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Microstructural investigations of NiCrAlY + Y,0s stabilized ZrO,
cermet coatings deposited by plasma transferred arc (PTA)

Camélia Demian *, Alain Denoirjean, Lech Pawtowski, Paule Denoirjean, Rachida El Quardi

SPCTS (UMR CNRS 7315), European Ceramic Center, University of Limoges, 87068 Limoges, France

Plasma transferred arc (PTA) deposition process was applied to develop high temperature protective cermet
coatings, metallurgically bonded to the substrate. In this work, yttria-stabilized zirconia (YSZ) filler with two dif-
ferent particle sizes was added into NiCrAlY to develop cermet coatings. Microstructural characterizations using
optical and scanning electron microscopes revealed that the addition of 20 vol.% of YSZ modified considerably the
morphology of the coating. The formation of tetragonal zirconia, resulting from high temperatures and rapid so-
lidification during surfacing process, was revealed by the X-ray diffraction of the NiCrAlY + 20YSZ composite. The
microhardness filiation performed on the composites was influenced by the presence of the YSZ filler particles

into the composite coatings.

1. Introduction

The protection of industrial tools against wear and corrosion is now-
adays an important issue based on economic reasons. Ni based alloys
are commonly used for surfacing industrial tools, e.g. hot forging dies
[1], molds for the glass industry [2], etc. These alloys have outstanding
mechanical properties especially at elevated temperatures from 400 to
800 °C, such as wear abrasion and corrosion resistances, as well as
high stability of these properties. MCrAlY alloys are frequently used as
functional top coating or for a bond coating and are particularly useful
in protecting surfaces against high temperature degradation [3]. Fur-
thermore, they can increase the durability and service life of substrates
[4]. Due to their extensive applications in components protection of gas
turbines and aero engines [5], many studies have been developed over
the last decade, reporting on microstructural characterization or me-
chanical behavior testing [6] of such coatings.

A new area of such coating applications may be developed by adding
filler particles to MCrAlY base matrix in order to form composite coat-
ings. Thermally sprayed MCrAlY composite coatings with improved
functional properties by the addition of reinforcements such as CeO,
[6], Al;O5 [7], ceria/yttria stabilized zirconia (CSZ) (Zr0O,-25CeO,-
2.5Y,03) [8], or yttria-stabilized zirconia (YSZ) (Zr0O,-8Y,0s3) [9-11],
are well known for their remarkable mechanical properties, corrosion
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resistance and thermal stability. However, the poor bonding between
the splats of the metal oxide reinforcement (fillers) and the matrix,
the formation of cracks or the porosity represent typical drawbacks of
thermally sprayed coatings. Some post-spray treatments such as an-
nealing [12] or laser remelting [ 13] may be useful in order to avoid or re-
duce these defects and to improve the coating - substrate bonding
strength, or to induce a metallurgical bonding with the substrate.

Some of the drawbacks encountered in coatings developed by ther-
mal spray processes can be eliminated by using surfacing techniques,
such as laser cladding or plasma transferred arc (PTA). MCrAlY alloy
and composite coatings were developed in particular by laser cladding
process [14-18]. The method can be considered as an alternative to
thermal spraying for high temperature protective coatings. Similar to
laser cladding, PTA deposition process is a widely used process to devel-
op Ni based composites [ 19,20] on different substrates. Influence of filler
particles such as Cr3C, [21,22], TiC-NiMo [23] or Mo [24,25] on the mi-
crostructure and properties of Ni based composites deposited by plasma
transferred arc were also studied [26]. Finally, the improved mechanical
behavior and refined microstructure were reported in the metal matrix
composite (MMC) coatings obtained by PTA using 0.8 wt.% nano-Al,03
particles filler in a nickel-based alloy matrix [27].

This paper focuses on the investigation of metal matrix composite
(MMC) coatings deposited by PTA process. The composites were pre-
pared using mechanical mixtures of YSZ (ZrO,-13 wt.% Y,03) having
different volume concentrations which were incorporated in the
NiCrAlY matrix. The morphology and the structure of the composite



coatings were analyzed by microscopic observations, energy dispersive
spectroscopy and X-ray diffraction. Mechanical properties of the MMC
coatings were evaluated by microhardness filiation.

