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Fluoroelastomers (FKM) are vital sealing materials in acidic environment and their failure can cause severe
safety problems. Therefore, investigation of the degradation behavior and mechanism of FKM materials is of
great significant. Herein, we investigate a diffusion model of an acidic solution into an FKM composite and
its degradation behavior upon immersion in hot nitric acid solution. The results indicate that the diffusion
process of the HNOsz solution into the FKM composite conforms to the Fick diffusion model at a low
concentration of nitric acid solution. Besides, the concentration of HNO3 solution affects the diffusion
process of solvent molecules and the dissolution process of the filler particles to some extent. SEM
showed that the surface topography of the FKM was significantly altered after it was immersed in HNOs

solution. The structural and chemical changes of the FKM were studied using ATR-FTIR, SEM-EDS and
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Accepted 7th Novernber 2019 MAS NMR, which demonstrated the occurrence of decrosslinking via hydrolysis of the crosslinks and
backbone cleavage by dehydrofluorination. This was also manifested by the decrease in crosslinking

DOI: 10.1039/c9ra06286f degree and mechanical properties. The present study is helpful for revealing the chemical changes in
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1. Introduction

Fluoroelastomers (FKM) are key polymers with outstanding
properties including high temperature resistance, oil resistance
and excellent inertness to solvents, hydrocarbons and acids,
which are attributed to the fluorine atoms in their main or side
macromolecule chains.’® As desirable materials, FKM are
always used as seals, rings, coatings, gaskets, hoses, expansion
joints, etc. in aircraft, aerospace and vehicle industries. Nowa-
days, the seals or gaskets made using FKM are usually used as
proton exchange membranes for fuel cells and chemical
containers, which are subjected to long-term exposure to acidic,
alkaline and other chemical solutions.”” Coupled with some
factors such as heat and oxygen, chemical solutions can pene-
trate into sealing materials, causing them to swelling. Once the
sealing materials lose their elastic property and seal function-
ality, the chemical solutions may leak and cause safety prob-
lems. Therefore, it is essential to assess and investigate the
degradation behavior and mechanism of FKM materials under
service conditions to improve their stability and durability.
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In the literature, there are many reports on the degradation
behavior and mechanism of FKM in various environments.
Mitra et al.*® focused on the degradation of pure and vulcanized
FKM in 10% NaOH solution (an alkaline environment). The
results showed that the elimination reaction of fluorine atoms
and hydrogen atoms occurred to generated carbon-carbon
double bonds, leading to the oxidation of the macromolecules
chains and the cleavage of the backbone. Subsequently, Li
et al.**'® demonstrated that the dehydrofluorination of FKM was
accompanied with complex oxidation reactions in KOH solu-
tion. Wang et al.'* investigated the aging behavior of reactive
blends of FKM with polyphenol hydroxyl EPDM in hot air.
Akhlaghi et al.*> focused on the degradation of FKM exposed to
rapeseed biodiesel at different oxygen concentrations. Xia
et al.® studied the chemical aging behavior of FKM in a simu-
lated proton exchange membrane fuel cell environment, and
the influencing factors, including the amount of curing agent,
acid-acceptor and filler. Some other reports**> also studied the
chemical degradation of other elastomeric materials in a simu-
lated fuel cell solution. However, less attention has been paid to
the degradation or corrosion analysis of FKM materials in an
acidic environment and the related factors have rarely been
investigated.

When elastomeric materials are used as sealing materials in
an acidic environment, the diffusion of acidic solutions is
regarded as the major influencing factor for their degradation.
Acidic solutions can permeate and diffuse into elastomeric
materials accompanied by chemical interactions and physical
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dissolution processes. The diffusion process of water and other
solutions in silicone rubber (SR) has been reported.**2* Dai
et al.® indicated that the diffusion of water, NaCl solution, and
HNO; solution into SR obeys the classical Fick diffusion model.
However, Gao et al. and Jiang et al.**° revealed that the diffu-
sion of water into SR follows the Langmuir diffusion model.
Wang et al.”” investigated the absorption characteristics of SR in
deionized water, NaCl solution and HNO; solution. Unfortu-
nately, the diffusion of acidic solutions into FKM has not been
well investigated. The characterization of the diffusion of acidic
solution is helpful to further elucidate the degradation mech-
anism of FKM in acidic environments.

