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Abstract. A two-layer coating with a total thickness of approximately 15 μm was obtained using a combined technology of electrospark 

deposition (ESD) and high-power impulse magnetron sputtering (HiPIMS), employing HfSi2–HfB2–MoSi2 ceramic electrodes/target 
on a niobium substrate. The formation mechanism, morphology, and structure of the coatings were investigated using glow discharge 
optical emission spectroscopy (GDOES), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). It was 
found that the ESD coating consists of 65 wt. % phases formed through interaction between the electrode and the substrate – namely 
NbSi2 and Nb5Si3 – and exhibits a silicon concentration gradient (from 8 to 54 at. %) across the coating thickness, from the substrate 
toward the surface. The outer amorphous HiPIMS coating is ~5 μm thick. Analysis of structural and phase transformations during 
heating of the ESD coatings up to 900 °C showed that annealing leads to its separation into two layers: an inner layer composed 
of dendritic grains of the metastable γ-Nb5Si3 phase and an outer layer based on NbSi2 . The HiPIMS coating crystallizes sequentially, 
forming (Hf,Mo)B2 at 700 °C, MoSi2 at 800 °C, and Hf3Si2 and HfSi2 at 900 °C, with the silicon content remaining virtually unchanged. 
As a result of the two-stage deposition process and subsequent high-temperature annealing, a multilayer protective ceramic coating 
was obtained, consisting of an outer layer of (Hf,Mo)B2–MoSi2–HfSi2 , an intermediate layer of NbSi2 , and an inner layer of Nb5Si3 , 
with hardness values of 9.4, 23.3, and 19.4 GPa, respectively. This coating significantly extends the service life of niobium grade Nb-1. 
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IntroductionIntroduction
The potential for using niobium and its alloys in 

components operating at high temperatures and in 
aggressive gaseous environments largely depends on 
the  application of  protective coatings  [1; 2]. Among 
the most promising are coatings based on silicides such 
as NbSi2  [3–5], MoSi2  [6–8], NbSi2–MoSi2  [9], and 
NbSi2–HfSi2  [10], due to  the formation of a SiO2 film 
on their surface at elevated temperatures. A characteris-
tic feature of such coatings is the formation of an inter-
mediate diffusion layer of  Nb5Si3 . Since the  enthalpy 
of  formation of  Nb5Si3  (–516.8 kJ/mol) is lower than 
that of NbSi2  (–161 kJ/mol)  [11; 12], the Nb5Si3 layer 
forms first during thermochemical treatment and is 
subsequently transformed into the NbSi2 phase [3–12]. 

The rate of  mutual diffusion between the  coating and 
the substrate – which leads to coating thinning and, con-
sequently, a reduction in performance – can be reduced 
by introducing diffusion barriers  [13–15], modifying 
the coatings with diffusion inhibitors [16; 17], or forming 
additional layers of  mullite (3Al2O3·2SiO2)  [17; 18] 
or borosilicate glass (B2O3·SiO2 )  [19; 20]. Multilayer 
coatings can also be produced by combining several 
technological approaches in a single process  [21; 22] 
or by employing two-stage processes [2; 17].

In [23], the feasibility of using heterophase electro-
spark coatings based on MoSi2–MoB–HfB2 to improve 
the performance of the heat-resistant nickel superalloy 
EP741NP was demonstrated. Enhancement of the oxi-
dation resistance of  electrospark coatings through 
the application of an upper magnetron-sputtered layer 

  zamulaeva@gmail.com
Аннотация. При использовании комбинированной технологии электроискрового осаждения (ЭИО) и высокомощного 

