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The paper considers the possibility of using composite polymer-metal coatings to reduce water permeability. Coat-
ings including modified fluoroplastic enamel (MFPE) and aluminum have been prepared and tested. The aluminum
coating was applied by cold gas-dynamic spraying. MFPE was modified to increase the adhesion and crosslinking
density of the coating using carbon nanotubes, SiC, h-BN nanoparticles, and a photoinitiator 819 for UV curing.
The Devanathan-Stachurski method was used as a method for estimating hydrogen diffusion through a coated
metal. Graphite coating was used for testing polymer coatings, which was also separately tested for hydrogen perme-
ability. The diffusion coefficients and the diffusion flow of hydrogen through steel with and without coatings have
been experimentally determined. The reduction coefficients and efficiency of reducing the diffusion and diffusion
flow of hydrogen are determined for the coatings. It was found that MFPE /Al coatings can ensure the effectiveness
of reducing diffusion by 87.7 % and diffusion flow by 77.1 %. For MFPE, these values were 68.8 % and 67 %, respec-
tively, and for graphite — 52.1 % and 57.4 %, respectively. The determining influence on the protective properties of
a fluoroplastic coating is exerted by the type of nano-additives (SiC or h-BN) and their ability to distribute evenly,
where the best combination is CNT with SiC with the maximum ratio of diffusion reduction coefficients 89.5 %
and permeability 86.8 %. The patterns identified for fluoroplastic compounds are fully preserved on coatings with
an adhesive layer of AI+AIOOH, which increases the coating thickness and increases the effectiveness of diffusion
reduction for all formulations, including CNTs with SiC up to 97 % and diffusion flux up to 89.3 %. The possibility
of using a composite coating for in-tube coatings during additional testing is proposed.
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Introduction

At present time, development of production, transporta-
tion and storage of energy resources plays especial role in the
national economical sovereignty [1]. The most part of the re-
searches in this field is devoted to hydrocarbon energy sources
[2—4], howeyver, their use leads to atmosphere pollution. Hy-
drogen is now considered as an ecological and energy effective
alternative [5, 6]. At the same time, there are several problems
which restrict hydrogen use, because hydrogen is character-
ized by high permeability in materials due to its small atomic
radius, what leads to hydrogen embrittlement and lowering
of mechanical properties of these materials [7—9].

Today there is no common criterion for assessment of
materials resistance to hydrogen embrittlement. Natural
testing is durable, while accelerated testing provides contro-
versial results for the methods of hydrogen generation [10].
The researches are divided in two directions: varying of me-

chanical properties during hydrogenation [11—13] and study
of hydrogen diffusion through material [ 14—16], what is im-
portant for assessment of protective coatings. Many works
are devoted to internal coatings in tubes [17—19]. Polymers
themselves are insufficiently resistant for hydrogen penetra-
tion owing to their porosity, but additives (metal oxides,
graphene, nanotubes) compact the structure and make dif-
fusion ways more complicated [20]. Adhesion of coating to
steel is important, because hydrogen conglomeration along
a boundary can lead to delamination. Application of metals
with low permeability (Al, Cu, Ni [21—23]) via gas dynamic
spraying, electrochemical deposition and applying diffusion
coatings [24] is another approach, but complication of sur-
face control restricts their use inside tubes. Combination of
spraying methods for metal coating with consequent heat
treatment and application of a polymer layer is also prospec-
tive. It is also possible to use compositions on the base of
epoxy resin [25] or fluoroplastic [26] as potential polymer
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coatings inside tubes; fluoroplastic has low permeability
among polymers [27].

The most part of researchers consider graphene as a
modifying additive [28—30], as well as carbides and nitrides
of several elements (e. g. boron nitride) [30]. However, use
of carbon nanotubes is examined insufficiently [31], though
they are more acceptable material in comparison with gra-
phene. It is suitable for application in larger scale (e. g. for
internal tube coatings), and they are characterized by small-
er size in comparison with carbides and nitrides of differ-
ent elements, what allows filling of a polymer matrix more
compactly. It also should be noted that adding nanotubes in
a coating improves its adhesion [32]. Today there were no
researches conducted, which are devoted to assessment of
barrier properties of aluminium-polymer composition with
photo-cured fluoroplastic coatings, that were modified by
carbon nanotubes and nano-additives SiC or h-BN.

