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The elemental and structural features of the nitride nanostructured coating produced by vacuum arc
evaporation from high-entropy cathode TiHfVNbZr were studied. Using of the complementary methods of
elemental analysis (RBS, SIMS and GDMS) allowed to carry out a comprehensive analysis of the elemental
composition, namely to determine the chemical composition of the surface layer, to establish the character-
istics of the distribution of elements in depth and to identify uncontrollable impurities.
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1. INTRODUCTION

High-entropy alloys a newly developed alloy system
containing at least five principle elements with atomic
concentration between 5 % and 35 % for each element.
This approach to the formation of alloys is fundamen-
tally new, the first serious studies have been started
since 1995 year [1]. These materials have potential as
coating system for many applications, for example
manufacturing of tools, molds and other mechanical
parts [1, 2]. Therefore the preparation of nitride coat-
ings, based on the high-entropy alloys, has received
considerable interest as hard coatings owing to their
excellent mechanical properties [1-4].

Recent publications suggest that adhesion and me-
chanical properties of protective coatings depend on
both atomic concentration and depth distribution of
constituent elements. It is also known, that the light
elements, especially hydrogen and oxygen have a great
influence on the physical and chemical properties of
protective film. Thus the investigation of elemental
composition of such coatings requires the application of
several methods, which provide a sufficiently high ele-
mental sensitivity and the locality of depth analysis.
These requirements are met the RBS, SIMS and GDMS
analysis techniques [5-7].

The aim of this work is to analyze distribution of el-
ements and contaminations in the films, using the
complementary methods of elemental analysis.

2. EXPERIMENTAL

The cathodes of high-entropy alloy TiHfVNbZr were
prepared by vacuum arc melting in an atmosphere of
high purity argon. The melting was performed using a
nonconsumable tungsten electrode into a copper water-
cooled crucible. Repeating melting for at least 7 times
with a cooling rate 50 K/s was carried out to improve
chemical homogeneity o f the alloys [8].

The coating was deposited on steel substrate by
cathode-vacuum-arc method in a Bulat-6 setup [8] at a
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substrate bias Us =100V and the current arc did not
exceed 85 A. The substrate was heated to 400 °C before
deposition. The deposition rate was set at 1.5 nm/sec.

The elemental composition of the (Ti-Hf-Zr-V-Nb)N
coating and surface morphology were determined using
a scanning electron microscope with EDS-analysis
JEOL-7000F (Japan) and JSM-6010LA InTouchScope.
To perform the elemental analysis in the depth of the
coating, we employed the Rutherford backscattering
(RBS) method with He* ions of 1.7 MeV at normal inci-
dence (the scattering angle was 6 =170°). The energy
resolution of ion detector was 17 keV. The dose of heli-
um ions was 5 puCi. The standard SIMNRA software [9]
was used for processing RBS spectra and obtains pro-
files of elements distribution in depth of the coating.

One of the effective methods of investigation of
depth profile ion sputtering techniques: secondary ion
mass spectrometry (SIMS) and glow discharge mass
spectrometry (GDMS) [10-14]. For GDMS analysis we
used DC 1.8 kV cathode voltage and 0.2 Torr Ar pres-
sure. GDMS analyser SMWJ-01 [15] is equipped with
SRS-300 quadrupole mass analyser with 6 mm diame-
ter rods. For SIMS depth profile analysis we used Ar*,
3 keV, 1.5 pA ion beam. SIMS analyser SAJW-05 [16] is
equipped with Physical Electronics 06-350E ion gun
and QMA-410 Balzers quadrupole mass analyser with
16 mm diameter rods.

3. RESULTS AND DISCUSSION

Fig. 1 shows the result of studies of the surface,
which were obtained using SEM. As we can see from
Fig. 1 the droplet fraction with a size of 10-15 pm have
been formed on the surface of nitride coating during the
deposition process.

The presence of the droplet fraction is the major
disadvantages for the coatings produced by cathodic-
vacuum-arc deposition. One of the effective methods to
reduce the number and size of macroinclusions is the
production of nitride coatings, operating at a sufficient-
ly high nitrogen pressure [17]. Wherein the cathode
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Fig.1-SEM image of (Tio2sHfo.1Vo.04Nbo.osZroo7)No4s coating
obtained at Pn=3 x 10-2Pa, Uy=100V

surface becomes nitrided, thus forming a surface layer
has a high melting point, which reduces the current per
cathode spot.