Herein, we focus on the diffusion of hot nitric acid into FKM
and the degradation mechanism of FKM in an acidic environ-
ment. The weight gain of FKM in hot nitric acid solution was
determined via a gravimetric method. The physicochemical
properties of FKM before and after immersion were investigated
via Fourier transform infrared spectroscopy (FTIR), nuclear
magnetic resonance (NMR), scanning electron microscopy
(SEM), swelling tests and mechanical property tests. The diffu-
sion and degradation mechanism of FKM in hot nitric acid
solution are discussed and interpreted in detail.

2. Experimental
2.1 Materials

Fluoroelastomer (FKM) was purchased from Zhonghao Chen-
guang Research Institute of Chemical Industry, which consisted
of vinylidene fluoride (VDF, 65-70%), tetrafluoroethylene (TFE,
14-20%) and hexafluoropropylene (HFP, 15-16%). N,N-
Dicinnamylidene-1,6-hexanediamine (crosslinking agent) was
supplied by Zigong Hongchuan Chemical Additives Factory.
Magnesium oxide (MgO), barium sulfate (BaSO,) and nitric acid
(HNO;) were provided by Tianjin Damao Chemical Reagent
Factory. The chemical structure of the fluoroelastomer is shown
in the ESI (Fig. S1-S37).

2.2 Sample preparation

100 g of FKM was compounded with 2 g of crosslinking agent,
20 phr of BaSO, and 10 phr of MgO as an acid scavenger. The
compounds were cured for the optimum curing time (7o) ob-
tained using a vulcameter at 170 °C and then post cured for 12 h
at 250 °C.

2.3 Characterization methods

The samples (length x width x thickness, 50 mm x 25 mm x
2 mm) were exposed to different concentrations of HNO; solu-
tion at 80 °C. The aged sample was taken out and tested at
selected times. The weight gain (Q) of the tested sample was
calculated using the following equation,

W, — W,

0(%) = x 100 (1)

where W; and W, are the weight of the sample before and after
the experiment, respectively.
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The penetration distance of HNO; solution into FKM was
observed using an SZTB stereomicroscope (reflected light-
oblique illumination, 50 times). The penetration distance of
the sample during the immersion process was calculated using
the following equation:

S =(d; — d)I2 (2)

where d; and d, are the thickness of the sample before and after
the experiment, respectively.

The morphology of the samples was observed using a Model
SU8010 SEM system (Hitachi Co., Ltd., Japan) coupled with an
energy-dispersive X-ray (EDX) spectrometer. The samples were
fractured in liquid nitrogen, and then coated with a thin gold
layer. Fourier transform infrared spectra (FTIR) were measured
on a Thermo Nicolet nexus 470 FTIR. All spectra were obtained
at a resolution of 4 cm ™" in the range of 600 to 4000 cm ™. Solid-
state "*C and '°F nuclear magnetic resonance (NMR) spectra
were measured on an Agilent 600M solid nuclear magnetic
spectrometer (Agilent, Palo Alto, CA, USA).

The swelling tests were adopted by immersing the samples
in ethyl acetate at 40 °C for 48 h. The swelling index (SI) was
calculated using the following equation:

)

SI = o (3)
where m; and m, are the weight of the sample before and after
swelling, respectively.

Tensile tests were performed with dumbbell-shaped samples
according to ASTM D412 using an INSTRON 3365 testing
machine (Instron Co., USA) with a crosshead speed of 500
mm min~' at room temperature. At least five samples were
tested to obtain the average value.

2.4 Analysis method

Fick's second law is applicable to most non-steady state diffu-
sion processes. Fick's second law is as follows:*

2
g _ple ()
ot 0x?
where c is the concentration of the substance, ¢ is the diffusion
time, x is the diffusion distance, and D is the diffusion
coefficient.
In the experiment, the weight gain Q, at time ¢ was obtained
from the analytical value corresponding the boundary condition

30,31
as,>*

o
Qoo_l

D(2n + 1)’ mt
e

I

n= 0 2 + 1
where ¢ is the time, 7% is the initial thickness of the sample, and
Q« is the equilibrium weight gain of the sample. Since a plot of
Q, versus t''* is linear for a short time, D can be calculated from
the initial slope. The equation for short time is

. 4 /DA
o-i(%) ©
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This equation can be rearranged and the diffusion coeffi-
cient calculated using the equation:

ho \’
D=
K (4Qw)
where 0 is the slope of the initial portion of the plot of Q; versus
tl/Z.