импульсного магнетронного распыления (ВИМР) с применением электрода/мишени из керамики HfSi2–HfB2–MoSi2 
на подложке ниобия получено двухслойное покрытие толщиной ~15 мкм. Механизм формирования, морфология и струк-
тура покрытия исследованы методами рентгеноструктурного фазового анализа, оптической эмиссионной спектроскопии 
тлеющего разряда, рентгеноспектрального микроанализа, растровой и просвечивающей электронной микроскопии. Уста-
новлено, что ЭИО-покрытие на 65 мас. % состоит из фаз, являющихся продуктами взаимодействия электрода с подложкой: 
NbSi2 , Nb5Si3 , и имеет градиентное распределение кремния (от 8 до 54 ат. %) по толщине в направлении от подложки 
к поверхности покрытия. Верхнее аморфное ВИМР-покрытие характеризуется толщиной ~5 мкм. Анализ структурно-
фазовых превращений при нагреве ЭИО-покрытия до 900 °С показал, что отжиг приводит к его разделению на два слоя: 
внутреннего из дендритных зерен метастабильной фазы γ-Nb5Si3 и внешнего на основе NbSi2 . ВИМР-покрытие кристалли-
зуется с последовательным образованием фаз (Hf,Mo)B2 при 700 °С, MoSi2 при 800 °С и Hf3Si2 , HfSi2 при 900 °С. При этом 
содержание Si практически не изменяется. Таким образом, в результате двухстадийного процесса осаждения и последую
щего высокотемпературного отжига получено многослойное защитное керамическое покрытие, состоящее из внешнего 
слоя (Hf,Mo)B2–MoSi2–HfSi2 , промежуточного слоя NbSi2 и внутреннего слоя Nb5Si3 со значениями твердости 9,4, 23,3 
и 19,4 ГПа соответственно, позволяющее значительно продлить срок службы ниобия марки Нб-1.  

Ключевые слова: электроискровое осаждение, высокомощное импульсное магнетронное распыление, жаростойкая керамика, 
ниобиевая подложка, двухслойное покрытие, in situ ПЭМ ВР при нагреве, фазово-структурные превращения, избирательное 
наноиндентирование
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has been demonstrated for steels  [24] and nickel 
alloys [25]. 

The aim of  this study is to  fabricate two-layer 
ceramic coatings on Nb-1 niobium using a combina-
tion of electrospark deposition (ESD) and high-power 
impulse magnetron sputtering (HiPIMS), and to inves-
tigate the effect of vacuum annealing on their composi-
tion, structure, and properties.

Materials and methodsMaterials and methods
The consumable ceramic electrodes and targets were 

produced by self-propagating high-temperature synthe-
sis (SHS) from elements (wt. %: 59 Hf, 28 Si, 11 Mo, 
2 B), followed by hot pressing of  the  synthesized pro
ducts  [26]. Both the  ESD electrodes and the  HiPIMS 
targets had the  following phase composition (wt. %): 
hafnium silicide (34 HfSi2 ), molybdenum silicide 
(17 MoSi2 ), hafnium boride (19 (Hf,Mo)B2 ), elemen-
tal silicon (21 Si), and hafnium oxide (9 HfO2 )  [27]. 
The  ESD electrodes were fabricated as rectangular 
rods measuring 4×4×50 mm, while the HiPIMS targets 
were discs with a diameter of 120 mm and a thickness 
of 10 mm. 

The coatings were deposited onto Nb-1 niobium 
plates measuring 10×10×3 mm. The ESD process was 
carried out in an argon atmosphere using the Alier-303 
Metal unit (Russia–Moldova) under the  following 
parameters: discharge current 120 A, pulse frequency 
3200 Hz, and pulse duration 20 µs. HiPIMS deposi-
tion was performed using a UVN-2M system equipped 
with a magnetron and ion source. Target sputtering was 
performed using the TruPlasma 4002 system (Trumpf, 
Germany) at an average power of  1 kW, with a peak 
power of up to 50 kW, peak current of 50 A, pulse fre-
quency of 1 kHz, and pulse duration of 50 µs. The two-
layer ESD + HiPIMS coatings were obtained by sequen-
tial application of the ESD and HiPIMS processes. 

The microstructure and elemental composition were 
examined using an S-3400N scanning electron micro-
scope (Hitachi High-Technology Corporation, Japan) 
equipped with a NORAN X-ray System  7 energy-
dispersive X-ray spectroscopy (EDS) unit (Thermo 
Scientific, USA). Metallographic cross-sections were 
prepared using a Rotopol-21 polishing system (Struers, 
Denmark). Elemental depth profiling of  the  coatings 
was carried out by glow discharge optical emission 
spectroscopy (GDOES) using a Profiler-2 instru-
ment (Horiba Jobin Yvon, France). Phase composi-
tion was determined by X-ray diffraction (XRD) using 
a  DRON-4 automated diffractometer (Burevestnik 
R&D Center, Russia) with CuKα radiation over a 2θ 
range of 10–120°. The obtained X-ray diffraction pat-
terns were analyzed using the JCPDS database. 