The aim of this research is assessment of effectiveness of
hydrogen diffusion reducing through steel 20 during applying
a composite aluminium-polymer coating. Aluminium was
chosen owing to its low water permeability [33, 34]; its pro-
cessing makes it possible to form AIOOH layer [35], which im-
proves adhesion and reduces diffusion. Fluoroplastic, which
was modified by carbon nanotubes and nano-additives SiC or
h-BN, was used as polymer coating. To conduct the experi-
ment via Devanathan-Stachurski method, graphite lacquer
providing conductivity was applied on polymer layers.

Materials and methods of the research

The samples for testing were fabricated from sheet steel
20 with length and width 60 x 90 mm and with thickness
about 3.8 mm. Part of these samples were ground and pol-
ished to get a mirror surface for testing without coating, while
for coating application, surface of the samples was subjected
to sandblasting with obtaining roughness Ra ~5—5.5 um.

To decrease steel water permeability, three types of
coatings were used: graphite lacquer (GL) on epoxy base,
modified fluoroplastic enamel (MFPE) composition
with graphite and three-layered metal-polymer coating
Al+AIOOH+MFPE+GL. Aluminium layer was applied by
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Fig 1. Scheme of the electrochemical cell: WE — working
electrode); CE — compara-tive electrode; AF —
auxiliary electrode
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cold gas-dynamic spraying, then the samples were purified by
ultrasonic in acetone and were held in boiling water to form
the hydrated AIOOH layer. To prepare polymer coatings, fluo-
roplastic enamel FP-566 was used, it had additives of carbon
nanotubes (0.5 %), photoinitiator Irgacure 819 (0.5 %), nano-
additives SiC or h-BN (each 0.5 %) and butyl acetate. The mix-
ture was dispersed by ultrasonic and applied by spraying. The
average layer thickness was 70—80 um, and a thin graphite layer
(~5 um) was applied to provide electric conductivity. Thickness
ofthe lacquer layer was increased to 40 pm for its direct testing.

Quality assessment of coating application and its struc-
ture was carried out using scanning electron microscope and
energy dispersion spectrometer (SEM-EDS). To evaluate
adhesion strength during hydrogenation, the pull-off test was
used (GOST 32299-2025). The tests for hydrogen perme-
ability were carried out in the Devanathan-Stachurski cell
with 0.1 M solution of NaOH, graphite electrodes and chlo-
rine-silver electrode for comparison. Hydrogenation current
density made 3.75 mA/cm?2, operating potential was 200 mV
and contact square was equal to 8.04 cm?. The principal op-
erating scheme of a closed circuit in an electrochemical cell
is presented in the Fig. 1.

Diffusion flow J(z) [mol/(s:cm?)] of hydrogen was de-
termined, based on the measured current values in a work-
ing electrode depending on time, according to the following
formula [36]
J(1)= & (1)

F-S
where I(t) — current at the time 7, A; § — contact square
between the surface of a tested sample and working solution,
cm?; F— Faraday constant, 96485 Kl/mol.

To determine effective diffusion coefficient D, [cm?/s],
the following expression weas used [37—39]:

hZ

Dy = 61 ()

lag

where h — total sample thickness, cm (h = h, + h_ for coated
samples, where h, — sample thickness, cm; h , — coating
thickness, cm; h = h for non-coated samples), cm; 4, —
time moment when J(2)/J(st) = I(t)/I(st) = 0.63, s (Fig. 2);
I(st) current at stationary diffusion ptocedure, A.