)

3. Results and discussion
3.1 Weight gain and diffusion process

To reveal the diffusion process of the solution into the mate-
rials, the weight gain of the materials was studied. Fig. 1a shows
the curves of the weight gain of the FKM composite versus the
square root of time (¢"/?) in different concentration nitric acid
(HNOj3) solutions at 80 °C. The weight gain of the FKM
composite increased with an increase in time and concentra-
tion of HNO; solution. All the nitric acid solutions diffused
freely, resulting in a high weight gain in the composite. When
the concentration of the HNO; solution was lower than 30 wt%,
the weight gain of the FKM composite increased linearly with ¢"/
% in the initial part of the curve, and then reached an equilib-
rium state. When the concentration of HNO; solution was
higher than 30 wt%, the weight gain of the FKM composite
varied linearly with ¢/? throughout the process. As shown in
Fig. 1a, the concentration of the HNO; solution clearly accel-
erates the diffusion process. The higher the concentration of
the HNO; solution, the greater the weight gain of the FKM
composite. The weight gain of the FKM composite was over
400% for 50 wt% concentration of HNOj; solution after 49 days.
This large weight gain of the FKM composite is a manifestation
of the strong chemical reactions between the acid and the FKM
macromolecules, which are not just purely the physical process
of diffusion.

The diffusion coefficient is a kinetic parameter that depends
on polymer segmental mobility and gives an indication of the
rate at which a diffusion process takes place. When the
concentration of HNO; solution was higher than 30 wt%, the
composite could not achieve equilibrium, and thus the

(a)
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Weight Gain (%)

100

Square Root of Time (day”z)

Fig. 1
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diffusion coefficient could not be calculated using eqn (7). The
calculated diffusion coefficients (D) are summarized in Table 1,
which range from 5.5 to 7.2 x 10~'* m® s™'. The diffusion
coefficient increased with an increase in the concentration of
HNOs; solution. This behavior is consistent with that postulated
in the literature.* Fig. 1b shows the theoretical fitting curves
according to the Fick model. At a low concentration of HNO;
solution, it can be seen that Fick's theoretical curve can describe
the test results well during the whole absorption process of
HNO; solution, and it is basically consistent with experimental
results. However, at a high concentration of HNO; solution, the
curves deviate from the shape of the classical Fick curve because
of the serious chemical reactions occurring in the diffusion
process.

3.2 Penetration distance

The HNO; solution entered the interior of the KFM composite
from the upper and lower surface areas, thus a permeable layer
and non-permeable layer could be clearly distinguished. The
diffusion of nitric acid solution in the KFM composite as
a function of penetration distance was quantified using
a stereomicroscope. The curves of the penetration distance with
time are exhibited in Fig. 2. The penetration distance increased
rapidly with an increase in the immersion time and concen-
tration of HNOj; solution, and then slightly increased until
achieving a constant value. The penetration distance of the KFM
composite ware almost one-half of the thickness of the sample
after 25 days, indicating that the HNO; solution fully penetrated
the FKM composite (Table 2).

3.3 Morphology and EDS analysis

Fig. 3 shows the photographs of the FKM composite after it was
immersed in different concentrations of hot HNO; solution at
80 °C. The color of the sample changed from brown to reddish
brown, and finally orange, while the sample was seriously
deformed with an increase in the concentration of the HNO;
solution. To further investigate the morphology changes in the
FKM composite in HNO; solution, SEM images were obtained,
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(a) Relative weight gain and (b) Fick model for the diffusion of different concentrations of HNO3 solution in the FKM composite.
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Table 1 Experimental evaluation of the diffusion parameters for the
diffusion of HNOs solution into the FKM composite at 80 °C via
a gravimetric method
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Fig. 2 Penetration distance curves for the diffusion of different
concentrations of HNO3 solution in the FKM composite.

as shown in Fig. 4. The FKM composite without immersion
exhibited a relatively smooth surface, whereas the FKM
composite after immersion for 36 days showed a very rough and
irregular surface with the sporadic presence of small holes. This
indicates that some changes in the surface of the composite
occurred due to the chemical degradation of FKM in HNO;
solution, as confirmed by the following discussion on the FTIR
results.