Fig. 2 shows the XRD patterns of (TiHfVNbZr)N
coating deposited at Pn=3 x 10-2 Pa and U, =100 V.
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Fig. 2 - XRD spectra of (Tio.25Hf0.1Vo.04Nbo.sZroo7)No4s coating
obtained at Px=3 x 10-2Pa, Uy, =100 V

For nitride coating, only XRD lines belonging to
111, 200, 220 and 311 reflection from fcc lattice (Na-Cl
type) are evidenced. It should be noted that, the posi-
tion of these lines lies between those corresponding to
binary nitrides. Also in the present nitride system each
binary nitride TiN, HfN, VN, NbN and ZrN have the
cubic of sodium chloride (NaCl) phase. As we can see
from Fig. 2 the (111) peak position of (TiHfVNbZr)N
coating was measured at 35.8° which matched with
the average value of binary nitride TiN, HfN, VN,
NbN and ZrN. The lattice constant was calculated as
0.4376 nm which also just matched the average val-
ue of mixed nitrides. This finding implying the for-
mation of solid solution from all constituent nitrides
is confirming the beneficial effect of high entropy on
the random distribution of incorporated components,
provided that no strong elastic distortion occurs, as
in the case of compounds with similar crystal sym-
metry and comparable cell sizes [3]. The estimating
of the size of nanograins by XRD data, according to
the Debye-Scherrer, has shown that the size of
nanograins was (65 + 60) nm.
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Fig. 3 —RBS spectra (a), depth profile of elements (b) for
(T10.25Hf0.1Vo0.04Nbo.8Zro.07)No.45 coating

The results of RBS analysis of the elemental com-
position of the (TiHfVNDbZr)N nitride coating are given
in Fig. 3.

The peaks in this spectrum correspond to the all con-
stituent elements of (TiHfVNbZr)N coating. The Fig. 3b
presents the depth-profiles of coating composition ele-
ments. As we can see from these profiles, the elemental
composition is homogeneous in the coating and the
main constituents are N and Ti, followed by V, Zr, Nb
and Hf. It is well known that RBS is a reference meth-
od for determining the concentration of large elements
as well as for determining the thickness of film. Unfor-
tunately, normally the peaks of light elements (C, N
and O), which have a major influence on the properties
of thin films, cannot be separated from the background
of heavy elements by RBS measurements. Also, as we
can see from Fig. 3 the peaks corresponding to the ele-
ments with similar atomic radii are difficult to distin-
guish (for example Ti and V, Zr and Nb).

In the same time ion sputtering techniques is mainly
used for depth profile analysis [18-20]. In our work we
used secondary ion mass spectrometry (SIMS) and glow
discharge mass spectrometry (GDMS) for investigation
depth profile. Both methods use argon sputtering, howev-
er the ionization mechanisms of the sputtered material
are different. In SIMS, the ionization occurs at the bom-
bardment surface, and neighboring atoms influence
strongly the ionization process due to the so-called matrix
effect, the process. In GDMS, ionization occurs mainly
above bombardment surface in glow discharge and the
matrix effects are negligible. It should be noted that these
methods are destructive. Fig. 4 shows the sample after
SIMS and GDMS analyses.
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Fig. 4 — The sample surface after SIMS and GDMS analyses

Mass spectra registered with GDMS and SIMS are
shown in Fig. 5 and raw data of depth profile analysis
are shown in Fig. 6.
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Fig. 5 — SIMS and GDMS mass spectra for the sample regis-
tered in range up to 200 a.m.u.

Sputtering conditions in the two methods differed
very much. Sputtering rate in GDMS analysis was
5.7 nm/s, while in SIMS sputtering rate was 0.046 nm/s
i.e. 2.8 nm/min. As we can see from Fig. 5 the surface of
nitride coating is covered with a thin oxide film, as de-
tected species are ZrO, NbO, HfO and ZrO:z ions and
also contains the high concentration of titanium and
vanadium. The presence of uncontrolled impurities (H,
C and O) is obviously connected with the residual gases
in the working chamber.

Ions currents are shown versus sputtering time in
seconds. Raw data of GDMS show strong signal of mass
14 (N%). This signal remains strong after sputtering the
interface between nitride and the substrate. So it
means that this signal is background affected. Namely
in GDMS we detect strong so called plasma noise of
mass 14. Also as we can see from Fig. 6 in SIMS tech-
nique the ion current decreases with sputtering time,
obvious due to the sputtering of surface layer, which
include the oxygen. In the other hand, we can see the
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N509 GDMS raw data
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Fig. 6 — Depth profile analysis. Raw data of GDMS (three
analysed spots (a)) and SIMS (one crater (b))

initial rise of ion current in GDMS technique due to the
development of direct current glow discharge condition.

Basing on the concentration data obtained by EDX
technique (N —44.7 %, Ti — 25.31 %, V — 4.57 %, Zr —7.60 %,
Nb —7.99 %, Hf — 9.83 %) we perform normalization of the
registered ions currents following formula: I/ Y I, where
I is the normalized ion current of a given component X
and Y I:is the sum of the normalized ion currents of all
registered components. It should be noted that the sensi-
tivity factors used in SIMS differ up to two orders of mag-
nitude and the ratio I/ Y I represent the relative concen-
tration of elements if we assume equal matrix effect for all
elements. In the other hand, the sensitivity of GDMS are
close to 1 and the current ratio I/} I also indicate the
relative concentration of analyzed elements since no ma-
trix effect are present in this method [6].

