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Structure formation of coatings based on Cr,
Hf, Ti, Ta, W, Zr and carbon with gradient
change of the components concentrations
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The regularities of structure formation of multilayered functional gradient composites
are studied. The composites are fabricated by means of the authors’ new technology which
is based on ion plasma sputtering of a plate-like target combined of W, Ta, Hf, Ti, Cr, Zr,
C in highly pure inert ambient. The elemental distribution in width, phase composition
and structural and morphological characteristics of the coatings were studied using X-ray
diffraction, EDX and electron microscopy methods. The total functional capabilities of the
layers in the produced multicomponent gradient composite and the presence of carbides of
a metal mixture in its content indicate the prospects of its possible application as a
structural material for nuclear power engineering.

Keywords: multicomponent gradient coating, metals, carbon, carbide, elemental compo-
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3akoHomipHoCTi CTpPYKTYpOoyTBOpeHHa moxkpurrie Ha ocuosi Cr, Hf, Ti, Ta, W, Zr Ta syrae-
M0 3 TPaji€cHTHOIO 3MiHOW KoHUeHTpauili ckaamoBux. B.I.Ilepexpecmos, F0.O.Kocmincvka,
IO0.B.I'anniu

Posrasauyro 3aKOHOMIPHOCTI CTPYKTYPOYTBOPEHHSA OararomapoBux (OyHKIIIOHAJILHO-
rpagieHTHHX KOMIIOSHTIB, OTPMMAHUX i3 BUKOPHUCTAHHAM PO3PO0JIEHOI aBTOpaAMHU HOBOI TeX-
HOJIOTi] I0HHO-IIIa3MOBOI0 PO3NUJEHHSA y BUCOKOUUCTOMY iHEPTHOMY CEpPEeIOBUIIi IJIACTHUHU,
craagenoi 3 W, Ta, Hf, Ti, Cr, Zr ta C. Ha ocHOBI peHTreHo}da30BUX, EJIEKTPOHHO-MiKpO-
CKOIIIUHMUX JOCHiIKeHb i eHeproguciepciliHoro MiKpoaHa/idy BCTAHOBJIEHO POSIIOIIJI eJe-
MEHTHOI'0 CKJIAQIy IIOKPUTTIB 3a iX TOBIIMHOM, iX (PasoBUUl CKJAJ Ta CTPYKTYPHO-MOpP(do-
goriuni xaparkrepucrturu. CymapHi QyHKIiOHAJIbHI MOMKJIMBOCTI PiSHMX HpOIIapKiB oTpuMa-
HOro 6araTOKOMIIOHEHTHOT'O I'PAJi€HTHOIO KOMIIOSHUTY TA HASBHICTH ¥ HbOMY Kapbixy cymimri
METAJiBE BKA3YIOTh HA I[IEPCIEKTHUBY HOr0 MOMKJIMBOIO BHKOPHCTAHHA AK KOHCTPYKI[IHHOTO
Marepiasy aroMHOI €eHepreTuKu.

PaccMoTpeHBbl 3aKOHOMEPHOCTH CTPYKTYPOOOPa30BaHUA MHOTOCJONHLIX (PYHKIIMOHAILHO-
rpaJueHTHLIX KOMIIOBUTOB, MOJYUYEeHHEIX ¢ HCHOJL30BAHNEM paspaboTaHHOM aBTOpPaMU HOBOM
TEeXHOJOTUM MOHHO-IIJIa3MEHHOT0 PAaCHLIJeHNs B BBICOKOUMCTON MHEPTHOI cpefe IJIaCTUHELI,
coctasinennoil ms W, Ta, Hf, Ti, Cr, Zr u C. Ha ocHOBe peHTIreHO(a30BEIX, DJICKTPOHHO-MHUK-
POCKOIIMYECKUX WCCJIEIOBAHUI U 9HEProJMCIEPCHOHHOI0 MHUKPOAHAIN3a YCTAHOBJEHBI pac-
npejgeseHre 3JEeMEeHTHOrO COCTABA IIOKPBITHUI € TOJIIMHOIM, X (PA30BLIN COCTAB U CTPYKTYP-
HO-MOp(doaornueckue xaparkrepucturu. CymMmapHble (QYHKIHOHAJLHBIE BOSMOMKHOCTHU pPas-
HBIX IIPOCJIOEK IMOJYYEHHOr0 MHOTOKOMIIOHEHTHOTO I'PAAHMEHTHOr0 KOMIIOSHUTA U IIPHUCYTCTBHUE
B HeM Kap0uga cMecH METAJNJIOB YKAasblBAIOT HA MEPCIEKTHBY €ro BOSMOMKHOTO MCIIOJb30BA-
HUA KaK KOHCTPYKIIMOHHOT'O MATEPUAJa aTOMHOUN SHEPTreTHKH.