2. Experimental conditions
2.1. MMC coatings elaboration

Substrate used for surfacing is medium carbon steel type AISI 1035
of 25 mm thickness (chemical composition: 0.35-0.39 wt.% C,
<0.40 wt.% Si, 0.50-0.80 wt.% Mn, 0.015-0.035 wt.% S, <0.63 wt.%
Cr 4+ Ni 4+ Mo and Fe balance). NiCrAlY powder used as matrix is a
gas atomized powder (Fig. 1a). It is a commercial H.C. Starck powder
AMPERIT 413.6 provided by Flame Spray Technologies BV, Netherlands
with chemical composition of 22 wt.% Cr, 11 wt.% Al and 0.9 wt.% Y, and
grain size distribution of 45-125 pm. Zr0,-13 wt.% Y03 powders with
grain size distributions of 22-45 um (Fig. 1b) and 5-22 pm, provided
by Medicoat (France) was used as filler. Three MMC powders were pre-
pared by mechanical mixing of the two powders using: (i) YSZ with the
granulation distribution of 22-45 um (10 and 30 vol.% in the mixture);
and (ii) YSZ with the granulation distribution of 5-22 pm (20 vol.% in
the mixture) with NiCrAlY metal matrix powder. ZrO,-13 wt.% Y,05
was added to NiCrAlY matrix in order to lower the thermal conductivity
of coatings. The variation in Y03 concentration results in stabilization of
zirconia in different crystal phases.

The mixtures were mechanically blended and dried at a temperature
of about 120 °C for 24 h. The substrate surface was prepared by grinding
and preheating in an open air furnace at a temperature of about 365 °C
for NiCrAlY 4+ 10YSZ coating and 400 °C for NiCrAlY + 20YSZ and
NiCrAlY + 30YSZ coatings in order to facilitate the metallic pool

Fig. 1. SEM micrographs (secondary electrons) of the powders used for coatings
deposition: a) NiCrAlY metal matrix powder; b) YSZ filler powder with grain size
distribution of 22-45 um.

formation. The PTA surfacing was performed using numerical control
equipment developed by DURUM S.A. (BARRAT Group), France. During
the surfacing process, the temperature measurements of the melted
pool were carried out using a FLIR SC600 infrared camera having a sen-
sibility in the range of the wavelengths A = 8 to 14 um. The temperature
measurements were performed at a distance of about 1.5 m from the
sample surface. Emissivity of the metallic pool of ¢ = 0.25 was
supposed.

The composite coatings were deposited in a single layer. The PTA
surfacing variable parameters such as transferred arc current, voltage
and surfacing real speed as well as the constant parameter during sur-
facing such as flow powder were reduced into one parameter which
represents the principal factors of deposition Q (J-s/mm-g) calculated
using Eq. (1):

o=, (1)

where: Prepresents the electrical power of transferred arc (W); v repre-
sents the surfacing scan speed (mm/s) and d represents the powder
feed rate (g/s).

The operational parameters used for MMC coatings processing are
collected in Table 1. After the PTA processing the specimens were cooled
down to the room temperature. Subsequently, they were subjected to a
heat treatment at 500 °C for 2 h and left into the furnace to cool down to
room temperature in order to reduce the residual stresses formed dur-
ing the surfacing process.

2.2. Characterization methods

The composite coatings were characterized by examination of the
morphology of coating - substrate system, in terms of macroscopic as-
pect, metallurgical bonding, and diffusion process between the chemi-
cal elements of the substrate and coating during surfacing. Dilution, as
the amount of the base material participating on the coating, was deter-
mined by image analysis using Image] software on the microscopic im-
ages on single layer deposits. The samples were analyzed using Philips
XL 30 scanning electron microscope (SEM) equipped with energy dis-
persive X-ray spectroscopy (EDS) analyzer. The samples were initially
metallographically prepared following conventional procedure. The mi-
crostructure of the MMC coatings was revealed by electrochemical etch-
ing using chloric (HCl) and acetic (CH3COOH) acids. The X-ray
diffraction analysis was performed using a Bruker D8 ADVANCE equip-
ment with a “lynx eye detector” and the monochromatic radiation of
Cu-Kal with the wavelength of A = 1.54060 nm. The acquisitions
were made between angles 20 = 20° and 90°. The evaluation of me-
chanical properties using Vickers micro-hardness test was performed
on the metallographic sections of the coatings using a Buehler MicroMet
6040 Vickers tester with a load of 300 g and a dwell time of 15 s.

