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This article describes the new results of the study of the effect of high-entropy titanium—aluminum
coating on the structure, microhardness, and heat resistance of nickel alloys. There are presented
coatings after three different regimes of the chemical-thermal treatment. The obtained coatings
were characterized by means of scanning electron microscope (SEM) and X-ray diffraction (XRD)
analyses.
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1. INTRODUCTION

The requirements of the modern industry have caused the appearance of a new class
of materials — so-called high-entropy alloys (HEAs) that combine excellent mechani-
cal properties, thermal stability, and corrosion resistance (Pogrebnyak et al., 2014;
Zhang and Zhou, 2007; Krause-Rehberg et al., 2013). These alloys contain at least
five metals, and the main feature consists of a phase composition of the solid solution
based on the face-centered cubic (fcc) or body-centered cubic (bec) crystal structures.

In (Pogrebnyak et al., 2014; Zhang and Zhou, 2007; Gorban et al., 2015; Karpets
et al., 2015) the correlation between the structure characteristics and the way of pro-
duction of high-entropy alloys is presented. Among the most common methods of
production are casting and mechanical alloying (Pogrebnyak et al., 2014). Moreover,
other methods are known: laser cladding of Al,CrFeNiCoCuTi,, Al,CrFeCoCuTiNi,,
and AlCoCrCuFeNi; selective laser welding of ZrTiVCrFeNi, and thermal spraying
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of Ni,Cog gFeg ,Cr,Si;AlTip . HEAs produced by laser cladding are characterized by
the presence of the cladding zone, heat-affected and bounding zones in their structure.
The cladding zone consists of Laves’ phases, as well as contains bcc and fcc struc-
tures. The bounding zone is actually a transition zone, which contacts from the side of
the substrate with the heat affected zone.

The investigations of the properties of some types of coatings based on HEAs,
their carbides and nitrides, are presented in Pogrebnyak et al. (2014, 2016a,b); Gor-
ban et al. (2015); Braic et al. (2012); and Tsai et al. (2010). In Gorban et al. (2015) it
is demonstrated that during a magnetron sputtering of TiZrVNbTa, AlCrFeCoNiCuV,
and TiZrHfNbTaCr alloys, the coatings of different phase composition with a hard-
ness of 10.0-19.0 GPa and elastic modulus of 106.0-192.0 GPa are formed.

The review (Pogrebnyak et al., 2014) considers a large number of works devoted
to the practical use of HEAs: nuclear power engineering, energy engineering, tools
manufacture, etc. It is expected that HEA-based coatings will have a high heat resis-
tance and thus improve the performance properties of refractory alloys. The scientific
and technical information regarding the production of diffusion coatings on the basis
of high-entropy alloys is limited. In the present work, a method of a diffusion metal-
lization for creation of HEAs coatings is presented (Voroshnin et al., 2010).

The aim of this work is to establish the possibility of HEAs coatings production
on the surface of a nickel alloy by involving elements of the substrate (Ni, Cr, W,
Mo, Ti, Co, Al) and saturating elements (Ti, Al), to determine the composition and
structure of the obtained coatings after different regimes of chemical-thermal treat-
ment.

2. MATERIALS AND METHODS

As an object of research a superalloy on NiCrCoTiAIWMo the nickel base:
Cr (14.8%), Co (10.6%), Ti (4.5%), Al (0.7%), W (5.2%), and Mo (2.1%) was select-
ed. This alloy belongs to a class of deformed alloys produced at high temperatures.
The typical thermal treatment consists of two steps of hardening: the first one from
1200 to 1210°C for 4 h of holding; the second — from 1050°C with 4 h of hold-
ing; cooling in air; aging at 850°C for 8 h (Kolomytsev, 1991). Technologically it is
predominant to carry out chemical-thermal treatment at a second hardening tempera-
ture of 1050°C. The cooling after titanium—aluminum saturation was conducted with
speeds of 25-30°C/min and 10-15°C/min.

