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High Temperature Sliding Wear of NiAl-based Coatings Reinforced by Borides
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The development of composite materials (CM) in the systems “metal-refractory compound” is one of the up-to-date trends
in design of novel materials aimed at operating under the conditions of significant loads at high temperature. To design
such material, NiAl, which is widely used for deposition of protective coatings on parts of gas-turbine engines, was
selected for a matrix. To strengthen a NiAl under the conditions of intense wear and a broad temperature range (up to
1000 °C), it is reasonable to add refractory inclusions. Introduction of refractory borides into matrix leads to a marked
increase in metal wear resistance. In order to research the behavior of the designed composites at high temperatures and
to study the influence of oxides on the friction processes, the authors carried out high temperature oxidation of CM of the
above systems at 1000 °C for 90 min. It was determined that all of the composites were oxidized selectively and that the
thickness of oxide layers formed on the boride inclusions is 3—7 times that on the oxides formed on the NiAl matrix. The
mechanism of wear of gas-thermal coatings of the NiAl—MeB: systems was studied for conditions of high temperature
tribotests using the «pin-on-disc» technique. The obtained results indicate that introduction of TiB2, CrB2 and ZrB: leads
to their more intense oxidation during high temperature tribotests as compared to the matrix. The oxides formed on
refractory borides act as solid lubricants, which promote a decrease in wear of the contact friction pairs. For more detailed
investigation of the effect of tribo-oxidation products on the friction processes, tribotests were conducted for prior oxidized
(at 900 °C) coatings NiAl-15 wt.% CrB2 (TiB2, ZrB>).
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wear resistance.

is limited because of their plasticity at high temperatures
[1,7,8,23,24].

To increase wear resistance of friction pairs in turbine
engine parts, up-to-date some materials based on the Ni-Al
and Fe (Ni)-Cr-Al-Y systems added with strengthening
refractory oxides HfO, and ZrO, have been developed
[5, 6, 8—17]. However, using oxides as functional fillers
does not provide required oxide-matrix adhesion through
the absence of wetting in these systems, which may cause

1. INTRODUCTION

Workability of parts and units in aircraft engines
depends on their capability to endure high loads and
corrosion and heat action of high temperature gas flows. It
is therefore necessary to pay particular attention to
capability of a constructional material to resist wear and
corrosion, that is, to provide it with required wear, heat and
corrosion resistances. The new generation of turboprop and

gas-turbine engines has challenged still harder and higher
operational requirements. The effective power of aircraft
engines essentially depends on the density of the rolling
turbine parts.

Adhesive wear is one of the most dangerous wear
mechanisms, which can be obtained during friction. The
adherence significantly increases at high temperature. One
of the ways for reducing of adherence is usage of brittle
intermetallic compounds [1].

Metallides on the basis of aluminum and nickel are
among the promising materials that meet the above
requirements. In particular, the Ni-Al system is
characterized by combination of high hardness with low
density along with high corrosion resistance. The NiAl
metallides are widely used in aerospace industry for
protective coatings on turbine engine blades [2-6].
However, the use of unalloyed metallides in frictional units
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their chipping and, as a result, increase in wear of friction
couple. Taking the above into account, the authors made
decision to develop materials on the basis of
metallide/refractory boride systems. A lot of research work
has been done on fabrication “NiAl/refractory boride”-
based composite materials and coatings [2 -4, 18 —24], but
only several studies have been done on the tribological
behavior of composite materials of NiAl-MeB, systems
under high temperature sliding wear [2—4].

The present work is devoted to investigation of
properties of both composite materials (CM) on the basis of
the NiAI-Ti(Cr, Zr)B;, systems and coatings from them. The
selection of these borides as strengthening phases was based
on their high hardness as well as high heat and wear
resistances. Also, at high temperature on the surface of
boride additives the composite oxide films, based on Ni, Al,
Cr, Ti or Zr can be formed [20]. These films can work as
solid lubricant, that's why they can decrease the wear of the
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coatings due to removing the adhesion between the friction
surfaces [1, 8, 15, 16].