3. Results and discussions
3.1. MMC coatings morphology

Fig. 2 presents the microstructures of NiCrAlY + 10YSZ,
NiCrAlY + 20YSZ and NiCrAlY + 30YSZ coatings and their interfaces
with the substrate. NiCrAlY 4+ 20YSZ coating (Fig. 2c) has a similar
aspect at its interface with substrate as the NiCrAlY + 10YSZ one
(Fig. 2a). The island including oxides in the vicinity of interface
with the substrate can be observed in the higher magnification
image for the NiCrAlY + 20YSZ coating (Fig. 2c). The composite
coatings including 10 and 20 vol.% of YSZ had a dilution of about
25%. Such dilution indicates a good bonding to the substrate. Smaller
dilution and, consequently, poor bonding to the substrate can be ob-
served in the case of NiCrAlY + 30YSZ coating. During the surfacing
process an oxide layer including metallic particles was formed at the



Table 1
PTA experimental conditions.

Coating Parameter Q Current of Plasma gas flow rate  Shielding gas flow rate Ar  Oscillation Powder carrier gas flow Torch to substrate
description  (J-s/mm-g) transferred arc (W)  Ar (L/min) + H, (L/min) speed (mmy/s) rate (L/min) distance (mm)
NiCrAlY + 4884 162 14 14 39 35 8

10YSZ
NiCrAlY + 4972 153 39

30YSZ
NiCrAlY + 4001 160 49

20YSZ

interface with substrate. Some fine cracks can also be observed in the
coatings in the vicinity of the substrate. Due to the agglomeration of
YSZ filler particles during the surfacing process, oxide islands were
observed in all MMC coatings. The aspect of these islands is similar
to the oxide layer at the interface with substrate, as it particularly
easy to observe in NiCrAlY + 30YSZ coating (Fig. 2b). In general, a
non-wetting behavior can be attributed to the nature of contact be-
tween the YSZ ceramic and NiCrAlY metallic matrix [28]. During
the PTA process deposition, an amount of the YSZ particles were ag-
glomerated to form the oxide islands or to the interface with sub-
strate, while another amount was dispersed into the matrix. After
the coating deposition, more oxide islands were formed into the
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Fig. 2. MMC coating-substrate interface (not etched and etched samples for macroscopic
and microscopic aspect respectively): a) NiCrAlY + 10YSZ; b) NiCrAlY + 30YSZ (filler
size of 22-45 pm); c) NiCrAlY + 20YSZ (filler size of 5-22 pym).

coatings with larger particle size of YSZ due to the larger contact
area with the metallic matrix. This is also due to the larger amount
of YSZ filler in the case of NiCrAlY + 30YSZ coating. The reason of
using composite mixtures containing two sizes of YSZ particles was
to test which size of filler particle is suitable to obtain homogeneous
coatings using PTA process. The formation of the islands is correlated
to the process parameters and especially with Q-parameter. The pa-
rameter was required to be high in order to obtain the coatings hav-
ing large size of YSZ particles. Inversely, this parameter was smaller
to obtain the coating with small size filler particles. Using a lower
oscillation speed correlated with high current of transferred arc,
metallurgical bonding was realized between the NiCrAlY + 10YSZ
coating and substrate. In the case of NiCrAlY + 30YSZ, keeping con-
stant the oscillation speed but decreasing the current of transferred
arc, oxide islands were formed at the interface with substrate. Then,
the oscillation speed and current of transferred arc were increased
for the deposition of NiCrAlY + 20YSZ to assure high energy disper-
sion on the local contact between plasma of transferred arc and sub-
strate. Moreover, low oscillation speed contributes in increasing of
Q-parameter (see Eq. (1)).