To analyze the structural and phase transformations 
occurring in the coatings during heating, high-resolu-
tion transmission electron microscopy (HRTEM) and 
electron diffraction were used. The studies were carried 
out in the column of a JEM 2100 microscope (JEOL, 
Japan) during isothermal holding at temperatures 
of 400, 500, 600, 700, 800, and 900 °C for 20–25 min. 
The heating rate was 100 °C/min. The elemental com-
positions of the as-deposited coatings and those cooled 
from 900 °C were analyzed by EDS using an X-Max80T 
detector (Oxford Instruments, UK). Lamellae were 
prepared using focused ion beam (FIB) milling in 
a  Scios DualBeam scanning electron-ion microscope 
(FEI, USA). Annealing of the coatings was performed 
in a VSl-16-22-U vacuum furnace (VakETO, Russia) 
at 900 °C for 30 min under low vacuum. 

The hardness (H) and Young’s modulus (E)  of  the 
coatings were determined by selective nanoindenta
tion  [28] using a NanoHardnessTester (CSM Instru
ments, Switzerland) with Indentation 3.0 software, in 
accordance with GOST R 8.748–2011 (ISO 14577). 

Results and discussionResults and discussion
Despite the use of the same material as both the elect

rode and target for coating deposition, the layers formed 
by electrospark deposition (ESD) and high-power 
impulse magnetron sputtering (HiPIMS) differ in struc-
ture and phase composition. During ESD, due to high 
temperatures in the  interelectrode gap, local melting 
of the electrode and the treated substrate occurs, resul
ting in a coating with a ~ 10÷12 thickness (Fig. 1, a). 
Across the coating thickness, from the surface toward 
the  substrate, an elemental concentration gradient 
is observed: the  niobium content increases from 18 
to 85 at. %, while the contents of the electrode-derived 
elements Hf, Mo, B, O, and silicon decrease from 54 
to 8 at. % (Fig. 1, b). 

During HiPIMS, the  coating is formed by atomic 
fluxes with a high fraction of  ionized species and has 
a thickness of  ~5 μm (Fig. 1, c). The elemental con-
centrations within the HiPIMS-deposited layer remain 
constant throughout its thickness, and no substrate 
material (Nb) is detected in the coating, which is con-
firmed by the sharp interface (Fig. 1, d). 

In sequentially deposited ESD + HiPIMS coa
tings, no pronounced interaction between the layers is 
observed (Fig. 1, e). The individual thicknesses of each 
layer are preserved, forming a two-layer coating with 
a total thickness of ~15 μm. EDS analysis shows that 
the niobium concentration in the ESD layer is 27.3 at. % 
(region  1 in Fig. 1, e, at. %: 8.8 O; 43.6 Si; 27.3 Nb; 
4.9 Mo; 15.4 Hf), while in the HiPIMS layer it is only 
0.5 at. % (region 2 in Fig. 1, e, at. %: 10.5 O; 55.0 Si; 
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0.5 Nb; 10.3 Mo; 23.7 Hf). The GDOES profile can be 
divided into three zones: the first (0–5 μm) corresponds 
to the magnetron-sputtered layer, the second (approxi-
mately 5–14 μm) corresponds to the ESD coating, and 
the final section corresponds to the substrate (Fig. 1, f). 

X-ray diffraction patterns of the coatings are shown 
in Fig. 2. The formation of  NbSi2 and Nb5Si3 phases 
in the ESD layer – as a result of interfacial diffusion-
reactions between the  electrode material and the nio-
bium substrate – indicates strong adhesion of the coa
ting to  the substrate (Fig. 2, a). The coating also con-
tains (Hf,Mo)B2 , free Si, and HfO2 phases, consistent 
with the electrode composition. In the microstructure, 
HfO2 appears as bright inclusions (Figs. 1, a, e). After 
vacuum annealing, all major phases remain present 
at approximately the  same concentrations (Fig. 2, b, 
Table 1). The Si phase disappears due to  its reaction 

with the substrate, forming NbSi2 . In addition, a Nb2B3 
boride phase forms in an amount of 5 wt. %. 