2. EXPERIMENTAL PROCEDURE

Commercial powders of refractory materials such as
CrB,, ZrB,, TiB; and NiAl were used as initial components
for composite powders intended for manufacture of
coatings. The composite powders NiAl-15wt.% TiB,,
NiAl-15wt.% ZrB, and NiAl-15wt.% CrB, were
prepared via conglomeration of the initial components on
organic binder followed by sieving them up to 70—100 pm
fraction. Coatings were sprayed using air plasma spraying
(APS) technique. The spraying conditions are listed in
Table 1. The thickness of coatings was ~ 500 pm.

Table 1. APS-spraying conditions

Plasma gases flow rate, I/min
Argon (Ar) 50
Hydrogen (N2) 12...15
Power parameters
Current, A 350...360
Voltage, V 65
Spraying conditions
Distance, mm 120
Deposition rate, kg/hr 2

Keeping in mind that these materials are designed for
coatings working under the conditions of high temperatures
and loads, first of all the authors prepared composite
powders for deposition of coatings.

To establish the effect of Ti, Cr and Zr diborides
addition on the intensity and mechanism of wear of plasma
coatings on the basis of NiAl, the obtained coatings were
subjected to tribotests. Coatings for tribotests were sprayed
onto the ends of cylinder samples (h = 10 mm, @ = 10 mm).
Sprayed coatings were grinded using the grinding machine
before the tribotesting. Thereby average surface roughness
was in the range 0.4—0.6 pm rms. The tests were conducted
using a friction machine equipped with a high temperature
(500 °C) module according to the scheme «pin-on-disc».
The counterbody was plasma NiAl coating. The parameters
of testing were as follows: load N =8 MPa, number of
revolutions 1.4 m/s, and friction path 2000 m. The intensity
of wear was calculated as the wear loss divided by the
friction path. The wear loss was calculated from the
difference of mass of the samples before and after the
sliding of 1000 m.

To reveal the wear mechanism in the coatings, process
of high temperature oxidation of compact samples was
studied.

Compact CM, such as NiAl-15wt.% TiB,,
NiAl-15wt.% ZrB, and NiAl-15wt.% CrB,,  were
fabricated via sintering of green bodies from initial powder
mixtures at 1800 °C in a helium atmosphere.

The designed composite materials of the NiAl-MeB;
systems are aimed at operating in high temperature friction
assemblies in the form of both compact materials and
coatings. Processes running during operation of them at high
temperatures are of interest. The established regularities for
oxidation of CM under study make it possible to elucidate
the mechanisms of wear in materials operating at high
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temperatures. This will allow one to control processes of
tribosynthesis of intermediate antifrictional oxide phases
formed under friction and thus to achieve high tribological
characteristics of CM and coatings [1]. High temperature
oxidation of composites was conducted in air in a laboratory
electric furnace at 1000 °C for 90 min. In order to
quantitatively estimate the thickness of the oxide layers
formed after high temperature oxidation, the Auger analysis
was used.

Upon testing, the microstructure, chemical composition
of compact CM, coatings from them and friction surfaces of
the coatings were examined using JEOL JSM-840 (EDX-
analysis) and JEOL JAMP-9500F (Auger-analysis)
microanalyzers respectively.
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Fig. 1. Intensity of wear for plasma coatings

3. RESULTS AND DISCUSSION

In order to determine wettability and compatibility of
initial components, physicochemical interactions were
investigated in the systems «metallide-boride» including
determination of contact angles of wetting and examination
of the interaction zone. Herein no active chemical
interaction was observed, and contact angles were within
0°—20°. These results allowed for using Ti, Cr and Zr
borides as strengthening phases for the metallide NiAl.

