi, tehran, 
iran

1. Introduction

Viton is a synthetic rubber and a fluoroelastomer (FE) which is used in manufacturing 
O-rings and other molded and extruded articles manufactured by E. I. du Pont de Nemours 
and Co., USA.[1] Viton® GF-600S is the latest development in Viton GF family, a terpolymer 
of hexafluoropropylene, vinylidene fluoride, and tetrafluoroethylene with a cure site mon-
omer. Formerly known as VTR-8600, it is a next generation, easy processing, and peroxide 
cure, 70% fluorine FE based on new Advanced Polymer Architecture (APA). Compared to 
the original GF family, Viton® GF-600S exhibits better processability, coupled with similar 
or improved fluids resistance.[1, 2]

ABSTRACT
Nanocomposites were prepared using carbon nanotubes (CNTs) in 
the formulations of fluoroelastomer (FE). Thermogravimetric analysis 
(TGA) results revealed that CNT improved the thermal properties 
of FE, resulting in higher amount of FE and char remaining within 
the temperature range of 520–900  °C, relative to unfilled FE and 
carbon black (CB)-filled FE. The same results also revealed that 
more percentage of FE was undegraded or less degraded especially 
near CNT. Energy dispersive X-ray (EDX) results indicated that the 
percentage of carbon and fluorine in the residue of TGA scans up to 
560 °C of CNT-filled FE (CNT/FE) were higher compared to the CB-filled 
FE (CB/FE), and CB/FE was higher than FE. EDX results of TGA residue 
(run up to 900 °C) showed that most of the undegraded FE which 
was not degraded at temperatures below 560 °C was degraded from 
560 °C to 900 °C in both CNT/FE and CB/FE, with the char in CNT/FE 
being more than that in CB/FE. Residue of samples after TGA scans 
up to 900 °C indicated that, Zn did not undergo any reaction with 
CNT in the CNT/FE. In CB/FE, some percentage of ZnO reacted with 
carbon. EDX analysis of thermal aged specimens under air showed 
that with increasing aging time, more percentage of C, O, and F were 
lost from the surface of filler/FE and FE. The order of element loss is: 
CNT/FE < FE < CB/FE.
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2  J. HEIDARIAN ET AL.

CNT improves the properties of fluoropolymers, such as crystallinity, electrical response, 
mechanical properties, viscoelastic behavior, etc., and therefore their thermal stability. This 
finding has been reported by a number of researchers and examples of literatures and the 
reasons for the changes in these properties are mentioned bellow. CNT is also expected 
to improve thermo-oxidative degradation resistance of FE composites when subjected to 
thermal aging conditioning in air.

Rubber sealants or O-rings are major components in enabling the probing and produc-
tion of oil in deeper wells, so that higher temperature and pressure reservoirs are reached. In 
this account, it is demonstrated that carbon nanotube (CNT) homogeneously and randomly 
dispersed in rubber matrices, are able to generate durable sealants that operate satisfactorily 
at high temperatures and pressures. It has been reported [3] that, the use of multi-walled 
carbon nanotubes (MWCNTs) embedded in fluorinated rubber leads to a rubber nanocom-
posite with cellulation structure, possessing improved performance, leading to a balanced 
pressure resistance, sealing ability, thermal resistance, and durability. The O-rings made 
by this rubber nanocomposite have high sealing properties and are durable up to 260 °C 
and 239  MPa. They exhibit better pressure resistant properties relative to carbon black 
(CB)-filled composites by about 80–100 MPa higher, which corresponds to a much deeper 
depth in water of 8000 m. In addition, they show higher resistance than the fluorocarbon 
elastomer material (FKM)-derived O-ring in both low- and high-temperature ranges. FKM 
is the designation of about 80% of fluoroelastomers as defined by ASTM D-1418. All FKM 
fluoroelastomers contained vinylidene fluoride.

Strong interaction between fluoropolymers and CNT was reported by He et al. [4]. The 
authors observed that in dynamic mechanical measurements, storage modulus is signifi-
cantly increased due to this interaction. High aspect ratio of nanotubes also leads to a great 
increase in the active interfacial area between CNT and fluoropolymer chain as reported 
by Chae et al. [5].

The preparation and characterization of FE/MWCNTs nanocomposites by conventional 
rubber mixing using a two-roll mill has been reported by Pham et al. [6]. The authors 
observed that with increasing MWCNT loading, there was a steady increase in decompo-
sition temperature.