1. Introduction vapor-zirconium reaction with a consider-
able increase in temperature. These proc-

It is known that the interaction of water esses destroy fuel element shells and pollute

vapor with the surface of the zirconium the environment. It is the vapor-zirconium
shell of a fuel element in the event of an reaction that caused the Fukushima Daiichi
emergency loss of coolant results in a nuclear disaster in 2011. At present, the
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world scientific community is actively
searching for solutions to the problem of
creating Accident Tolerant Fuel (ATF). A
possible variant of the solution is to apply
protective coatings on the fuel element
shells, which would have high adhesion,
heat and radiation stability, fretting corro-
sion and fracture strength. At the same
time, the fuel element shell coatings should
not affect the physical parameters of the
nuclear reactor active zone but decrease the
probability of formation of highly explosive
gas and hydrogen mixtures. Obviously, spe-
cially designed functional multilayered gra-
dient composites can be used as coatings
with a required complex of properties.

One of the most promising methods for
obtaining coatings is magnetron sputtering.
Now, corrosion resistance of the fuel ele-
ment shells based on zirconium alloys is im-
plemented by deposition of chromium coat-
ings with ceramic or metallic interlayers
[1-5]. In addition, chromium-based coatings
increase wear resistance [3] and sufficiently
decrease water penetration into fuel element
shells [1, 6]. It should be noted that if the
temperature increases to 1400°C, there is
undesirable diffusion of Cr inside the shell.
The diffusion can be reduced by preliminary
deposition of interlayers based on chromium
nitride [5] or metals with a low thermal
neutron capture cross-section such as Ta,
Mo, Nb, and W [1].

In [7], Al,O5 ceramic coatings were fabri-
cated on steel fuel element surfaces by
means of laser deposition for application in
fast neutron reactors. It was established
that the obtained ceramic coatings had high
wear resistance, corrosion resistance and
adhesion parameters.

In most of the cases, destruction of the
fuel element shells occurs under fretting
corrosion which is a consequence of their
friction on the grid of a fuel assembly. It is
possible to prevent such destruction proc-
esses by increasing wear resistance of the
fuel element surface modified by transition
metals carbide coatings.

Among the urgent problems of structural
materials for nuclear power engineering, ra-
diation resistance should be noted. In this
connection, more and more attention is
given to fabrication of multi-element coat-
ings by magnetron sputtering or plasma arc
deposition from multicomponent alloyed
targets. Thus in [8], the ion radiation influ-
ence was investigated on a high-entropy
(TIHfZr'VNDb)N coating obtained by plasma-arc
deposition using an alloyed target. It was
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concluded that nanostructured (TiHfZrVNb)N
coatings were radiation-resistant and useful
for the fuel element shells. It was the high
entropy and, correspondingly, the low free
Helmholtz energy that were pointed out by
the authors [13] as resulting in resistance
to radiation. Let us note that such multi-
component coatings as (Ti,Zr)g 54Alg 46N and
(TiZrHfVNbTa)N can also be used as materi-
als resistant to high energy particles (elec-
trons and ions) [9-13], that is they are
promising for nuclear power engineering.
Additionally, the fabrication of reproducible
multicomponent coatings requires new more
universal technological approaches.

Such elements as Cr, Zr, Ti, Hf, Ta, W
and carbon are quite often used as constitu-
ents in the coatings for ATF creation. Tak-
ing into account the extreme operating con-
ditions of the coatings in a nuclear reactor
and the related complex of their properties,
it is necessary to make them multilayered
and multicomponent with required funec-
tional characteristics of each constituent.
Thus, the aim of the present work is to de-
velop and test a principally new ion-plasma
sputtering system, in which a target is used
from a set of plates of various elements, and
to determine elemental composition, structure
and mechanical properties of the deposited
multilayered gradient composites.

2. Experimental

To deposit the coatings, the authors have
developed a device for ion-plasma sputter-
ing of the target which is composed of a set
of Cr, Zr, Ti, Hf, Ta, W plates fastened in
the hollows of a graphite base (see Fig. 1a).

The target composed of metals and carb-
on was 140x54x12 mm in size. It should be
noted that, in contrast with existing magne-
tron sputterers, the developed sputterer
provides a uniform distribution of argon ion
fluxes which sputter the target surface. For
this, the effect of the hollow cathode and
the magnetron effect were combined. If the
substrates are gradually moving from the
location 1 to the location 2 (see Fig. 1lc)
during deposition, the uniform distribution
of the ion flux along the sputtered surface is
provided; analysis of the sputtering coeffi-
cients and the target surface (Table, Fig. 1a)
makes it possible to obtain gradient multi-
component composites with the required
functionality.