The carried-out tribotesting investigations (Fig. 1)
revealed that the greatest wear is characteristic for the initial
plasma coating NiAl. It is worth noticing that addition of
each boride markedly increased wear resistance of the
metallide but the composite coating
NiAl-15 wt.% CrB, proved to be the most effective of all.
Obviously, the reason for the increase in wear resistance of
strengthened composite coatings as compared with that of
the initial metallide is based on the fact that under friction
boride particles undertake predominant part of the load
because they wear slightly thanks to higher hardness
[1,7,8,20, 23, 24].

The mechanism of wear was studied using the SEM-
analysis of friction surfaces (Fig. 2). Herein the following
peculiarities were revealed: the friction surface of NiAl
coating contained defect areas in the form of pickup of the
friction products, namely oxides (Fig.2a). The friction
track was in the form of 50200 um wide grooves, which
is evidence to seizure of the sample surface with the
counterbody material. The EDX-analysis indicated that the
friction surface structure was composed of oxide layers on



the basis of Ni and Al (supposedly, spinel NiAl,O,) and
Al,O3. Besides, there was fixed a phase corresponding to the
metallide NiAl. Evidently, preliminary heating during
tribotests (500 °C) caused local oxidation of contact
surfaces in the form of oxide films on the basis of Ni and Al.
Spinel films were spongy and easy to separate and remove
from the friction zone, which increased wear. Furthermore,
in the course of high temperature tribotests the surface of
NiAl coating was partly covered with an oxide Al,O3 film
as well, which destroyed through high plastic deformation
and partly moved out of the friction zone. This may lead to
seizure of contact friction surfaces, which resulted in
increasing coating wear. These results correlate with known
tribological theories and research results [1, 7, 8].

The structure of the friction surface of the
NiAl-15 wt.% CrB; coating was uniform with no marked
defects and areas of seizure and tear-out of material. As seen
in Fig. 2 b, by the microanalysis, the structure of friction
surface of this coating is similar to that of the initial coating
and is composed of two phases, namely the dominant NiAl-
based phase and CrB,-based phase.

The friction surface of the coating
NiAl-15 wt.% ZrB; is characterized by the presence of
areas with adhered counter-body material and nonuniform
distribution of slip lines over the friction surface. By the
microanalysis data, this coating is characterized by the
presence of a continuous oxide layer which contains Ni, Al
and Zr oxides on the friction surface (Fig. 2 ¢). With further
growth such layers separate and remove from the friction
zone, which causes an increase in wear.

The friction surface of the NiAl—15 wt.% TiB; coating
is characterized by occasional areas of seizure (Fig. 2 d).
Therefore a conclusion may be drawn that under friction in
the composite plasma  NiAl-15wt.% TiB, and
NiAl-15wt.% ZrB, coatings an oxidation-adhesion
mechanism of wear is predominantly realized, which

consists in oxidation of contact friction pair followed by
removing oxides formed. The microstructure findings are
consistent with the results for the intensity of coating wear.

To study the effect of the oxides formed on friction
surfaces on the mechanisms of wear, compact
CM NiAl-15wt.% CrB;,  NiAl-15wt.% ZrB,  and
NiAl-15 wt.% TiB, were oxidized in air at 1000 °C for
90 min (Fig. 3). Herein it was established that all of the
composites were oxidized selectively and the intensity of
oxide formation on refractory inclusions was several times
higher than that on the metallide matrix.

All of the composites oxidized at high temperature were
characterized by the formation of dense and continuous
oxide layers on the metallide matrix, whose composition, by
the microanalysis data, corresponded to aluminum and
boron oxides (Fig.3a—c, spotl). In contrary, oxide
formations on the surfaces of refractory conclusions,
namely grains of chromium diboride (Fig. 3 a, spot 2),
titanium diboride (Fig. 3 a, spot 3) and zirconium diboride
(Fig. 3 a, spot 4) were loose and their thickness was much
greater than that of oxide layers on the metallide matrix
(Fig. 3a-c).