A dendritic microstructure was observed in all three composite
coatings (see Figs. 3-5). The matrix has a modified y-Ni phase/3-NiAl
phase solidification microstructure, typical of the laser cladded MCrAlY
alloys as shown elsewhere [15]. EDS microanalyses of the MMC coatings
are shown in Figs. 3b, 4b and 5b and revealed a Ni matrix with Cr and Fe.
The presence of iron into the matrix coatings can be explained by
the element diffusion from the substrate into the coatings during
the surfacing process. The additional EDS microanalysis made at
the interface of coating and substrate for NiCrAlY + 10YSZ coating
confirmed the Fe diffusion. The intermetallic (Ni,Al) phase was ob-
served in the interdendritic zones for all the processed coatings.
Moreover, the initial filler particles of YSZ were also detected in
the interdendritic zones. This can be explained by the contact be-
tween a solid ceramic particle as YSZ and the metallic pool of
NiCrAlY at high temperatures attained during processing. The
NiCrAlY + 10YSZ coating has a small porosity in the vicinity of
the YSZ particles (Fig. 3a). Contrary, the NiCrAlY + 30YSZ and
NiCrAlY + 20YSZ had no such porosity (Figs. 4a and 5a). The pres-
ence of the porosity into the composite coating (including matrix)
with a lower amount of YSZ filler particles (NiCrAlY + 10YSZ)
comparing to the NiCrAlY + 30YSZ can be due to the lower value
of Q-parameter. This was obtained by using a higher current of
the transferred arc at the elaboration process (Table 1) correlated
with a lower substrate temperature. The preheating temperature
of the substrate (365 °C) was also kept constant during the process-
ing. Finally, it was impossible to obtain dense coating. The lower
particle sizes deposited at constant pressure of carrier gas
improved the microstructure of the coating containing 20% of
YSZ. The dispersion of the small size of YSZ particles was better in
such coating.

EDS microanalysis on an oxide island formed into the
NiCrAlY + 20YSZ coating is shown in Fig. 6 and reveals a few phases. So-
lidified matrix particles inserted into the oxide island were observed.
The EDS microanalysis reveals the presence of Ni solid solution with
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Fig. 3. SEM microstructure (a) and EDS elemental composition microanalyses (b) of
NiCrAlY + 10YSZ (etched sample).
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Fig. 4. SEM microstructure (a) and composition microanalyses (b) of NiCrAlY + 30YSZ
(etched sample).
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Fig. 5. SEM microstructure (a) and composition microanalyses (b) of NiCrAlY + 20YSZ
(etched sample).

intergranular Cr and (Zr,Y,0) based phases and an Al based phase. On
the contrary, the oxide island includes (Zr,Y,0) intragranular phase
and (ALO) intergranular phase.

The structures of the three composite coatings are similar. The X-ray
diffraction diagram of the NiCrAlY + 20YSZ was investigated and com-
pared to those of initial powders (see Fig. 7). It confirmed the presence
of the precipitated phases.

The metal matrix powder is composed of several phases: Cr, Al
and B (Ni,Al) in Ni solid solution and a secondary (Ni,Y) compound.
The YSZ filler powder is composed of two phases: a main ZrO,
cubic phase and a secondary phase of monoclinic ZrO,. The X-ray dif-
fraction diagram of the composite coating analyzed in longitudinal
section revealed few low intensity peaks of Cr and 3 (Ni,Al) phases
and does not show any ZrO, phase. This indicates the preferential
growth in single direction of the dendrites oriented perpendicular
to the substrate. The X-ray diffraction of the composite coating was
analyzed on the transversal section and indicated similar metallic
phases in Ni solid solution and two ZrO, phases: cubic and tetrago-
nal. The monoclinic zirconia was not detected. The rapid heating
and cooling during the surfacing process could have led to the con-
version of the cubic phase into tetragonal phase. Similar phase trans-
formation was reported in the case of composite NiCrBSi + 60 vol.%
YSZ coatings elaborated by laser cladding [29]. The analysis of phase
diagram of zirconia - yttria system indicates that at the cooling from
the melting point, zirconia has a first structural transformation from
cubic to tetragonal at about 2340 °C and the second one, from tetrag-
onal to monoclinic at about 1170 °C [30]. Thus, the tetragonal zirco-
nia phase revealed by the X-ray diffraction of the composite coating
could have resulted from the structural transformation of zirconia
from monoclinic to tetragonal at about 1200 °C. The structural trans-
formation of zirconia was possible because of high temperatures
attained during the PTA coating deposition. The temperature of the
metal pool was measured to be in the range from 1800 to about



Fig. 6. SEM microstructure and EDS elemental maps microanalyses of an oxide island (NiCrAlY + 20YSZ coating - etched sample).

2400 °C. The solidification process of the metal pool is quite longer in
time (about ms) for the PTA process comparing to laser cladding.

3.2. MMC coatings mechanical properties

Vickers microhardness filiation was realized. Fig. 8 shows the HV 3
values for the MMC coatings through the heat affected zone (HAZ)
and down to the substrate.