There is a growing requirement for seals in the automotive fuel system connections to 
have electrostatic dissipation properties. Fluorocarbon (FKM) elastomeric O-ring seals are 
a significant component in the conductive pathway. Russell et al. [7] reported that providing 
this conductivity through the incorporation of CNTs considerably improves properties 
over the use of carbon blacks (CBs). This results in a seal which is softer with improved 
processability, stable electrical properties, and better permeation resistance.

Energetic relationship between surface of CNT and fluoropolymer was reported by Levi 
et al. [8]. It was reported that fractured surface of composite leaves the CNT with a polymer 
coating. The coating can be quite thick and covers the length of CNT. Thus, during pullout, 
this polymer sheet remains associated with CNT.

Normally, in the formulation of Viton, CB is used. Replacing CB with CNT partially 
or totally is expected to improve the thermal, physical, mechanical, chemical, and other 
properties of the Viton which are very effective in making O-rings especially for oil and 
gas industries.[3, 6, 9]

Some changes in the properties of fluoropolymers due to the presence of CNT were 
reported by a number of researchers. CNT can change mechanical and thermo-mechanical 
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COmpOsITE INTERFACEs  3

properties of polyvinilydienefluoride (PVDF) [10–12] or mechanical properties of polytet-
rafluoroethylene (PTFE).[13,14] CNT can also change the degree of crystallinity of fluoro-
polymers and therefore, the properties.[15–17] Fluoropolymers/CNT interfacial interaction 
also had a profound influence on melt rheological behavior of these nanocomposites.[18] 
Thermal stability of the PTFE composites is also enhanced by the presence of CNT.[19]

X-ray photoelectron spectroscopy (XPS), scanning electron microscopy and electron 
probe X-ray microanalysis (SEM/EPMA), and X-ray diffraction (XRD) analysis were used 
to elucidate the physical and chemical changes associated with degradation on the surface, 
near surface, and bulk of the FE seals in engine oil and additives.[20] Degradation of these 
materials was reported to be limited to the near surface region of the samples to the depth 
of less than approximately 50 μm. The process results in release of either F2 or HF.

Research on the verification of the effect of CNT on the amount of residues in TGA runs 
of CNT/FE nanocomposites is rather rare. In addition, the comparison of the amount of 
residue of the TGA runs of FE, CB/FE, and CNT/FE, detailing the elemental compositions 
is seldom published. Therefore, this investigation is unique in the sense that knowledge of 
the amount of residue and the composition of the elements in the residue give an insight 
into the ability of CNT to improve the thermal stability of CB/FE and FE composites. 
Furthermore, the presence of elemental fluorine on the surface of CNT/FE, CB/FE, and 
FE aged in air indicates that CNT improves the resistance of the nanocomposites to ther-
mo-oxidative degradation.

In the present work, CNT was used as filler for Viton® GF-600S with the aim of improving 
thermal stability and thermal aging resistance of FE. The thermal properties of the compos-
ites vis-à-vis CB filled and unfilled FE were assessed by thermogravimetric analysis (TGA). 
Energy dispersive X-ray (EDX) was also used to characterize the elemental composition 
of the undegraded FE and char after TGA runs at temperatures below 900 °C. This is to 
ascertain whether incorporation of CNT can preserve more of the undegraded FE and 
char compared to CB-filled FE or unfilled FE in TGA runs. EDX was also employed to 
verify the amount of Zn in the residue and to confirm possible reaction with CNT or CB. 
Thermal aging conditioning in air together with EDX was also conducted to investigate the 
elemental composition of the surfaces of unfilled and filled FE as a function of aging time.

2. Experimental

2.1. Materials and compounding procedure

Materials used were Viton GF-600S fluoroelastomer, FE; organic peroxide, Luperox 101 
XL-45; carbon nanotube, CNT (TNM8, outside diameter  >  50  nm, purity  >  95%, and 
length of 10–20 μm); carbon black, CB Ensaco 250; zinc oxide; and triallylisocyanurate, 
TAIC supplied by ERIKS Sdn. Bhd. (Malaysia), Arkema Sdn. Bhd. (Malaysia), Chengdu 
Organic Chemicals Co. Ltd. (Chinese Academy of Sciences, China), Age D'Or Industrial 
Sdn. Bhd. (Malaysia), Texchem Materials Sdn. Bhd. (Malaysia) and Liu Yang San Ji Chemical 
Trade Co. Ltd. (China), respectively. Three formulations were compounded, CNT-filled FE 
(CNT/FE), CB-filled FE (CB/FE) and unfilled FE (FE). In all compounds, the amount of 
FE, organic peroxide, zinc oxide, and TAIC were 70.0, 2.1, 2.1, and 2.1 g, respectively. For 
CNT/FE and CB/FE, 7.0 g filler was used.
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4  J. HEIDARIAN ET AL.