The HiPIMS coating is X-ray amorphous: the diffrac-
togram shows only substrate reflections and broad amor-
phous halos (Fig. 2, c). However, after vacuum annealing, 
crystalline phases such as HfSi2 , MoSi2 , and (Hf,Mo)B2 
are identified (Fig. 2, d). The formation of NbSi2 is attri
buted to  the  diffusion of  niobium from the  substrate, 
while the presence of MoO3 results from residual oxy-
gen impurities in the target material. The phase analysis 
results are summarized in Table 2, excluding the contri-
bution of the substrate (Nb), as the coating thickness is 
less than the X-ray penetration depth. 

The microstructure of  the  ESD + HiPIMS coating 
after vacuum annealing is shown in Fig. 3, a. Within 
the electrospark-deposited layer, an outer region with 
a sharply defined boundary forms, corresponding 

Fig. 1. Cross-sectional microstructures and GDOES profiles of coatings: (a, b); HiPIMS (c, d); ESD + HiPIMS (e, f) 

Рис. 1. Микроструктуры поперечных шлифов и ОЭСТР-профили покрытий ЭИО (а, b); ВИМР (c, d); ЭИО + ВИМР (e, f)
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to the NbSi2 phase (region 2 in Fig. 3, a, at. %: 2.9 O; 
64.2 Si; 28.8 Nb; 2.1 Mo; 2.0 Hf). Bright HfO2 inclu-
sions are observed both in the outer dark layer and in 
the  inner layer adjacent to  the  substrate. According 
to EDS data, the inner region contains a lower silicon 
concentration of  28.1 at. % (region  3, at. %: 7.4 O; 
28.1 Si; 48.3 Nb; 4.2 Mo; 12.0 Hf). These results indi-
cate that heat treatment promotes silicon homogeniza-
tion within the ESD layer and reduces microscale com-

positional inhomogeneities originating from individual 
mass transfer events. The magnetron-sputtered layer, 
which is compositionally and structurally uniform, 
retains its original composition after crystallization 
(region  1, at. %: 11.5 O; 52.8 Si; 0.5 Nb; 10.9 Mo; 
24.1 Hf) and does not contribute to  NbSi2 formation. 
The elemental distribution map confirms an increased 
silicon concentration in the  outer ESD layer and 
a higher niobium content in the inner region (Fig. 3, b). 

Fig. 2. X-ray diffraction patterns of ESD (a, b) and HiPIMS (c, d) coatings
a, c – before annealing; b, d – after annealing (t = 900 °С, τ = 30 min) 

Рис. 2. Рентгенограммы покрытий ЭИO (а, b) и ВИМР (c, d)
а, c – до отжига; b, d – после отжига (t = 900 °С, τ = 30 мин)

Table 1. Phase composition of ESD coatings before and after annealing 
Таблица 1. Фазовый состав ЭИО-покрытий до и после отжига

Phase Structure type

As-deposited coating Annealed coating

Content, 
wt. %

Lattice 
parameter, nm Content, 

wt. %

Lattice 
parameter, nm

а с а с
NbSi2 hP9/3 49 0.4785 0.6591 50 0.4783 0.6589
Nb5Si3 hP16/19 15 0.7565 0.5260 13 0.7578 0.5258

(Hf,Mo)B2 hP3/4 3 0.3112 0.3358 4 0.3123 0.3373
Si cF8/1 3 0.5417 – – – –

HfO2 oP24/16 8 – – 7 – –
Nb2B3 oC20/4 – – – 5 – –

Nb cI2/1 22 0.3294 – 21 0.3300 –
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The initial lamella containing both ESD and 
HiPIMS layers, used for in situ investigation of struc-
tural and phase transformations during heating in 
the TEM column, is shown in Fig. 4, a. After cooling 
from 900 °C, a new layer appears at the interface with 
the  HiPIMS coating (Fig. 4, b). According to  EDS 
data, its composition corresponds to  the  NbSi2 phase 
(Fig. 4, c). Electron diffraction analysis confirms this 
identification: diffraction rings with interplanar spa

cings d/n = 0.356, 0.218, 0.210, and 0.136 nm cor-
respond to  the  (101), (111), (112), and (114) planes 
of the h-NbSi2 phase. Additional rings with d/n = 0.638, 
0.319, 0.240, 0.218, 0.210, and 0.140 nm, correspon
ding to the (100), (200), (210), (211), (112), and (402) 
planes, are assigned to the Nb5Si3 phase (Fig. 4, d). 