The hydrogen diffusion reducing coefficient DRF was
assessed via experimental curves according to the formula
(3), which displays by how many times diffusion reduces
owing to coating. Effectiveness of diffusion reducing due to

Current I, mkA

Current corresponding to a stationary diffusion procedure I(t)
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Fig. 2. Relationship between current at oxidation side and time
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coating is assessed by the coefficient 7, % according to the
formula (4). The stationary diffusion flow reducing coeffi-
cient JRFwas assessed via experimental curves according to
the formula (5), which displays by how many times diffusion
flow reduces owing to coating [34]. Effectiveness of diffusion
flow reducing due to coating is assessed by the coefficient
n,, % according to the formula (6).

DRF = L?eff ((CSO)) (3)
nD:(lfﬁ -100% @)
e JJ((;)) )

1 0,
n_,:(l—ﬁ)mOA) ©)

where D, (s), J(s) — diffusion [cm?/s] and diffusion flow
[mol/(s:cm?)] of hydrogen through the sample without
coating, respectively; D q(co), J(co) — diffusion [cm?/s] and
diffusion flow [mol/(s:cm?)] of hydrogen through the sample
with coating, respectively; 7, n, — the effectiveness coeffi-
cient of hydrogen diffusion reducing and hydrogen diffusion
flow reducing by coating, respectively, %.

Results and discussion

The results obtained during testing of steel samples with-
out coating and with various coatings are presented in the
Fig. 3 and their processing data is displayed in the Table 1.

Assessment of effectiveness of hydrogen flow and diffu-
sion reducing by coatings id conducted on the base of analy-
sis of experimental data and calculations via the formulas
(3)—(6). The coating thickness 4 , was determined as a sum
for all layers. Based on the obtained experimental data for the
above-mentioned coatings, the following indicators were de-
termined: the hydrogen diffusion reducing coefficient DRF
(3); the coefficient of effectiveness of hydrogen diffusion

a
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reducing due to coating 7, (4); the stationary diffusion flow
reducing coefficient JRF (5); the coefficient of effectiveness
of stationary diffusion flow reducing due to coating 7, (6).

The value of effectiveness for each type of coatings is
located within the range confirmed by technical literature
(~50-90 %) [17, 28]. Graphite coating with 7,=52.1% is
not effective for reducing of hydrogen diffusion flow. It can
be caused by insufficient coating thickness and absence of
orientation of graphite ripples, which don’t create a crooked
path for hydrogen. MFPE+graphite coating with 77,=68.8 %
can be acceptable for the conditions of hydrogen transpor-
tation and storage, but it requires finalizing for critical ap-
plications. Reducing of a barrier effect due to agglomeration
and insufficient dispersion of nanotubes and photoinitiator
can be considered as possible causes. Adding more compact
and homogenous layers of Al and AIOOH in the third coating
allowed effectiveness rising up to 77.7 %, what is suitable for
hydrogen transportation in pipelines [28].

The obtained data of effectiveness of hydrogen diffusion
coefficient reducing for steel 20 allow clear assessment and
comparison of protective properties for each coating. The dif-
fusion coefficient in graphite coating reduces by 67 %, it id
rather high effectiveness for a simple graphite coating. In this
case, the diffusion coefficient reduces by 57.4 % in modified
fluoroplastic coating. Lower adhesion of a fluoroplastic coat-
ing (0.31 MPa for tear-off) is considered as a probable cause
in comparison with a graphite coating (3.74 MPa for tear-off).
When hydrogenation, a coating is gradually exfoliated from
the surface due to high hydrogen pressure, what leads to form-
ing of defects between steel a substrate and a coating. Adhesion
increase via forming the layer AIOOH (10.1 MPa for tear-off)
allowed effectiveness rising up to 87.7 %. Small number of de-
fects inside Al itself and between layers also plays the important
role in this case, what is testified by the Fig. 4 and Fig. 5.