The conducted experiments concerning high
temperature oxidation of the developed compact CM made
it possible to establish the mechanism of wear in the
tribosystems (NiAl-Cr(Ti, Zr)B;) — NiAl under friction at
high temperature (500 °C). It may be presented as follows:
addition of diborides leads to decrease in the resistance to
plastic deformation of the metallide and thus blocks
destruction of oxide layers formed on composite coating
under friction [7 -8, 23-24].

Additionally, the oxides formed on diboride grains in
the course of tribosynthesis play the part of a solid lubricant,
which at the initial stages of friction prevents the coatings
NiAl-MeB; and NiAl from seizure, and then the oxides
formed on the metallide matrix work [1, 8].

Fig. 2. Microstructure of coating friction surfaces after tribotests at 500 °C with a counterbody coating from NiAl for: a—NiAl;
b—NiAl-15 wt.% CrB2; c—NiAl-15 wt.% ZrB2; d—NiAl-15 wt.% TiB2
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Fig. 3. Microstructure of CM after oxidation in air at 1000 °C for 90 min: a—NiAl-15wt.% CrBz; b—NiAl-15wt.% TiBy;
c—NiAl-15 wt.% ZrB2; 1—aluminum and boron oxides; 2—grains of chromium diboride; 3—grains of titanium diboride;

4 —grains of zirconium diboride

The investigation of oxidized surfaces of developed
composites has shown that oxidation of the CM
NiAl-15 wt.% CrB; results in forming loose oxide layers
on the boride grain surfaces.According to the microanalysis
data, the composition of the layers corresponds to complex
oxides on the basis of Cr, B and Al, namely
Cr;03+ Al,O3 + B,03 (Fig. 3 a). The thickness of this oxide
layer is thrice that of the oxide on the metallide matrix.

During oxidation of CM NiAl-15wt%TiB; oxide phases
are formed on titanium diboride grains in the form of
volumetric conglomerations of 1 -2 um scales. The sizes of
the conglomerations fall in the region 5-15 um, which
agrees with the sizes of titanium diboride grains in the initial
composite (Fig. 3 b). According to the Auger-analysis data,
such formations corresponds to aluminum-alloyed titanium
oxide Ti(Al)O and TiO; [20]. Their thickness is 5 times that
of the oxide layer on the NiAl matrix.

CM NiAl-15 wt.% ZrB; is characterized by formation
of porous cracked oxide layers on inclusions of zirconium
diboride (Fig.3c). The reason for cracking may be
transition of ZrO. under heating (to 1000 °C) from the stable
low-temperature  monoclinic  modification into the
metastable tetragonal one, which is accompanied by
reduction in the volume of zirconium oxide by ~ 7 %.

The microanalysis data showed that on zirconium
diboride grains the ZrO oxides are formed, the thickness of
which is greater than that of the oxide layers by 7 times.

To sum up, a selective oxidation may positively affect
the operation of the developed CM at high temperatures and
loads as the formed oxides may play the role of a solid
lubricant and thus prevent contact friction pairs from
seizure, which finally leads to increase in wear resistance.
The obtained results correlate with known tribological
theories and the previous research results [1, 15].

4. CONCLUSIONS

The effect of addition of Ti, Cr and Zr diborides on the
wear resistance of developed composite NiAl-based
coatings was studied on the basis of high temperature
tribotests using a NiAl coating as a counterbody. The wear
resistance of the coatings was established to be much greater
than that of the initial metallide coatings. On the one hand,
the introduction of the above additives into metallide was
demonstrated to result in increasing rigidity and strength of
coating, which partly prevent Ni and Al based oxides from
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destruction thanks to reduction in plastic deformation of the
metallide matrix at high temperatures. On the other hand,
TiB,, CrB; and ZrB; inclusions oxidize more intensely
compared to the NiAl matrix and the formed oxides can
serve as a solid lubricant, which leads to increase in the
material wear resistance.
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