Mixing FE with additives was done using a laboratory scale two-roll mill with a roll 
temperature of 48 °C. FE in the above-mentioned composition was supplied to open roll. 
A uniform band was formed while three rolling cuts from each side of the mill were made, 
so that the polymer turned into uniform and sufficiently warmed up. In the next stage, pre-
blended ZnO and TAIC were added uniformly into the gum and three rolling cuts from 
each side of the mill were done. After setting the roll distance to 1.1 mm, CNT was then 
fed in. The compound was then tight milled 10 times. The roll distance was then adjusted 
to 1.1 mm, and the peroxide was added and after final five to six rolled up end passes, the 
mixture was supplied to the open roll and sheeted. After 24 h, re-milling was done with a 
roll temperature of 26 °C. Similar procedure was used for CB/FE and FE.

2.2. Curing and post curing

Curing of FE compound was done with the mold (15 cm × 15 cm × 1 mm) in a heated 
press, at 177 °C under pressure of 10 MPa for 7 min. The post-curing was done in air oven 
at 232 °C for 2 h. Conditions for curing and post-curing were recommended by the supplier.

2.3. Characterization

2.3.1. Thermal gravimetric analysis
TGA runs from room temperature to 900 °C were carried out on a Perkin-Elmer Pyris 
Diamond TG/DTA thermal analysis system at a scan rate of 20 °C min−1 under nitrogen 
atmosphere of 20 ml min−1. In addition, TGA runs from room temperature to 560 °C were 
carried out under the same condition and then cooled to room temperature at a scan rate 
of 100 °C min−1. The same procedure was repeated with the temperature raised to 900 °C. 
The specimens were designated as, for example CNT/FE-560 °C, where the temperature 
after the specimen designation is the highest temperature of the TGA run.

2.3.2. Thermal aging
Thermal aging was done according to ASTM D-573 for 24, 48, and 72 h at 250 °C in air oven. 
The samples (5 mm × 5 mm × 2 mm) were named FE, FE-24, FE-48, and FE-72, where the 
numbers following FE indicate the aging time in hour. Similar styles of abbreviations were 
used for CB/FE and CNT/FE aged samples.

2.3.3. Energy dispersive X-ray and field emission scanning electron microscopy 
(FESEM) image analyses
EDX analysis was conducted using FESEM Philip XL-40 (UK) coupled with EDX. The res-
idue obtained from heating–cooling TGA scans was first applied on aluminum stub using 
double-sided copper tape (3 M Company), coated with gold for an EDX elemental analysis 
to determine the elements of C, O, F, Si, Ca, and Zn.

Elemental compositions of the surfaces of the aged and unaged samples were obtained 
using EDX. The major elements characterized were C, O, F, and Si. The surface images for 
some of the samples were obtained by FESEM. In FESEM imaging of CNT/FE, the razor 
cut (cross section) surface was used. For other specimens, the normal flat surface was used. 
Specimens for EDX and FESEM imaging analysis were applied on a copper tape and gold 
coated as mentioned above.
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COmpOsITE INTERFACEs  5

3. Results and discussion

3.1. Thermal gravimetric analysis

Figure 1 shows the TGA thermograms of CB, CNT, FE, CB/FE, and CNT/FE. The extracted 
data from these plots are presented in Table 1. In Table 1, Tonset, T5%, T10%, and T50% are the 
onset temperatures at which the compound starts to lose weight (degrade), temperature at 
which the compound loses 5, 10, and 50% weight, respectively. Tonset, T5%, T10%, and T50% 
are almost the same for CNT/FE, CB/FE, and FE. It shows that CNT does not really affect 
these parameters of CNT/FE compared to CB/FE or FE. However, incorporating of CNT 
affects the TGA-weight of residual of CNT/FE in the temperatures range of 520–900 °C 
compared to others.