In our case, the proportions of the areas
of deposition of different metals and carb-
on, together with their mutual arrange-
ment, are chosen so as to obtain high adhesion
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Fig. 1. Structure of the target for sputtering
(a); mutual positions of the target and sub-
strates (1)-(6) in the case of fixed substrates
relative to the target (b); the position of the
target relative to the substrate 1, which
gradually moves from point 1 to point 2 dur-
ing deposition (¢): 7 is the substrate holder, 8
is the substrate heater.

of coatings, their radiation resistance in combi-
nation with high tribological characteristics of
the carbide of a mixture of metals.

Argon, used as a working gas in all the
experiments performed, was preliminarily
deeply purified by the method described in
[14]. The working chamber was filled with
non-circulating working gas up to 1.5 Pa. The
discharge power was ~ 90 W. The substrate
temperature varied in the range of 280—-350°C,
depending on the specific experiment.

The first series of the coatings were de-
posited onto glass substrates or fresh KCI
cleaved facets (Fig. 1c) which were immobile
relative to the target for the purpose of
further studies of the phase and elemental
composition, structure and morphology
using XRD, TEM (PEM-125), SEM and EDX
(Inspect S50-B) methods. The deposition
time was 1.5 h and 120 s for glass sub-
strates and KCI cleaved facets, respectively.
The obtained coatings were 1.7-1.9 um
thick for the first case and 35—40 nm for
the second. The experiments performed
made it possible to obtain condensates on
substrates 1-6 with an elemental composi-
tion that, to a certain extent, corresponded
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Fig. 2. Atomic concentrations of coating com-
ponents depending on the substrate numbers
(as numbered in Fig. 1b).

to the arrangement of the constituent met-
als and carbon in the target. It should be
emphasized that the coatings deposited on
the substrates 1-6 in the first series of ex-
periments represent six interlayers in the
coatings which were obtained in the second
series of experiments, when the substrate
was gradually moving from the location 1
to the location 2 as shown in Fig. le. In the
third series of experiments, coatings were
deposited onto polished 12X18HI10T steel
substrates, glass or glass ceramies which
were moving during 3.5 h. The average
coating thickness reached 3.9 um.

Phase composition of the coatings ob-
tained on glass in the first series of experi-
ments was studied by an X-ray diffractome-
ter DRON-4. Vickers microhardness was
measured for the coatings from the second
series of experiments using a MPT-3 instru-
ment. The normal load on the indenter was
0.196 N and the microhardness measure-
ment error in the middle of the substrates
did not exceed 5 %.

Table. Sputtering coefficients of the target components for argon ion energy 600 eV

Material Cr Hf

Ta Ti W Zr C

Sputtering coefficient 1.3 0.8

0.6 0.6 0.6 0.8 0.04
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Fig. 3. Results of EDX-measurements of the coating elemental compos1t10n and the SEM—lmage of
the surface morphology for the second series of experiments.

3. Results and discussion

3.1. Elemental composition of the coatings

For the first series of experiments, the
elemental composition of the coatings depos-
ited on glass substrates was determined.
EDX-measurements of the coating composi-
tion were carried out under the electron en-
ergy of 10 keV which eliminated interaction
of electrons with the substrate. From those
presented in Fig. 2 dependences of the con-
centration of elements on the location of the
substrate or substrate numbers, as in Fig.
1b, the following conclusions can be drawn.

Chromium is the basic element for coat-
ings obtained on the substrate 1. The Cr
concentration decreases from ~ 65 at. % (on
the substrate 1) to approximately 8 at. %
(on the substrate 6). The significant amount
of chromium in the coatings on the sub-
strates 1, 2, and 8 is determined by the
relatively high sputtering ratio of Cr (see
Table) and the increased sputtering area of
Cr in the target (see Fig. 1a). At the same
time, the increased concentration of Cr on
the substrates 4 and 5 indicates a gradient
change in its concentration, which is the
result of the cosine distribution of sput-
tered atoms in directions and their possible
diffusion motion.

As the substrate number increases, the
coating composition changes towards carbide
from a mixture of metals. The concentration
dependences in Fig. 2 represent the signifi-
cant distribution of the elemental composition
over the width for the coatings obtained in
the second series of experiments.

Fig. 8 shows the elemental compositions
of the coatings obtained in the second series
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of experiments with a gradual displacement
of the substrate from the location 1 to the
location 2 (as depicted in Fig. 1l¢). It should
be noted that the results in Fig. 8 are of
integral character and physical properties of
the coatings are determined by the gradient
distribution of the elemental composition
over the width. At the same time, SEM in-
vestigations of the coating surface morphol-
ogy indicate their low roughness (see Fig. 3)
that is a positive result.