The saturation with titanium and aluminum was performed in the mixture of
powders: Ti (50 wt.%), Al (10 wt.%), Al,O3 (35 wt.%), and NH4CI (5 wt.%) in
a consumable storage container at 1050°C for 4 h. Some amount of samples was
subjected to preliminary nitriding by physical vapor deposition. The nitride layer
(Ti, Zr)N of thickness 5.5-6.0 pum was used as a barrier. The X-ray diffraction pat-
terns were produced with a DRON-3M diffractometer in monochromatic Cu-K|, ra-
diation, to identify the phase composition; the Powder Cell 2.2 software package
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was applied. A layer by layer analysis was made by mechanical grinding of the
specimen’s surface on diamond discs. The thickness of the removed diffusion zone
was about 15 pum.

The chemical composition of the coatings was examined by electron microprobe
analysis with a CamScan 4D electron scanning microscope and an INCA-200 energy
analyzer, an error of the measurement is +0.3%. Microstructural studies were carried
out on a CamScan 4D electron microscope after etching the samples with a Murakami
reagent, followed by 3.0% solution of nitric acid in ethanol. The microhardness mea-
surement and the specification of the coating thickness were determined with a PMT-3
meter, no less than in 20 fields of view.

3. RESULTS AND DISCUSSION

Depending on the speed of cooling after titanium—aluminum metallization and the ini-
tial surface conditions, samples were obtained after three different regimes of chem-
ical-thermal treatments (the saturation mixture preserved its composition, as well as
temperature—time conditions were preserved at 1050°C, for 4 h):

1) titanium—aluminum saturation; cooling rate at 10—15°C/min;

2) titanium—aluminum saturation; cooling rate at 25-30°C/min;

3) titanium—aluminum saturation of the samples with a preliminary nitride layer (Ti,
Z1)N; cooling rate at 10—15°C/min.

The results of the phase and chemical composition, structure examinations of the
coatings obtained on nickel superalloy are shown in Figs. 1 and 2 and Tables 1 and 2.
It is established that titanium—aluminum metallization leads to the formations of mul-
tiphase and multilayer coatings characterized by the presence of cladding and bound-
ing zones. According to the results presented, the samples produced by regimes 1 and
3 differ in the structure, phase compositions, and in the distribution of chemical ele-
ments over the thickness of the coatings.

The feature of the coating structure obtained by regimes 1 and 2 is the presence
of an outside zone of oxides in a multilayer: Al,O3, NiyTi4O, and Me3NizO (where
Me is Ti or Al) and an oxynitride zone Ti(N, O), Fig. 1, zone 1. The total thickness
of the layer is 5.0-8.5 pum. The concentrations of chemical elements in this zone is
as follows: Ti 48.0-52.5 wt.% and Al 10.0-18.2 wt.%. Among the elements of the
substrate, the largest content is that of nickel: 20.5-31.6 wt.%; the concentrations of
cobalt and chromium are 2.5 and 1.5 wt.%, respectively.

The absence of oxides in the coatings, produced by regime 3, besides the Al,O3
layer, is caused by the influence of the barrier layer (Ti, Zr)N, as well as by the
conditions of formation of titanium—aluminum coatings. It is clear that the barrier
layer inhibits nickel supply from the substrate to the surface, and thus contributes to
the occurrence of titanium- and aluminum-rich phases, reducing the ability of the ap-
pearance of oxides. The layer with a high titanium and aluminum content is situated
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FIG. 1: Distribution of chemical elements over the thickness of titanium—aluminum coatings
on the NiCrCoTiAIWMo alloy; regime 1

on the outside of the coatings, and corresponds to the compound Nig,Aly 4Tig 4 (a =
0.5011; ¢ = 0.8079 nm).
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FIG. 2: Microstructure of titanium—aluminum coatings on the NiCrCoTiAIWMo alloy (elec-
tron microscope); regime 1, zone II

This compound, which is also known as Ti(Ti,Ni,Al(j_y,)), is seen on the phase
diagram Al-Ti-Ni and is denoted as the A-phase (Klopotov et al., 2013; Schus-
ter et al., 2007). The thickness of Nig,Aly4Tip4 layer is 9.5-10.5 pm. It should be
mentioned that the concentration of aluminum through the whole layer remains at
18.8-24.4 wt.%.

Zone I in the coatings of regimes 1 and 2 is microstructurally defined as a light
or dark-gray streaks. The individual layers of oxides have clear boundaries as almost
straight lines and the advanced boundary with zone II, which caused a different thick-
ness of the oxide layer.