(a)

(b) 

10

20

30

40

50

60

70

80

90

470 480 490 500 510 520 530 540 550

W
ei

gh
t (

%
)

Temperature (ºC)

CNT/FE

CB/FE

FE

0

20

40

60

80

100

120

50 250 450 650 850

W
ei

gh
t (

%
)

Temperature (ºC)

CB
CNT
CNT/FE
CB/FE
FE Zoomed area (a)

Figure 1.  tGa curves of pure filler, fe and filler/fe; (a) zoomed and (b) unzoomed.

Table 1. tGa thermal properties of fe, filler/fe, and pure filler.

specimen TOnset (°C) T5% (°C) T10% (°C) T50% (°C)
CB 720.0 748.8 797.6 –
Cnt 589.6 639.3 693.1 –
fe 423.4 442.6 470.7 497.8
CB/fe 420.7 439.6 465.8 499.9
Cnt/fe 418.9 441.2 468.5 497.7
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6  J. HEIDARIAN ET AL.

3.1.1. TGA – weight of residual
Figure 1 shows that with incorporating of CNT, a higher amount of the FE residue remained 
in the temperature range of 520–900 °C compared to CB/FE or FE. Besides, in CNT/FE, 
most of the char is stable up to 900 °C while in CB/FE, most of the char decomposed, 
degraded, and evaporated.

Pham et al. [6] used SEM micrograph of the ash residue collected after 90% degradation of 
the compound and showed that less or partial degradation of the polymer chains attached to 
the nanotubes occur, whereas extensive degradation occurred in the bulk. Based on amount 
of FE remaining in the temperature range of 520–900 °C and the previous reported work,[6] 
it can be seen that the FE attached to or near the CNT within this temperature range will not 
be degraded or degrade less, and more percentage of FE and char was preserved compared 
to CB/FE or FE. Therefore, the presence of CNT enhances thermal stability of FE, resulting 
in higher percentage of the nanocomposite remaining undegraded at higher temperatures.

The percentage of ‘CNT remaining’ within the nanocomposite can be calculated by multi-
plying the percentage of CNT obtained from the TGA data of pure CNT at that temperature 
by 8.4 (the initial percentage of CNT in FE). These amounts are shown in Table 2. From 
Figure 1 and Table 2, it can be seen that pure CNT lost more weight at temperatures up to 
900 °C than pure CB. Again, in the TGA of the nanocomposite, at each temperature, the 
percentage of ‘undegraded FE + char + mineral additives’ can be calculated by subtracting 
the percentage of ‘CNT remaining’ in the nanocomposite (Table 2) from the percentage 
of nanocomposite remained in TGA curve extrapolated in Figure 1 at that temperature. 
Results of these calculations are shown in Table 3. This amount, minus the initial mineral 
filler will give the percentage ‘undegraded FE + char’ as tabulated in the same table. For 
example, from TGA run of pure CNT in Figure 1 (b) at 650 °C, the weight loss percentage 

Table 2. the percentage of filler remaining in pure filler and filler/fe at different temperatures.

Temperature (°C) CNT (%) CNT/ FE (%) CB (%) CB/FE (%)
523 100.0 8.4 100.0 8.4
542 99.7 8.4 100.0 8.4
562 99.3 8.3 100.0 8.4
600 97.9 8.2 100.0 8.4
650 94.5 7.3 99.7 8.3
700 89.3 7.5 98.3 8.3
800 66.6 5.6 90.0 7.6
875 54.8 4.6 80.4 6.8

Table 3.  the percentage of ‘undegraded fe  +  char  +  mineral additives’ and ‘undegraded fe  +  Char’  
remained in the compounds at different temperatures.

Temperature (°C)

‘undegraded FE + char + mineral additives’ ‘Undegraded FE + Char’

FE CB/FE CNT/FE CNT/FE
523 10.4 9.9 10.8 8.3
542 9.4 8.9 10.1 7.6
562 9.2 7.6 9.6 7.1
600 7.9 6.6 8.8 6.3
650 7.0 5.1 8.7 6.2
700 6.1 3.6 7.6 5.1
800 4.9 2.4 7.6 5.1
875 4.3 1.9 7.6 5.1
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COmpOsITE INTERFACEs  7