Both methods show element profiles, as we can see
the result show the same compositional changes in the
analyzed sample. The Hf, Zr, Nb and V profiles are sim-
ilar in SIMS and GDMS methods, while the titanium
profiles are different in two methods. Both techniques
show that distribution of metal components across the
layer is stable, however titanium concentration slightly
increases towards the interface, while the concentra-
tions of Nb, Hf, Zr slightly decrease.
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New nitride coating based on the TiHfVNbZr high-
entropy alloy has been fabricated. The coating exhib-
itsa single cubic (NA-CI) nitride phase. By combining the
results of the RBS and the results obtained with ion
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Fig. 7 — Depth profile analysis of the sample (including nitrogen) — left GDMS (a) and right SIMS (b)

CONCLUSIONS received a more realistic picture of the distribution of

constituent elements over the depth of the layer. Both
analytical methods, SIMS and GDMS give same results.
However, the slight deviation in case of nitrogen direc-
tion connected with the strong influence of plasma noise.

sputtering technique (SIMS and GDMS) methods we

Ananus 3;1eMEeHTHOTO COCTaBa U NpoduiIeil pacupeeIeHus HUTPUIHOIO HAHOCTPYKTY PHOTO

nokpeiTua Ha ocHOBe TiHfVNDbZr BHICOKOIHTPONMUITHOTO CIIABA
A.A. Barmacapsu!, E. Cmupnosal, [1. Komapcku 2, M. Misnik?, A. Zawada?

L Cymcruil 2ocyoapcmeennbili ynusepcumem, yai. Pumckoeo-Kopcarosa, 2, 40007 Cymuot, Yepauna
2 Tene u paduomexruueckuil uncmumym, yu. Pamywosa 11, Bapwasa, Ionvwa
3 I'oarbekuil nonumexnuueckutl yrueepcumem, ya. Hapymosuua 11-12, I'dansck, Ionvwa

WsydeHEl 571eMeHTHO-CTPYKTYPHbIE 0COOEHHOCTH HUTPUIHOIO HAHOCTPYKTYPHOIO IIOKPBITHSA, IIOJIyYeH-
HOT0 BAKyYMHO-IyTOBLIM HCIIapeHueM ¢ BeICOKoaHTponuiinoro karoga TiHfVNbZr. Mcnonb3oBanne B3aumo-
JIOTIOJTHSIONMX MeToauK asieMenTHoro anasmaa (RBS, SIMS u GDMS) mo3Bo/niio mpoBeCTH KOMILIEKCHBIHN
aHAJIM3 2JIEMEHTHOT'O COCTABA, 4 UMEHHO OIpPEIe/INTh XUMUYECKUI COCTAB IIPHUIIOBEPXHOCTHOIO CJIOS, YCTa-

HOBUTH XapaKTepHbIe 0COOEHHOCTU PACIIPEeJIeHNs 9JIEMEHTOR 110 TJIyOuHe, a TAK/Ke BHISIBUTH HEKOHTPOJIU-
pyeMble IIPUMECH.

Knrouesrie cioBa: Bricorosurpomnmitasiii crutaB, Hwutpuanoe moxpeirme, [Ipodmiam pacupenenenwus,
OemeHTHBIHN coctaB, VIOHHO-JIy4eBbIe METOIEI.

AmnaJsii3 e1eMeHTHOrO CKJIaay Ta HpPodiiie po3moaisly HITPUIHOr0 HAHOCTPYKTY PHOIO ITOKPUTTA

Ha ocHosi TiHfVNbZr BucokoeHTpoOIIiiiHOro criiiaBy
A.A. Barnacapsau!, €. Cmupnuosal, I1. Komapckn?, M. Misnik2, A. Zawada3

L Cymevkuti Oepocasruil yHisepcumem, 8ya. Pumcvrozo-Kopcarosa, 2, 40007 Cymu, Yipaina
2 Tene i padiomexniunuti incmumym, gyni.Pamywosa 11, Bapwasa, Ionvwa
3 I'oarncvrull nonimexnivHull yrisepcumem, eysi. Hapymosuua 11-12, I'0anvck, [onvua

JloctippreHO esleMeHTHO-CTPYKTYPHI 0COOJIMBOCTI HITPHIHOTO HAHOCTPYKTYPHOIO IIOKPUTTSI, OTPUMAHOTO
BaKyyMHO-JIyTOBHM BHIIAPOBYBAHHSIM 3 BucokoeHTpormriiiHoro karoga TiHfVNDbZr. Bukopucranus B3aemosio-
MOBHIOIOUMX MeToauK esiemeHnTHOro anammidy (RBS, SIMS i GDMS) maso 3Mory mpoBecTH KOMILJIEKCHUM aHa-
JIi3 eJIEMEHTHOTO CKJIJIy, 4 caMe BU3HAYUTHU XIMIUHMIA CKJIAJ] IIPUIIOBEPXHEBOr0 IIapy, BCTAHOBUTH XapakK-
TepHI 0COOJIMBOCTI POSIIOILIY €JIeMEeHTIB II0 TJIMOKHI, 4 TAKOK BUABATH HEKOHTPOJILOBAHI JOMIIIKH.

Kmiouosi ciosa: Bucorxoentpomitiauii crtas, Hitpuaae mokpurrs, IIpodins posmominy, Exementauit pos-
moxis, JorHO-TIpOMeHeB1 MeToIu.
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