Zone 11 is dark-gray in color with some light impurities of a separate phase in the
central part of the coatings (regime 1, Fig. 1, Table 2). The size of the light impuri-
ties does not exceed 0.6-0.8 um. The maximum content of impurities was found in
the center of zone II — 25.0-28.0%. Light compounds have the following atomic
composition: NipyCrzgAl;5Co4Ti;gMosWs. The dark-gray matrix, where the impuri-
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TABLE 1: Phase composition and characteristics of titanium—aluminum* coatings on
the NiCrCoTiAlWMo alloy

Coa- Lattice Thick- Micro-
Regime . Phase Composition** Parameter, ness, hardness,
g tings P
nm pm GPa
I. Oxides:
TiyNi,O a=1.1371 | 1.5-2.0 6.6-6.8
Me;3NizO a=1.1248 | 2.0-4.0 o
Ti(N,0) a=0.4220 | 2.0-4.5
II. Heterogeneous zone
dark substrate (external):
. NigrAlp4TizeCrCos;
T1ta- light crystals (external): 290
nlum.— Clad- Ni38A120Ti14Cr9C08M05W6 0.2943 24 0 19.3
alumi- ding dark substrate (internal): 0.2896 : 10.9
num zone NiygAl35TisCrsCosW( sMos
r.net'fll- light crystals (internal):
11(Z3't1.0n Ni39A121Ti10Cr20C07M01W2
regi-
me 1) II1. Heterogeneous zone
(column structure)
light crystals: 11.0-
NizsCI‘40C010MO]0W15; - 12.0 2:4-15.3
dark crystals:
Ni45CI‘35A18C08W4
Bound- v - - 8.0-10.0 | 4.6-3.0
ing zone
I. Homogeneous zone a =0.5007
: . . .5-10. .2-6.
Tlta' N120A135T138CI‘3_0C04_0 ¢ =0.8070 9.5-10.0 6 6.8
211:11:::1__ II. Heterogeneous zone
dark substrate:
S:t‘i:;_ NigyAly7Tiy; CogCra 02956 | 2:0-12.0  12.0
tion the light crystals
samples Clad- (Ti, Zr)N 0.4330 4.5-5.0 22.1
p\;velltilini- ding dark substrate:
nary zone | NigoAlppCogTirgCrioMorWis | 940 | 60-12.0 | 3.2-4.6
nitride light crystals: -
layer Ni22A15C012Ti7Cr26M08W20
(Ti, III. Heterogeneous zone
Zr)N (column structure)
(regi- light crystals: - 6.0-8.0 3.2-6.2
me 3) the main elements:
Ni, Cr, Co, W;
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TABLE 1: (continued)

. . Phase Lattice Thick- Micro-
Regime Coatings . Parameter, hardness,
Composition** ness, pm
nm GPa

Titanium—alumi- . dark crystals:

num saturation Cl;g;l;ng the main elements: - 6.0-8.0 3.2-6.2
the samples with Ni, Cr, Co

a preliminary
nitride layer (Ti, | Bound- vV - - 5.0-10.0 | 4.0-3.0
Zr)N (regime 3) Ing zone

*Titanium—aluminum saturation at 1050°C for 4 h; cooling rate 10-15°C/min.

**Phase and structural components of the coating are located from the surface to the substrate;
on the outside there is a layer of Al,O3

TABLE 2: Chemical composition of individual components of titanium—aluminum
coatings on the NiCrCoTiAIWMo alloy; regime 1, zone II

Spectrum Element Content, wt.%

no. Al Ti Cr Co Ni Mo W
Spectrum 1 12.29 4.08 27.92 6.28 39.93 2.20 7.29
Spectrum 2 | 15.83 5.24 11.74 7.68 5291 1.36 5.25
Spectrum 3| 11.19 15.72 13.17 10.30 43.86 1.57 4.20
Spectrum 4 8.02 10.35 30.95 6.94 30.46 3.47 9.81
Spectrum 5 8.15 8.59 30.39 6.47 31.24 4.13 11.03
Spectrum 6 | 20.70 8.64 13.77 8.19 48.71 — -
Spectrum 7 | 12.44 24.82 5.74 8.19 48.81 - -
Spectrum 8| 17.28 5.71 5.96 9.38 61.67 — -

ties are distributed, corresponds to the phase with a bec lattice (a = 0.2943 nm). The
other part of the coating with titanium concentration of about 5.0 wt.% corresponds
to a compound with a smaller period of a lattice (¢ = 0.2896 nm). The difference
between the known lattice period of the stoichiometric composition of phase NiAl
(a = 0.2887 nm) (Kolomytsev, 1991) and the one defined in the work is caused by the
presence of titanium, chromium, and cobalt dissolved in its structure (Fig. 2, Table 2).