The EDS results prove that the surface of the FKM composite
contains 7 major elements, which are C, F, O, N, Mg, Ba and S,
and these elements imply the existence of BaSO, and MgO. For
the FKM composite after immersion in HNO; solution, the

(@)

_

(®)
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content of C dramatically increased and the content of F obvi-
ously decreased compared with that of the FKM composite
without immersion, indicating that the elimination of hydrogen
fluoride (HF) occurs through dehydrofluorination induced by
the harsh acidic environment. Additionally, the contents of Mg,
Ba and S clearly declined, manifesting that these elements as
ions dissolved in the HNO; solution.

3.4 ATR-FTIR

To further analyze the chemical degradation phenomena of the
FKM composite exposed to HNO; solution, FTIR spectroscopy
was performed. Fig. 5 shows the FTIR spectra of the FKM
composite immersed in HNO; solution for different times. For
the FKM composite without immersion, the peaks at
~1398 cm™ !, ~1164 cm™ ' and ~889 cm ™! are assigned to the
stretching vibrations of -CF;-, -CF,~ and -CF-, respectively.
The peak at ~1648 cm ™' is assigned to the C=C stretching
vibration because the dehydrofluorination of FKM by the base
generates doubles bonds in the backbone chain during the
vulcanization procedure.® The peak located at ~1079 ecm™* is
attributed to the stretching vibration of C=N, demonstrating
a crosslinking reaction occurred for the FKM. For the FKM
composite immersed in HNOj; solution, an increase in intensity
for the peak located at ~1648 cm™" was observed, which is due
to the elimination of hydrogen and fluoride atoms, namely the
dehydrofluorination reactions. Because C=C is easily attacked
by aqueous acid to generate ~OH, a new peak at 3382 cm ™’
attributed to the stretching vibration of O-H emerged and
became stronger as a function of immersion time. Besides, the
stretching vibration of C=N gradually became weaker as
a function of immersion time because of the hydrolysis of the
crosslinks accompanied with the introduction of ~-OH groups.
Moreover, Fig. 5b presents the percentage change in Acg/Acr,
(the ratio of the FTIR absorbance of CF to CF;) and Acy /Ay, (the
ratio of the FTIR absorbance of CF, to CF;) as a function of
immersion time, where the absorbance of CF; is non-reactive
and used as a reference. The curves show that the percentage
change in Acp/Acy, and Acr,/Acr, decreased with an increase in
immersion time. This decrease in fluorine content is attributed

Fig. 3 Photographs of the FKM composite immersed in different concentrations of HNOs solution after 36 days: (a) 10 wt%, (b) 20 wt%, (c)

30 wt%, (d) 40 wt%, and (e) 50 wt?%.
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Fig. 4 SEM images of the FKM composite (left) before (right) after immersion for 36 days in 50 wt% HNO= solution.

Table 2 EDS data of FKM composite (a) before (b) after immersion for
36 days in different concentrations HNO3 solution at 80 °C

10 wt% 30 wt% 50 wt%

Concentration of HNO; solution (a) (b) (a) (b) (a) (b)

F 45.6 32.9 46.8 24.2 459 23.4
C 28.2 44.3 26.8 48.4 27.2 36.0
O 104 15.7 11.1 204 11.3 34.3
N 33 57 38 53 3.7 5.0
Mg 53 06 56 06 4.0 0.7
Ba 53 05 43 07 56 0.1
S 19 03 16 04 23 05

to the dehydrofluorination reaction. As shown in Fig. 5b, the
peaks at 2917 cm ™" and 2849 cm ™" are attributed to the anti-
symmetric and symmetric stretching vibrations of -CH,-,
respectively, which emerge noticeably and simultaneously as
a function of immersion time. This indicates an increase in the
dominance of methylene over fluorine in the FKM backbone,
which is also a manifestation of the degradation process.'”> The

ATR-FTIR observations are consistent with the EDS results,
demonstrating that significant structural and chemical changes
occurred in the FKM backbone and crosslinking point.