No significant structural changes were observed 
in the  inner region of  the  ESD coating during hea
ting (Figs. 5, a–c). However, after cooling the sample 
from 900 °C to  room temperature, contrast variations 
appeared in certain areas. These may be attributed 
either to  diffusion-driven elemental redistribution  – 
accompanied by the dissolution of some structural and 
phase components – or to stress relaxation (Fig. 5, d). 

As a result of non-equilibrium crystallization during 
ESD, γ-Nb5Si3 phase grains are observed in the  coa
ting, formed in the direction from the substrate toward 
the surface and resembling dendrites in their morpho
logy. Dendritic growth of the metastable Nb5Si3 phase 
due to non-equilibrium crystallization in Nb–Si alloys 
has been reported in [29; 30]. A HRTEM image of a sil-
icide grain oriented along the [ 10] direction, the cor-

Table 2. Phase composition of HiPIMS coating  
after annealing 

Таблица 2. Фазовый состав ВИМР-покрытия  
после отжига

Phase Structure 
type

Content, 
wt. %

Lattice parameter, nm
a b c

HfSi2 oC12/1 31 3.698 14.648 3.678
MoSi2 hP3/4 34 0.4602 – 0.6570
HfB2 hP3/4 12 0.3141 – 0.3470
NbSi2 hP9/3 10 0.4801 – 0.6600
MoO3 mP8/6 13 1.0595 – 0.3728

Fig. 3. Microstructure of the ESD + HiPIMS coating (а) and elemental distribution map  
in the intermediate layer (b) after heat treatment 

Рис. 3. Микроструктура ЭИО+ВИМР-покрытия (а) и карта распределения элементов  
в промежуточном слое (b) после отжига
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responding electron diffraction pattern, and EDS data 
are shown in Figs. 5, e–g. The presence of HfO2 grains, 
50–100 nm in size, was also confirmed in the coating. 
A  HRTEM image of  an oxide particle oriented along 
the  [02 ] direction, together with the  corresponding 
diffraction pattern and EDS results, is presented in 
Figs. 5, h–j. 

The HiPIMS coating remains stable up to  600 °C 
and retains a layered structure (Fig. 6, a). The corres
ponding electron diffraction pattern displays a  broad 
diffuse ring, indicating that the coating is in an amor-
phous state. Crystallization begins at 700 °C, as evi-
denced by the  appearance of  diffraction rings with 
interplanar spacings of d/n = 0.355, 0.261, 0.213, and 
0.178 nm, corresponding to  the  (001), (100), (101), 

and (002) planes of the (Hf,Mo)B2 phase (Figs. 6, b, f). 
As  the  temperature increases to  800 °C, additional 
reflections emerge at d/n = 0.291, 0.225, and 0.213 nm, 
attributed to  the  (101), (110), and (103) planes 
of the MoSi2 phase (Figs. 6, c, g). 

Further heating to  900 °C leads to  the  formation 
of  hafnium silicides. Hf3Si2 , reflections correspon
ding to  the (110), (001), (210), and (211) planes with 
d/n = 0.493, 0.357, 0.309, and 0.262 nm indicate 
the presence of Hf3Si2 , while reflections at 0.355, 0.262, 
0.226, and 0.206 nm from the (110), (111), (131), and 
(061) planes correspond to HfSi3 (Figs. 6, d, h). After 
cooling, the  coating structure remained unchanged. 
Four crystalline phases were observed: Hf3Si2 , HfSi2 , 
MoSi2 , and (Hf,Mo)B2 .

Fig. 4. Microstructure of the lamella before (a) and after heating and cooling from 900 °C (b);  
electron diffraction pattern (c) and EDS data (d) for the intermediate layer 

Рис. 4. Микроструктура ламели до (а) и после нагрева и охлаждения с 900 °С (b); электронограмма (c)  
и данные РСМА (d) для промежуточного слоя

Table 3. Mechanical properties of coatings and Nb-1 substrate 
Таблица 3. Механические свойства покрытий и подложки

ESD coating HiPIMS coating Nb-1 substrate
As-deposited Annealed As-deposited Annealed As-deposited Annealed

H, GPa
18.3 23.3*/19.4** 12.5 9.3 1.8 2.5

E, GPa
285 292*/256** 216 207 123 112

* Outer layer based on NbSi2.
** Inner layer based on Nb5Si3 .
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Fig. 5. Inner layer microstructures of ESD-coating before annealing (а), during in situ heating to 400 °C (b), 800 °C (c),  
and after cooling from 900 °C (d); silicide phase grain (e), its electron diffraction pattern (f)  

and EDS data (g); oxide particle (h), its electron diffraction pattern (i), and EDS data (j) 