is 5.5 and the remained CNT percentage is 94.5. This means in the TGA run of CNT/FE 
at 650 °C in the same figure, the CNT part of nanocomposite lost 5.5% of its initial weight, 
and 94.5% of CNT initial weight was remained. Because in nanocomposite the initial weigh 
percentage of CNT is 8.4, therefore the CNT remained in nanocomposite is equal to mul-
tiplication of 0.945 (94.5% in decimal form is equal to 0.945) and 8.4 which is equal to 
7.3%. In TGA graph of CNT/FE, 15.8% of initial weight of CNT/FE at 650 °C remained. 
Therefore, the subtraction of 15.8 and 7.3 (CNT/FE and CNT weight percentage remained at 
this temperature respectively) which is equal to 8.5 is the weight percentage of ‘undegraded 
FE + char + mineral additives’ at this temperature in CNT/FE. For the other temperatures, 
these amounts are shown in Tables 2 and 3. The same calculations were done for CB/FE.

3.1.2. EDX analysis – residual elemental
The compositions of the residue from heating–cooling TGA run cycle, as mentioned in 
experimental section, were characterized by EDX. TGA curves of the samples are shown 
in Figure 2. In the heating–cooling run, the cooling was done with the highest possible 
cooling rate in order to prevent further degradation and keeping the same composition of 
the remaining materials at 560 °C and at 900 °C upon cooling. Table 4 shows the elemental 
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Figure 2. Heat and cool tGa curves of fe and filler/fe up to 560 °C; (a) zoomed and (b) unzoomed.
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8  J. HEIDARIAN ET AL.

composition of the residue in heating–cooling TGA runs for all compounds under study 
which were extracted from EDX results (Figures 3 and 4).

From Figure 2, at low temperatures, after cooling scan of CNT/FE-560 °C sample, 19.0% 
of nanocomposite remained. If this amount is multiplied by weight% of each element in 
Table 4, the weight% of that element based on the initial nanocomposite can be obtained. 

Table 4. the weight% (wt%) and atomic% (at%) composition of the remaining composites in tGa runs.

Element

FE-560 °C CB/FE-560 °C CNT/FE-560 °C CB/FE-900 °C CNT/FE-900 °C

Wt% At% Wt% At% Wt% Wt% At% Wt% At% Wt%
C 27.2 50.5 63.6 77.4 68.9 80.8 76.5 89.5 65.4 83.6
o 14.0 19.5 13.7 12.5 10.1 8.9 6.2 5.4 9.0 8.6
f 11.1 13.0 8.9 6.8 10.5 7.8 2.5 1.8 2.5 2.1
si – – – – 0.5 0.2 – – – –
Ca 3.0 1.7 1.7 0.6 0.8 0.3 1.2 0.4 2.1 0.8
Zn 44.7 15.3 12.1 2.7 9.2 2.0 13.7 2.9 21.0 4.9
                     
total 100 100 100 100 100 100 100 100 100 100

Figure 3. the eDX spectra of (a) Cnt/fe-560 ºC, (b) CB/fe-560 ºC and (c) fe-560ºC.
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COmpOsITE INTERFACEs  9

The same procedure was done for all specimens. Results of these calculations are presented 
in Table 5.

These results show that the percentage of carbon and fluorine in the residue of TGA 
scan of CNT/FE-560 °C are more compared to the CB/FE-560 °C. The amount of residue 
in each of these samples is higher than that of FE-560 °C. This proves that CNT is able to 
preserve more FE from degradation compared to the samples containing CB or unfilled 
FE. In this aspect, indeed the CB-filled samples also act better than unfilled FE. Similarly, 
based on EDX results and considering work of Pham et al. [6] as mentioned earlier, it can 
be seen that FE attached or near the CNT at higher temperature range exhibit lower degra-
dation tendency. Considering this and the fact that more carbon and fluorine remained in 
this nanocomposite residue after TGA run, it can also be concluded that more amount of 
FE remained undegraded or less degraded especially near CNT. The amount of remaining 
fluorine represents the undegraded FE. Therefore, it can be predicted that if more CNT is 
used in the initial FE, more FE can be saved in the undegraded or less degraded form in 
TGA scans up to 560 °C and most probably a highly CNT-filled FE will not be degraded 
up to this temperature.

3.1.3. EDX analysis – undegraded FE and char
At 560 °C, the ‘undegraded FE + char’ for CNT/FE-560 °C can also be calculated, by sub-
tracting the percentage of ‘CNT remained’ in the nanocomposite (Table 2) from the per-
centage of ‘C + F’ in EDX analysis at 560 °C. Thus, the percentage of ‘undegraded FE + char’ 

Figure 4. the eDX spectra of (a) Cnt/fe-900 ºC and (b) CB/fe-900 ºC.