The FTIR spectra of the FKM composite immersed in
different concentrations of HNO; solution are exhibited in
Fig. 6. All the curves present similar absorption peaks. However,
a significant change is the percentage of Acp/Acy, and Acr,/Acr,
(Fig. 6b). The percentage of Acp/Acy, and Acp /Acr, increased
with an increase in the concentration of HNO; solution,
demonstrating the dehydrofluorination reaction, as discussed
earlier.

3.5 MAS-NMR

The solid-state *C and 'F MAS-NMR spectra of the FKM
composite are shown in Fig. 7. As shown, the >C MAS-NMR
spectra of the FKM composite immersed in HNOj; solution are
similar to that of the FKM composite without immersion. The
multiplets at 106-117 ppm are assigned to the carbon atom
connected with a fluorine atom (C-F). The peak centered at
88 ppm is assigned to the double bonds (C=C), which confirms
the occurrence of the dehydrofluorination reaction. The

ya
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Fig. 5 (a) FTIR spectra and (b) FTIR absorbance area changes in Acg/Ack, and Acr,/Acr, of FKM composite immersed in 20 wt% HNOg3 solution.
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Fig.6 (a) FTIR spectraand (b) FTIR absorbance area changes in Acg/Acr, and Acr,/Acr, of FKM composite immersed in different concentrations of

HNOz solution.

multiplets at 33-40 ppm are assigned to the carbon atom con-
nected with a hydrogen atom (C-H). To characterize the chain
structures in detail, '>’F MAS-NMR was also performed. The
peak centered at —58 ppm is assigned to -CF=C(CF;)-, corre-
sponding to the peak at 88 ppm in the ">C MAS-NMR spectrum;
the peak centered at —75 ppm is assigned to the -CF; groups
from the HFP sequences; the multiplets at —83-165 ppm are
assigned to the —CF,- groups from the HFP, VDF and TFE
sequences; and the peak centered at —185 ppm is assigned to
the —CF- groups from the HFP sequences. In addition, these
peaks all correspond to the peak at 106-117 ppm in **C MAS-
NMR spectrum. As shown in Fig. 7, compared with the *C
and "’F MAS-NMR spectra of the FKM composite without
immersion, the peak intensity for the FKM composite
immersed in HNOj; solution was reduced sharply.

Furthermore, the molar fractions (mol%) of -C=C- in the
FKM composite was calculated using eqn (8),

Lss o 100%

Xeec= ——
¢ sy + 135

(8)

(@)

Without immersion

180 160 140 120 100 80 60 40 20 0

Chemical shift (ppm)

The molar fractions of -C=C- in FKM composites were about
2.8 mol% (without immersion), 4.3 mol% (20 wt% HNO;) and
11 mol% (50 wt% HNOs3). This result indicates that the hot
HNO; solution diffused into the FKM composite and caused the
dehydrofluorination and degradation reaction, as manifested
by the ATR-FTIR results.

3.6 Swelling studies

The equilibrium-swelling experiment was employed to charac-
terize the crosslinking degree. Fig. 8 shows the swelling index of
the FKM composite after immersion in HNOj; solution. The
swelling index increased as the immersion time and the
concentration of the HNO; solution increased. A higher equi-
librium swelling index corresponds to a lower crosslinking
degree. Thus, the increase in the swelling index indicates that
decrosslinking is a primary process for the chemical degrada-
tion and becomes more evident with an increase in the
concentration of HNO; solution. In the swelling tests, the
samples immersed in a higher concentration of HNO; solution

(b)

Without immersion

T T

4 T L) T T T
-120 -160 -200 -240

Chemical shift (ppm)

Fig. 7 (a) 3C and (b) °F MAS-NMR spectra of FKM composite immersed in 20 wt% and 50 wt% HNOj3 solution.
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Fig.8 Swelling index of FKM composite after immersion for 36 days in
different concentrations HNO3 solution.

crumbled into powders, and thus no swelling index was
available.