It should be noted that molybdenum and tungsten are not included into the dark-
phase matrix. A similar relation between element’s distributions was identified in the
zone of columnar crystals. The number of elements, participating in the high-entropy
alloys formation, rises to nine. They are iron, whose content in the center and outside
the columnar crystal’s zone does not exceed 0.5 wt.%, and rhenium. When the con-
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centration of rhenium in the transition zone is 0.8 wt.%, its content in the light co-
lumnar crystals zone is 1.5 wt.%. Under the layer of columnar crystals, another zone
of light-gray columnar crystals is located on the dark-gray background. The columnar
crystals of this zone are mostly a continuation of the previous columnar crystals. In
some cases, the areas of the mentioned structure are located at a distance from the
coating layer, Fig. 1. The light-gray columnar crystals contain mostly Ni, Cr, Co, and
W in the amount 44.5 wt.%, 21.5 wt.%, 11.0 wt.%, and 11.0 wt.%, respectively.

The structure of zone II in the coatings of regime 2 corresponds to the coatings
structure produced by regime 1. The coatings of regime 2 differ in size and com-
position from the multicomponent light compounds in zone II. The compounds are
formed in the light-gray substrate of the high-entropy phase (¢ = 0.2939 nm). The
light impurities in the center of zone II have the following atomic composition:
Nip4Cr3gAl;6Co4Ti1)MosWs. This phase is also a bit alloyed by titanium. At the same
time, the light impurities on the outside of the diffusion zone have the composition:
TigsWo5Mo7NigAl4Cr;Co,, where titanium is a basic element.

The structure of zone II in the coatings of regime 2 (Fig. 3) corresponds to the
coatings structure produced by regime 1.

v

FIG. 3: Microstructure of titanium—aluminum coatings on the NiCrCoTiAIWMo alloy (elec-
tron microscope), regime 2
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The coatings of regime 2 differ in size and compositon from the multicomponent
light compounds in zone II (Fig. 3). The compounds are formed in the light-gray sub-
strate of the high-entropy phase (¢ = 0.2939 nm). The light impurities in the center
of zone II have the following atomic composition: NiyyCr3cAl;Co4Ti;oMosWs. This
phase is also a bit alloyed by titanium. At the same time, the light impurities on the
outside of the diffusion zone have the composition: TigsW,5M07NigAl4Cr;Co,, where
titanium is a basic element.

The rate of cooling of samples after titanium—aluminum saturation in regime 2 is
almost two times lower than in regimes 1 and 3. It is believed that a relatively higher
rate of cooling promotes the formation of a fine structure in zone II, suppressesing the
excretion of the titanium-based multicompounds in the diffusion zone.

The barrier layer (Ti, Zr)N in the original alloy slightly slows down the extraction
of elements from the substrate to the surface, as well as the diffusion of saturation
elements in the alloy during the titanium—aluminum metallization (Khizhnyak and
Arshuk, 2011). The thickness of coatings in regimes 1 and 3 is practically identical.
The titanium—aluminum saturation of regime 3 is accompanied by the appearance of
Nig»Alg 4Tig 4 compound on the outside layer (Fig. 4, zone I).

The main constituent of zone II is the layer of the phase with a bcc lattice
(@ = 0.2956 nm), on the gray background of which the golden-yellow line of
(Ti, Zr)N phase with a 5.0-5.5 pum thickness is distinguished, and almost white im-
purities of different shapes: round shape with a diameter of 5.0-8.5 um, elongated
in a rectangular form 10.0 x 1.0-1.5 um, etc. The atomic constituents of this com-
pound correspond to NiypyCry7WogAlsCo12TizMo5. The impurities of this phase are
mainly situated in front of the (Ti, Zr)N layer. In the publications (Maboyadzhan
et al., 2008; Klopotov et al., 2013) the possibility of the appearance of the p-phase
type (Ni, Co)7(Cr, W, Re, Mo) in W-, Mo-, and Cr-rich zones on the refractory
alloys is demonstrated. It is possible to consider the formation of p-phases of dif-
ferent compositions after the titanium—aluminum metallization on the nickel alloy
investigated.