3.2. Structure, phase composition and mi-
crohardness of the coatings

Fig. 4 shows the XRD-patterns for the
coatings obtained on glass in the first series
of experiments. From these patterns one
can conclude the following.

The coatings deposited onto the sub-
strates 1 and 2 show diffraction maxima
which indicate the presence of a becc lattice
with interplanar spacings that are approxi-
mately 5 % higher than the spacings for
the bee chromium lattice. Most probably,
this discrepancy is due to the presence of
such heavier atoms as W, Ta, Zr, Hf in the
Cr lattice sites (see Fig. 2). Along with the
diffraction maxima of the bec lattice, there
is a diffraction maximum which may be in-
herent in the fcc lattice with further
changes in the elemental composition.

With a change in the elemental composi-
tion towards the coating on substrates 3-6,
a gradual transition to the fecc lattice, which
is characteristic of a carbide of a mixture of
metals, occurs.

From substrate 3 to substrate 6, there is
a gradient change in the elemental composi-
tion, which manifests itself in a gradual
increase in the intensity of the diffraction

757



V.I.Perekrestov et al. / Structure formation of ...

Counts, a.u.

Counts, a.u.

20, deg AN

Counts, a.u.

0 30 40 50 60 70 80

20, deg

2554 UK
0.2204 UK

0.1335 UK

0.1279 TUK /4 3\

6000

Counts, a.u.

20, deg

2|

Counts, a.u.
S
o
o
o
1

0 30 40 50 60 70 80
20, deg

0.2649 r'UK

0.1618 TUK

8000

7000

20 30 40 50 60 70 80

20, deg

S 6000 -
©
#5000
[
3 4000
o
3000 -
2000
20 30 40 50 60 70 80
20, deg
Fig. 4. XRD-patterns of the coatings of the

first series of experiments. Numbers of the
patterns correlate with the numbers of the
glass substrates.
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maximum of the fec (111) planes. At the
same time, the intensities and the interplanar
spacings vary disproportionately for other dif-
fraction maxima (Fig. 4, substrate 3—6) which
is explained by the complexity in the lattice
formation of the multielement system.

Additional information on the micro-
structure and phase composition of the con-
densates on KCI cleaved facets was obtained
using TEM studies (Fig. 5).

Taking into account how the electron dif-
fraction patterns change with a change in the
elemental composition from the substrate 1 to
substrate 6, one can state a gradual transi-
tion from the bee chromium lattice to the fee
lattice of the carbide of a metal mixture. This
confirms the XRD results.

Interplanar spacings calculated from the
electron diffraction patterns are close to
those calculated from the XRD patterns. In
addition, the condensates have a finely dis-
persed structure with grain sizes of no more
than ~ 10 nm. In Fig. 5 it can be seen that
the films deposited onto substrates 4, 5, 6
tend to curl after separation from the sub-
strate. This may be a result of a change in
mechanical properties depending on the
width of the growing film.

Let us consider the features of the coat-
ings obtained in the second series of the
experiments. Firstly, the coatings deposited
onto sodium-calcium glass were peeled off
the substrate surface upon cooling to room
temperature. Since the glass substrate ac-
quired considerable roughness after such
peeling, it can be argued that the coatings
were removed together with pieces of glass.
This fact indicates high adhesion to glass
and significant mechanical stress due to dif-
ferent thermal expansion coefficients of so-
dium-calcium glass and the coatings. At the
same time, the coatings on glass ceramics and
polished 12X18H10T steel did not reveal any
signs of peeling off under any conditions.
Their microhardness was found to be 24—
28 GPa in the case of glass ceramic sub-
strates and 23—-25 GPa in the case of steel.

4. Conclusions

In this paper, for the first time, the
functionality of a new sputtering device
with a composite plate target is shown.
Compared with conventional magnetron
sputterers, the most important feature of
the developed device is the uniform distri-
bution of ion fluxes over a large sputtered
surface. Based on comprehensive studies of
the structure, phase and elemental composi-
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tion by SEM, TEM and XRD methods, it is
found that the coatings deposited onto the
substrates 1 and 2 in the first series of
experiments include an increased Cr concen-
tration (up to 65 at. %) and the correspond-
ing bec lattice with increased interplanar
spacings. At the same time, a gradient
change of element composition in the coat-
ings on the substrates from 3 to 6 results in
a gradual transition from the becec to fecc
lattice of the metal mixture carbide with a
simultaneous disproportional change of in-
terplanar spacings and intensities of the
diffraction maxima.

The multicomponent coatings obtained in
the second series of the experiments are
characterized by a specific elemental compo-
sition shown in Fig. 2. Taking into account
the currently known data on the radiation
resistance of coatings, as well as the discov-
ered properties of the obtained multilayer
gradient composites, it is possible to predict
the use of the composites as structural ma-
terials for nuclear power.
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