3.7 Mechanical properties

The mechanical properties of elastomeric materials are vital in
their failure. Thus, the changes in the mechanical properties of
the FKM composite immersed in HNO; solution were investi-
gated. Fig. 9 shows the tensile strength and elongation at break
of the FKM composite immersed in HNOj; solution for different
times. Tensile strength is a complex function of the nature and
type of crosslinks, crosslinking density, chemical structure of
the rubber, and changes associated with degradation.**** The
FKM composite showed a significant decrease in tensile
strength when immersed in the hot HNO; solution, and as the
concentration of the HNO; solution and immersion time
increased, the tensile strength of the FKM composite declined
more strongly. The tensile strength decreased from 12.0 MPa to
2.4 MPa after 10 days for the FKM composite immersed in
20 wt% HNOj; solution, and also decreased from 12.0 MPa to
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Fig. 9
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0.8 MPa for the FKM composite immersed in 50 wt% HNO;
solution. In contrast, the elongation at break of the FKM
composite increased with an increase in the concentration of
HNOj; solution and immersion time. Thus, the deterioration in
the mechanical properties of the FKM composite is a manifes-
tation of the hydrolysis of its crosslinks, which is consistent
with the FTIR results and swelling studies.

3.8 Degradation mechanism

As discussed above, it is clearly indicated that the FKM
composite was subjected to a large degree of physical and
chemical changes in a hot HNO; solution. The physical changes
caused a variation in its mass and penetration distance, while
the chemical changes were reflected by the destruction of its
chemical structure. The plausible diffusion and degradation
mechanisms are depicted in Scheme 1, as fully manifested by
the above analysis.

The diffusion process can be explained as follows. In the
initial stage, the H,O and HNO; molecules can rapidly enter the
macromolecular networks owing to the high concentration
difference in solvent between the inside and outside of the FKM
composite. Moreover, the FKM macromolecule chains decros-
slink and break in the acidic solution. Consequently, the
macromolecular chains move towards the outside, and generate
a larger internal free volume, resulting in more solvent mole-
cules entering and a faster diffusion rate. Besides, the highly
elastic FKM possesses a larger free volume in hot acid solution,
which is beneficial for the diffusion of HNO; solution. In
practice, the small molecule additives and fillers in FKM are
dissolved in HNO; solution, and thus in the later stage, a slow
diffusion rate towards swelling equilibrium at long immersion
times occurs.

Meanwhile, in the diffusion process, structural and chemical
changes in the FKM elastomer occur, including decrosslinking
via hydrolysis of the crosslinks and backbone cleavage by
dehydrofluorination. FKM elastomers cured by diamine are
prone to hydrolysis in the presence of hot water.">**** The
degradation of FKM elastomer initiates at the weakest links

(b)
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(a) Tensile strength and (b) elongation at break of FKM composite immersed in HNOs solution for different times.
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Scheme 1 Plausible diffusion and degradation mechanisms of FKM composite in HNOs3 solution.

(C=N) in an aqueous acidic environment and finally results in
decrosslinking via hydrolysis. This is also manifested by the
decrease in crosslinking degree and mechanical properties. The
hydrolysis of C=N forms the oxygen-containing functional
groups containing O-H, -COOH, and C=0. The presence of
these oxygen-containing groups in the backbone results in the
cleavage of the backbone, leading to degradation.

Moreover, the dehydrofluorination reaction of FKM proceeds
through an autocatalytic reaction upon heating in an acidic
environment. The increase in C=C is evident in the ATR-FTIR
and MAS-NMR spectra of the FKM composite. We postulate
that the electrophilic attack on C=C plausibly takes place
through H;0" and/or NO;~. This leads to the formation of
a tertiary alcohol, which does not undergo further oxidation.
Besides, the unsaturated bonds of the elastomer are susceptible
to attack by the radicals upon heating, leading to chain scission.

4. Conclusion

The diffusion and degradation of an FKM composite induced in
HNO; solution were studied for different immersion times and
concentrations of HNO; solution. The weight gain and pene-
tration distance both increased rapidly with an increase in the
immersion time and concentration of the HNO; solution,
demonstrating strong physical and chemical reactions between
the FKM macromolecules and the HNOj; solution. The diffusion
process of the HNO; solution in FKM conformed to the classical
Fick diffusion model at a low concentration of HNOj; solution.
The increase in the swelling index also manifested that the
degree of degradation becomes more evident with an increase
in the concentration of the HNO; solution. The ATR-FTIR, MAS-
NMR and SEM-EDS results showed that: (i) the decrosslinking
of FKM is caused by hydrolytic attack on the crosslink sites and

38112 | RSC Adv., 2019, 9, 38105-38113

(i) the backbone cleavage of FKM is caused by the dehydro-
fluorination induced by the harsh acidic environment.
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