Structure of the sample was examined using scanning
electron microscopy and energy dispersion spectroscopy
(SEM-EDS).
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Fig. 3. The results of testing of steel samples without coating () and with various coatings (5)

Table 1. Assessment of effectiveness of protective properties of coatings

Sample Aoy UM hg, um Dzﬁmxz}(s)ﬁ,
Steel 20 - 3763 1.79
Steel 20 + GL 40 3803 0.591
Steel 20 + MFPE + GL 76 3839 0.763
Steel 20+Al-AIOOH+MFPE+GL 270 3980 0.22

r;]/(cfl) /(XSLOr:Z’) DRF  JRF o» % Ny %
18.58 - - - -
8.89 303 209 67.0 52.1
5.80 235  3.20 57.4 68.8
4.25 8.14 437 87.7 77.1
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Fig. 4. Structure (a) and distribution of the elements (b) in the
coating Al+AIOOH+MFPE+GL

Aluminium (Al) strip between the steel (Fe) area and
fluoroplastic (F) can be clearly seen in the Fig. 4. According
to the scale ruler in these figures, thickness of the Al layer
really makes up to 250 pm. This layer visually looks rather
homogenous by thickness in the examined areas. Distinct
separation of phases is observed in the Al chart (Fig. 5,
¢) and Fe chart (Fig 5, d). There are no signs of intensive
mixing or end-to-end channels from steel to fluoroplastic,
avoiding aluminium. It can be seen from the O distribution
chart (Fig. 5, b) that the most intensive signal is coming not
from the total Al layer, but from its external surface which
has a boundary with fluoroplastic (Fig. 5, a); it testifies on
presence of the thin AIOOH layer. It can be seen from these
pictures that there is no visible gap between Al layer (with
O contour) and fluorine-detecting area (Fig. 4, b), what
manifests about absence of defects between AIOOH layer
and fluoroplastic. Boehmite AIOOH layer forms hydrogen
links mainly with fluorine of fluoroplastic (Fig. 5, a), not
with chemically inert carbon which is completely surrounded
by fluorine atoms. Small carbon agglomerates are observed
in the fluoroplastic coating itself (Fig. 4, ). No direct signs
of exfoliation or non-uniformity in the boundary AIOOH/
FP-566 were revealed. Fluoroplastic enamel provided well
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moisturizing and micro-relief filling of a hydrated layer. Ti-
tanium Ti (Fig. 5, e) is observed in composition of a white
pigment inside fluoroplastic coating.

To increase barrier properties of fluoroplastic matrix
and to decrease CNT agglomeration, additional dispersion
of compositions with nano-additives in an ultrasonic bath
during 5 min before spraying and application of 3 layers with
UV curing were used. Qualitative assessment of the effect
of nano-additives SiC and h-BN on CNT agglomeration in
fluoroplastic coating was conducted via scanning electron
microscopy (SEM) combined with energy dispersion spec-
troscopy (EDS) for intensification of phases. The images of
modified fluoroplastic coatings with nano-additives CNT,
SiC and h-BN and photoinitiator 819, which were obtained
during the procedure of back-scattered electrons at voltage
15 kV are presented in the Fig. 6. The basic matrix elements
are presented by F pigments TiO, and C, as well as Fe as
an artifact of steel substrate (F 51-73.5%; Ti 8—12.5%;
O 15.5-21.0%; C 1.7-4.0 %; Fe 3.0-9.0 %). The aver-
age values of the main matrix components are the follow-
ing: F 62.75%; Ti 10.25%; O 18.25%; Fe 6 %; C 2.85%.
A background C signal does not allow to distinguish CNT,
SiC, h-BN and P.

It can be seen from the Fig. 6, c—e, that addition of other
additives (together with CNT) leads to increase of the num-
ber of dark particles. Critical rise of carbon content (41.42 %
F; 23.33% 0;20.16 % Fe; 8.76 % C; 6.33 % Ti) is observed
in the dark particle (see Fig. 6, f), thereby it is presented sup-
posedly CNT agglomerate saturated by carbon. High oxygen
content can testify on presence of functional groups on CNT
surface, while Fe can be a catalyst residual of CNT rise. Light
particles of the white pigment TiO: are enriched by Tiand O,
while fluorine and carbon are related to the surrounding ma-
trix (F 54.36 %; Ti 26.08 %; O 17.63 %; Fe 1.6 %; C 1.93 %).
The particles of TiO. pigment are distributed in a polymeric
matrix in relatively uniform mode, while CNT can form local
agglomerates (see Fig. 6, f). Analysis of SEM images allowed

- .