Table 5. amount of element remained based on initial weight of compound.

Element

Element remained (%)

FE-560 °C CB/FE-560 °C CNT/FE-560 °C CB/FE-900 °C CNT/FE-900 °C
C 3.4 10.9 13.1 5.9 6.3
f 0.9 1.5 2.0 0.2 0.2
Zn 2.1 2.1 1.8 1.1 2.0
Ca 0.3 0.3 0.2 0.1 0.2
si – – 0.1 – –
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10  J. HEIDARIAN ET AL.

for CNT/FE-560 °C is 7.0% and for CB/FE-560 °C is 4.0%, again showing more percentage 
of ‘undegraded FE + char’ in the case of using CNT as filler for FE.

The increased decomposition temperatures caused using CNT in FE [6] are due to sev-
eral reasons. Firstly, the presence of CNT in FE makes the active centers of FE main chains 
inactive, preventing the degradation, therefore can save FE nearer to the CNT surface. 
Secondly, the interactions between CNT and FE results in increased physical and chemical 
cross-linking points which prevent the degradation of the polymer chains. Besides, con-
sidering that the degradation of FE is a radical chain reaction, it is therefore susceptible 
to inhibition by reagents capable of trapping such radicals. Furthermore, the antioxidant 
nature of CNT attributed to its high electron affinity (≈2.65 eV) enables it to act as a radical 
scavenger. Consequently, CNT helps to trap radicals and inhibiting degradation of FE nearer 
to it. Moreover, Endo et al. [3] reasoned that thermal stability of FE near CNT is due to 
the presence of bounded rubber to CNT and concluded that this structure can prevent the 
decomposition of rubber at high temperatures by resisting the molecular mobility.

Table 5 also shows that when CB/FE-900 °C and CNT/FE-900 °C, were run up to 900 °C, 
much less fluorine and carbon remained compared to CB/FE-560 °C and CNT/FE-560 °C. 
These results indicate that most of the undegraded FE at temperatures below 560 °C was 
degraded from 560 °C up to 900 °C in both CNT/FE and CB/FE. From the EDX results 
(Table 5), the remaining C in CB/FE-900 °C and CNT/FE-900 °C are the same (C% con-
sist of ‘char + CNT’ in CNT/FE and ‘char + CB’ in CB/FE). Considering this factor and 
TGA results of CNT and CB (Figure 1), it can be inferred that at 900 °C, char% in CNT/
FE-900 °C is higher compared to that in CB/FE-900 °C and CNT% in CNT/FE-900 °C is 
lower relative to CB% in CB/FE-900 °C (CB degraded less than CNT at 900 °C as seen in 
Figure 1). Therefore, the char in CNT/FE-900 °C is still higher than in CB/FE-900 °C at 
900 °C. Considering this factor and the results in Table 5, it can be suggested that in CNT/
FE, most of the char is stable up to 900 °C, while in CB/FE, most of the char decomposed 
and only CB and mineral fillers remained at this temperature.

Comparing Zn% in CNT/FE-560 °C and CNT/FE-900 °C (Table 5), it shows that the 
amount of Zn in CNT/FE is almost unchanged and did not undergo any reaction up to 
900 °C. On the other hand, the Zn% in CB/FE-560 °C and CB/FE-900 °C shows that some 
amount disappeared up to 900 °C. This is due to the reaction of ZnO with carbon at high 
temperature, producing vaporized Zn. Such reaction of ZnO and C at high temperature 
was reported by Gokon et al. [21].

3.2. Effect of thermal aging on residual elemental composition

Figure 5 is a representative figures of EDX obtained for aged and unaged samples. The 
elemental weight percent extracted from these figures are presented in Table 6. This table 
shows the surface composition of the composites before and after aging. The major elements 
in the composites are C, O, F, and Si. The initial loss in element is defined as the percentage 
lost due to aging for the different periods of time. The percentage loss can be calculated as 
follows: For 100 g of unaged FE (Table 6), there were 34.3, 5.0, 59.8, and 0.9 g of C, O, F, 
and Si, respectively. After 72 h of aging, if Crem, Orem, and Frem g of C, O, and F, respectively, 
remained and Clos, Olos, and Flos g of C, O, and F, respectively, were lost. Then;