The (Ti, Zr)N layer, which divides zone II into two parts remains without destruc-
tions, pores, and cracks after the titanium—aluminum saturation. As a result of the
chemical-thermal treatment it is dissolved in the (Ti, Zr)N layer into 1.8 wt.% Ni,
0.5 wt.% Cr, and 0.3 wt.% Al. The microanalysis proves the presence of Zr only in
the (Ti, Zr)N layer, which confirms the stable existence of this compound in chemi-
cal-thermal treatment.

The concentration of titanium in the heterogeneous columnar crystals zone re-
mained as previously at a level of 6.4 wt.%. At the same time, a substantial change in
the concentration of Co, Al, Cr, Ni, Mo, and W in this case is caused by a different
content of elements in light and dark parts of the coatings. The concentrations of Mo,
W, and Cr in the NiAl layer at a distance of 1.5-2.0 um from the zone of colum-
nar crystals are 0.3 wt.%, 1.0 wt.%, and 6.2 wt.%, respectively (regime 2). The con-
centration of the same elements in the white columnar crystals achieves 36.8 wt.%,
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FIG. 4: Distribution of chemical elements over the thickness of titanium—aluminum coatings

on the NiCrCoTiAlWMo alloy; regime 3

6.5 wt.%, and 20.1 wt.%, respectively, and falls in the direction of the border with a

substrate.
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Directly under the layer of columnar crystals, a layer of gray and dark-gray crystals
with well-defined, almost a straight border with the previous zone, is situated. The
crystallographic bonds between the grains of both layers are evident in the continuing
dark and light grains of the columnar zone, the shape, sizes, and grain’s morphology
of the boundary zone.

The microhardness of separate intermetallic layers, heterogeneous structures on the
basis of the coatings phases obtained range from 2.4 to 15.3 GPa. The microhardness
of the (Ti, Zr)N layer after the titanium—aluminum saturation increased from 20.5 GPa
to 22.1 GPa due to the alloying of the nitride phases with aluminum and nickel. The
microhardness of the bounding zone is somewhat different from the microhardness of
the substrate, and its values are affected by the regime of the chemical-thermal treat-
ment. Under the layer of columnar crystals, the microhardness of the bounding zone
is 4.0-4.3 GPa, and it reduces to the value of the substrate of 3.0-3.1 GPa.

4. CONCLUSIONS

In the present work, the possibility of the formation of HEAs coatings on the surface
of nickel alloy is shown by combining physical vapor deposition of nitride (Ti, Zr)N
and diffusion titanium—aluminum metallization, which was conducted in a mixture of
Ti, Al, Al,O3, and NH4CI1 powders.

It is found that the coatings obtained consist of the NipAlITi, NiAl, and
Nig oAl 4Tig4 (A-phase) compounds, oxides, and the p-phase. The presence of a
barrier layer (Ti, Zr)N is accompanied by changes in the phase composition and in
the structure of the titanium—aluminum coatings. Instead of small spherical p-phase
impurities of diameter 0.5-1.5 um, large (2.5-15.0 wum) complicated-shape grains of
the same phase are formed near the (Ti, Zr)N layer. The high entropy Nig,Alg 4Tig 4
(A-phase) layer occurs as a result of the barrier layer with the interaction of satura-
tion elements.

The microhardness of separate intermetallic layers, heterogeneous structures of the
coatings after the titanium—aluminum saturation enhances from 2.4 to 15.3 GPa, when
the microhardness of the (Ti, Zr)N layer increases negligibly up to 22.1 GPa.

The obtained titanium—aluminum coatings with the (Ti, Zr)N barrier layer on a
nickel alloy by phase, chemical composition, and the structure can be promising in
terms of the high temperatures and corrosive environment conditions.

Further studies will be directed at establishing the heat resistance, mechanical prop-
erties of the coatings produced, as well as at the improvement of the processing of
chemical-thermal treatments.
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