50um 250pum
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Fig. 5. Distribution chart for the elements: a) fluorine F (Ka1,2); ) oxygen O (Kal); ¢) aluminium
Al (Ka1); d) ferrum Fe (Kal); e) carbon C (Kal,2); /) titanium Ti (Ka1)
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Fig. 6. Structures of fluoroplastic coatings with nano-additives before (a) and after (b—f) additional
ultrasonic treatment: ) CNT, b)) CNT (ultrasonic treatment); ¢) CNT+SiC; d) CNT+h-BN;

e) CNT+SiC+h-BN; f) carbon agglomerate

to establish that providing additional ultrasonic treatment
[40] makes it possible to decrease carbon agglomeration in
compositions with CNT (see Fig. 6, a—b); their number is
minimal in presence of SiC (see Fig. 6, ¢), what testifies on
suppression of agglomeration process. Introduction of h-BN
leads to increase of number and sizes of dark agglomerates
(see Fig. 6, d—e), what can be connected with excessive num-
ber of CNT and their interaction with h-BN, with forming
3D net of hetero-agglomerates [41]. Such agglomerates can
serve as serve concentrators and defects, where hydrogen dif-
fusion can be accelerated. Though carbon agglomerate itself
is a barrier, the separating boundary “agglomerate-matrix”
remains potentially penetrating.

Thus, structure images of coatings (see Fig. 6) allow pro-
viding high-quality links between the type of nano-modifier
having a tendency to agglomeration, presence of defects and
increased coating permeability. The obtained conclusions

agree with qualitative data of water permeability electro-
chemical measurements. To provide indirect assessment of
presence of defects in coatings, the relationship between the
coefficients of diffusion and flow reducing 7,/ 7 , can be used;
in this relationship 7, characterizes the barrier effect from
nano-particles and uniformity of their distribution, while
n,1s sensitive to penetration defects, because flow through
a defect is higher than that through a volume by a sequence
higher (Table 2).

CNT and SiC combination with maximal correlation be-
tween diffusion and permeability reducing (0.97) is consid-
ered as the best one. SiC is distributed homogeneously in na-
no-size state, thereby it is not seen in EDS spectra. Covalent
links Si-C hold CNT at the surface of SiC particles, prevent-
ing their agglomeration (see Fig. 6, ¢). The presented results
correlate with SEM which testify that part of CNT is agglom-
erated (see Fig. 6, a—b), thus compositions containing CNT

Table 2. Effectiveness assessment of protective properties for coatings with nano-modifiers

CocTaB NoKpbITHS hgo, UM hg, pm Deéfn?;/g g r:rﬁ(cfl) /(Xs-1c?r:12;) DRF JRF o % Ny % /Mo
CNT +SiC+BN 105 3094 0.16 3.37 11.21 2.51 91.08 60.2 0.66
CNT +SiC 84 3081 0.187 1.12 9.55 7.58 89.53 86.8 0.97
CNT +BN 81 3057 0.27 4.98 6.63 1.67 84.92 40 0.47
CNT 84 3058 0.235 1.79 7.61 4.80 86.86 79.2 0.91
AI+AIOOH+CNT+SiC+BN 220 3054 0.05 3.06 35.80 2.79 97.21 64.2 0.66
Al+AIOOH+ CNT +SiC 246 3072 0.06 0.91 29.83 9.33 96.65 89.3 0.92
AI+AIOOH+ CNT +BN 257 3049 0.09 3.83 19.89 2.23 94.97 55.2 0.58
Al+AIOOH+ CNT 244 3061 0.07 1.49 25.57 5.72 96.09 82.5 0.86
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provide high (but not maximal) reducing of diffusion and
permeability coefficients (0.91). h-BN is not detected in EDS
spectra, because Band N are light elements, but compositions
containing h-BN display the worse results of water perme-
ability 7,/ n,(0.47). h-BN is also dispersed badly, with form-
ing large hetero-agglomerates with CNT (see Fig. 6, d—e);