(1)Crem + Clos = 34.3 g ;Orem +Olos = 5.0 g andFrem + Flos = 59.8 g
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COmpOsITE INTERFACEs  11

Since Si is not lost during aging, the amount of Si after 72 h of aging is 0.9 g. If T is the 
total weight of the remaining elements, then; T = Crem +Orem + Frem + 0.9 g

After 72 h of aging, the weight percentage of Si is 2.3% (Table 6), therefore; 0.9
T

= 0.023, 
and thus T = 39.7 g. Using T and the percentage of C (Table 6), after 72 h of aging (30.9%), 
Crem can be calculated as, 0.309 =

C
rem

T
. Thus, Crem  =  0.309  ×  39.7  =  12.3  g. Clos  =  34.3 

– Crem = 22.0 g. 

Figure 5. eDX spectra of (a) Cnt/fe and (b) Cnt/fe-72.

Table 6. the surface composition of the composites before and after aging, obtained by eDX.

Element

Wt% At% Wt% At% Wt% At% Wt% At%

FE FE-24 FE-48 FE-72
C 34.3 45.0 – – 30.7 41.0 30.9 41.4
o 5.0 4.9 – – 3.9 4.0 04.8 04.8
f 59.8 49.6 – – 64.0 54.2 62.0 52.5
si 0.9 0.5 – – 1.4 0.8 2.3 1.3
                 
total 100 100 – – 100 100 100 100
element CB/fe CB/fe-24 CB/fe-48 CB/fe-72
         
C 37.2 48.2 33.7 44.5 43.8 54.8 31.2 42.3
o 3.2 3.1 5.2 5.1 10.4 9.8 8.4 8.6
f 58.6 48.1 58.7 49.0 42.9 33.9 51.1 43.7
si 1.0 0.6 2.4 01.4 2.9 1.5 9.3 5.4
                 
total 100 100 100 100 100 100 100 100
element Cnt/fe Cnt/fe-24 Cnt/fe-48 Cnt/fe-72
         
C 35.4 46.2 36.7 47.9 32.0 42.6 30.9 41.4
o 3.6 3.3 2.8 2.7 3.5 3.5 3.7 3.7
f 60.0 50.0 58.6 48.3 62.9 53.0 63.6 53.9
si 1.0 0.5 1.9 1.1 1.6 0.9 1.8 1.0
                 
total 100 100 100 100 100 100 100 100
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12  J. HEIDARIAN ET AL.

Table 7. initial element loss percentage after aging compared to unaged samples.

Element

Initial element loss%

FE-24 FE-48 FE-72
C – 41.2 64.3
o – 48.1 62.3
f – 29.7 58.9
si – 0 0
       
element CB/fe-24 CB/fe-48 CB/fe-72
C 60.6 57.3 90.3
o 29.2 0 69.4
f 56.4 73.5 90.0
si 0 0 0
       
element Cnt/fe-24 Cnt/fe-48 Cnt/fe-72
C 46.7 43.3 52.0
o 60.2 38.4 43.6
f 49.9 34.1 41.6
si 0 0 0

Figure 6. fesem images of (a) Cnt/fe (the razor-cut cross section surface) and (b) Cnt/fe -72 (normal 
flat surface).

Figure 7. fesem images of (a) fe and (b) fe-24.
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COmpOsITE INTERFACEs  13

Therefore, the percentage of Clos is,

This means 64.2% of the initial C is removed from the surface after 72 h of aging at 250 °C. 
The same calculations were done for F and O in all other aged composites. Results of these 
calculations are presented in Table 7. These results show that for each composite, with 
increasing aging time, the percentage loss of C, O, and F increases. This is because as the 
aging time increases, more degradation including dehydrofluorination, defluorination, and 
carbon–oxygen reactions occurred especially at the surface.[20] The results also show that 

(2)Clos(%) =
Wt. of Clos

Wt. of initial C
× 100 (%) =

22.1

34.3
× 100 (%) = 64.2%

Figure 8. fesem images of CB/fe -48.

Figure 9. fesem images of (a) Cnt/fe and (b) Cnt/fe-24.
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14  J. HEIDARIAN ET AL.

at each aging time, the loss % of elements is in the following order: CNT/FE < FE < CB/FE. 
Therefore, CNT can preserve a larger portion of the elastomer surface from degradation. 
Comparing the results of FE and FE/CB, it also can be seen that for FE without CB, the loss 
of the elements are lower than in the one with CB. This could be due to the fluorination of 
CB,[20] leading to more loss of F and C.