Рис. 5. Микроструктуры внутреннего слоя ЭИО-покрытия до отжига (а), при in situ нагреве 
до 400 °C (b), 800 °C (c), а также после охлаждения с 900 °C (d); зерно силицидной фазы (e), 

его электронограмма (f) и данные РСМА (g); оксидная частица (h), ее электронограмма (i) и данные РСМА (j)

Table 3 presents the  hardness (H) and elastic 
modulus (E) values for the coatings and the substrate. 
The hardness of  the as-deposited ESD coating is uni-

form across the  thickness and amounts to  18.3 GPa. 
After annealing, the  inner layer retains a hardness 
of  H = 19.4 GPa, indicating the  absence of  structural 
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Fig. 6. Microstructures (a–d) and electron diffraction patterns (e–h) of the HiPIMS coating 
during in situ heating to 600 °C (а, e), 700 °C (b, f), and 800 °C (c, g), and after cooling from 900 °C (d, h) 

Рис. 6. Микроструктуры (а–d) и электронограммы (e–h) ВИМР-покрытия  
при in situ нагреве до 600 °C (а, e), 700 °C (b, f), 800 °C (c, g), а также после охлаждения с 900 °C (d, h)

transformations in the  Nb5Si3-based layer. A  slight 
decrease in the  elastic modulus may be attributed 
to an increased Nb content due to diffusion from the sub-

strate into the  NbSi2-based layer. The hardness value 
of 23.3 GPa in the outer layer is attributed to the inhe
rently higher hardness of  the  NbSi2 phase compared 
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to Nb5Si3 , the absence of free niobium in this region, 
and alloying with niobium boride additions (Hf,Mo)B2 
and Nb2B3 . For the  HiPIMS coating, the  hardness is 
H = 12.5 GPa, which corresponds to  reported values 
for magnetron-deposited Hf–Si–Mo–B coatings  [31]. 
After vacuum annealing and stress relaxation, the hard-
ness decreases to  9.3 GPa. The increase in substrate 
hardness from 1.8 to  2.5 GPa following annealing is 
attributed to silicon diffusion into the interfacial region.

ConclusionsConclusions
1. A 15 μm-thick two-layer coating was fabricated 

on a Nb-1 substrate by sequential application of electro-
spark deposition (ESD) and high-power impulse mag-
netron sputtering (HiPIMS) using HfSi2–HfB2–MoSi2 
SHS-ceramic electrodes/targets. The ESD layer, 
~10÷12 μm thick, consists of ~65 wt. % phases formed 
as a result of  interfacial reactions between the  elect
rode and the  substrate, primarily NbSi2 and Nb5Si3 
(H = 18.3 GPa, E = 285 GPa). A compositional gra
dient was observed across the  ESD coating, with 
the  Nb content increasing from 18 to  85 at. % and 
the Si concentration decreasing from 54 to 8 at. % from 
the surface toward the substrate. The HiPIMS coating 
has a homogeneous amorphous structure, ~5 μm thick, 
with H = 12.5 GPa and E = 216 GPa.

2. During heating, an interlayer ~2 μm thick based 
on NbSi2 forms at the  interface between the  ESD and 
HiPIMS layers (H = 23.3 GPa, E = 292 GPa). The inner 
ESD layer consists of dendritic grains of the metastable 
γ-Nb5Si3 phase solidified perpendicular to  the substrate 
surface (H = 19.4 GPa, E = 256 GPa). Crystallization 
of the HiPIMS layer begins at 700 °C with the formation 
of  (Hf,Mo)B2 . Upon further heating to  800 °C, MoSi2 
appears, and at 900 °C, HfSi2 and Hf3Si2 phases are 
detected. After vacuum annealing, mechanical proper-
ties decrease slightly (H = 9.4 GPa, E = 207 GPa), which 
may be attributed to stress relaxation. Since the silicon 
content remains unchanged, the HiPIMS layer does not 
contribute to the formation of the NbSi2-based interlayer. 
Thus, heat treatment results in the formation of a multi-
layer coating with enhanced mechanical properties.
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