these agglomerates are characterized by creating micro-
cracks and caverns around them during coating curing. It
is caused by the fact that polymeric matrix can’t moisture
complicated rough surface of agglomerate. These caverns
become channels for quick hydrogen diffusion with reduc-
ing 77,1040 %. SiC in the mixture CNT+SiC+BN increases
n,;/1np (0.66) owing to fixing of nanotubes on their surface
and reducing their agglomeration with h-BN. Phosphorus
also was not found in EDS spectra in photoinitiator compo-
sition (which is based on phosphine oxide 819 (0.5 %)), due
to its small weight and low content. Thereby we can evaluate
about its distribution in coating only in indirect mode, via
uniformity of their joint.

The adhesive layer AlI+AIOOH increases adhesion of
fluoroplastic coating with a steel substrate and barrier prop-
erties of metal polymeric coating; it also reduces its perme-
ability for all compositions, what leads to 77 , growth (to 97 %)
and permeability 7, (to 89 %). Regularities which were re-
vealed for fluoroplastic compositions, are completely saved
also for coatings with AlI+AlOOH substrate. The better cor-
relation of diffusion and flow reducing coefficients 7,/ 7,
(0.92) and maximal defect structure were displayed by the
composition CNT with SiC (with sublayer). CNT+BN (with
sublayer) showed the worse correlation (0.58) and maximal
defect structure due to h-BN agglomeration. SiC presence in
a ternary mixture CNT+SiC+BN (with sublayer) improves
n,/ np in comparison with h-BN (0.66), but it can’t suppress
completely agglomeration which was initiated by SiC.

Conclusion

Difference in the effectiveness of permeability reducing
between the coatings (52.1 % — 68.8 % — 77.1 %) displays
that multi-layered composite systems with a combination
of metallic and polymeric layers exceed substantially simple
graphite and modified fluoroplastic coatings. It is expedient
to use coatings with the effectiveness of permeability reduc-
ing not lower than 75 % for the steel 20 (which is sensitive
for hydrogen embrittlement), as in the proposed polymer-
composite coating, especially at high hydrogen pressure
and durable operation. Effectiveness of diffusion reducing is
57.4 % for modified fluoroplastic coating and 67 % for graph-
ite coating. The difference 10 % is explained by better barrier
structure and higher adhesion of the graphite coating to steel
20. The composite coating AlI+AIOOH+MFPE+graphite
(np = 87.7 %) demonstrates very high effectiveness of hy-
drogen diffusion reducing. It is explained by multi-layered
structure of coating, high adhesion and CNT barrier proper-
ties. Such coating can be considered as a suitable barrier for
typical operating conditions during hydrogen transportation
and storage: high hydrogen pressure, long-time operation,
increased requirements to resistance to hydrogen emb-
rittlement.
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Improvement of dispersion of nano-additives in fluoro-
plastic coatings and their layer-by-layer UV curing allowed
increasing the coefficients of diffusion reducing to ~ 97 % and
flow reducing to ~ 89 %. The type of nano-additives (CNT,
SiC and h-BN), as well as uniformity of their distribution
and sensitivity to agglomeration have a decisive influence on
protective properties and defect structure of a fluoroplastic
layer. The adhesive layer Al+AlOOH increases adhesion of
a fluoroplastic layer to a steel substrate and additionally re-
duces diffusion and permeability for all compositions. CNt
and SiC combination with maximal correlation between the
coefficients of diffusion and permeability reducing (0.97) is
the best one, due to homogenous distribution of nano-sized
silicon carbide in a polymer matrix and its chemical interac-
tion with CNT, which prevents their agglomeration. ds
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