The same reasons adduced for saving more percentage of undegraded FE and char in 
TGA runs are also valid for the thermal aging of CNT/FE. Besides, the antioxidant nature 
of CNT which is attributed to its high electron affinity (around 2.65 eV), enables it to act as 
radical scavenger [6] especially for oxide radicals produced due to the presence of air. This 
also helps to trap radicals, thereby inhibiting the degradation of nearby CNT, and resulting 
in increased percentage of undegraded FE.

A considerable depletion of F and C on the surface and to the depth of around 10–15 μm 
of cross section of CB/FE seals aged in oil containing amine-based dispersant at 150 °C also 
was reported by Smith et al. [20]. The authors reported that polytetrafluoroethylene (PTFE) 
also began to soften and released F at around 200–220 °C. This may explain the apparent 
susceptibility to heating in air shown by elastomer with a high TFE content.

A drastic decrease in C and F due to thermal aging in air at 200 °C from the surface of 
CB/FE (up to the depth of 5 nm) was also reported by Wang et al. [22]. As can be seen in 
Table 6, for CNT/FE, up to 24 h of aging, the initial percentage loss of each element increases. 
Nevertheless, as the aging time increases to 48 h, a decrease in percentage loss is observed. 
This is expected, due to the surface migration of fluoro groups; CF, CF2, and CF3. The same 
phenomenon was also reported by Wang et al. [22] for CB/FE.

Figure 6 shows the FESEM images of CNT/FE and CNT/FE-72 surfaces. As can be seen, 
due to aging, the amount of crack, as well as voids or masses appearing on the surface are 
slightly increased. Figures 7–9 show the FESEM images of FE and FE-24, CB/FE-48, CNT/
FE, and CNT/FE-24, respectively. From these figures it can also be seen that after aging, 
the surface of FE and CB/FE seemed to undergo severe degradation with cracks, voids, and 
rougher surface. However, the surface of CNT/FE-24 is less affected. This also proves that 
CNT increases the thermal stability of aged specimens. Figure 10 shows the initial loss of 
element at different aging times for filler/FE, which was explained previously.
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Figure 10. initial element loss (%) at different aging times of fe and filler/fe.
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COmpOsITE INTERFACEs  15

3.3. Verifying crystallinity and thermal properties of CNT/FE and acidic surface-
modified carbon nanotube/FE

In our before studies,[23,24] we verified the crystallinity of some of the above-mentioned 
FE, filler/FE, and also acidic surface-modified carbon nanotube (ACNT)-filled FE (ACNT/
FE), by dynamic mechanical analysis (DMA), differential scanning calorimetry (DSC), and 
X-ray diffraction (XRD). In addition, in other study,[25] we revealed the effect of using 
ACNT on improving the thermal properties of FE. Verifying thermal properties of FE using 
CNT in presence of air and under nitrogen flow is another study.[26]

4. Conclusions

TGA shows that the thermal stability of FE in N2 atmosphere increases with the presence 
of CNT relative to when CB is used or while FE is unfilled. A higher percentage of this 
composite in the form of undegraded FE or char, remained within the temperature range of 
400–900 °C compared to that of CB/FE or FE. The same results show that more percentage 
of FE remained undegraded or less degraded especially near CNT.

EDX analysis show that the percentage of carbon and fluorine in the residue of TGA 
runs up to 560 °C of CNT/FE is higher relative to CB/FE and for both, the percentages are 
higher than that of FE.

EDX of the residue of TGA runs up to 900 °C shows that most of the undegraded FE 
which was not degraded at temperatures up to 560  °C were degraded from 560° up to 
900 °C in both CNT/FE and CB/FE. However, the char in CNT/FE is more than the one in 
CB/FE at 900 °C. TGA runs up to 900 °C show that Zn was almost unaffected and did not 
undergo any reaction with CNT in the CNT/FE. However, in the CB/FE some percentage 
of Zn reacted with carbon at high temperatures.

EDX results of aged specimens under air indicate that the percentage of C, F, and O lost 
on the surface of filler/FE and FE increases with increasing aging time. Again, at each aging 
time, CNT preserves more percentage of these elements compared to the others. The order 
of percentage loss in element is as follows: CNT/FE < FE < CB/FE. FESEM images also show 
less degradation due to thermal aging in the case of using CNT at the surface compared to 
the others, especially at lower aging times.
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