Three different levels of hardness such as lowest HV 5 for the sub-
strate, intermediate HV 3 for the HAZ and highest HV 3 for the MMC
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Fig. 7. X-ray diffraction diagrams of NiCrAlY + 20YSZ coating; YSZ filler and NiCrAlY
matrix initial powders.

coating can be observed in all tested cases. The oxide islands detected
in the MMC coatings reached the values of about 1500 HV, in all
three cases. The satisfactory average microhardness is 493 4+ 38,
482 + 40 and 309 + 33 HVq 3 for NiCrAlY + 10YSZ, NiCrAlY + 30YSZ
and NiCrAlY + 20YSZ coatings respectively. For the coatings with met-
allurgical bonding (NiCrAlY 4 10YSZ, NiCrAlY + 20YSZ) lower values of
microhardness of about 250 HVj 3 can be observed in the vicinity of the
interface with substrate. This can be explained by diffusion of Fe into the
coating in proportion of about 20% for NiCrAlY + 20YSZ (Fig. 5b) and
30% for NiCrAlY + 10YSZ (Fig. 3b). The higher average hardness of the

1600
£ o1
1400 Mn‘ﬁlr I —NiCrAlY+10YSZ (22-45 um)
‘ l NiCrAlY+30YSZ (22-45 um)
1200 ‘ | M [ ~NiCrAlY+20YSZ (5-22 pm)
1000 ‘|
= 800
T
600 [
b ““*Hgm HAZ e
200 ol ! — 0
MMC coating Substrate
0.
0 15 20

oo 40
Distance (mm)

Fig. 8. Vickers micro-hardness filiation of the MMC coatings (HAZ represents the heat
affected zone).



NiCrAlY + 10YSZ and NiCrAlY + 30YSZ coatings is due to the oxide
islands (higher hardness points in the Fig. 8) presented in the coatings
in a higher proportion comparing to the NiCrAlY + 20YSZ coating. How-
ever, lower average microhardness can be noted in the case of
NiCrAlY + 20YSZ. This is possible due to the smaller particle size of
YSZ filler well distributed into the NiCrAlY matrix during the PTA pro-
cessing. Absence of microstructural defects such as oxide islands was
detected in the case of NiCrAlY + 20YSZ coating. The good metallurgical
bonding to the substrate correlated with high energies induced during
surfacing by higher scan speed (see Table 1) conducted to lower down
the average microhardness.

4. Conclusions

The composite coatings of NiCrAlY with an addition of 10, 20 and
30 vol.% YSZ were deposited on the medium carbon steel using plasma
transferred arc process. Using high currents of transferred arc, good
metallurgical bonding between the coating and substrate can be obtain-
ed in the case of NiCrAlY + 10YSZ and NiCrAlY + 20YSZ coatings.

The microstructure analysis revealed some porosity in the vicinity of
the larger YSZ particles (22-45 pm) for the NiCrAlY + 10YSZ coating.
NiCrAlY + 30YSZ coating (larger YSZ particles: 22-45 pm) did not re-
veal such porosity but the metallurgical bonding was not realized.
NiCrAlY + 20YSZ coating with small filler grain size (5-22 pm) did
not reveal porosity. In spite of the not wetting behavior between the liq-
uid matrix and YSZ ceramic, the smallest YSZ particles could have been
incorporated into the NiCrAlY matrix due the limited contact area.

Some oxide islands detected in all composite coatings formed during
the surfacing process might have resulted from the agglomeration of the
YSZ particles. The X-ray diffraction enabled the detection of the tetrag-
onal zirconia. Composite coatings with larger particle sizes presented
high average Vickers microhardness (HVp3): 493 + 38 for
NiCrAlY + 10YSZ and 482 + 40 for NiCrAlY + 30YSZ due to the pres-
ence of the oxide islands. NiCrAlY + 20YSZ coating presented an aver-
age Vickers microhardness (HVp3) of 309 + 33 explained by the
reduced number of oxide islands.

Finally, it was found out that cermet coatings including small parti-
cles of YSZ filler in a concentration of 20 vol.% into a NiCrAlY matrix
was the optimal choice among all tested in the presented conditions.
This is due to the better incorporation of YSZ small particles into the
metal matrix, good metallurgical bonding to the substrate, and the ab-
sence of microstructural defects in the coating morphology but lower
microhardness. Regarding mechanical properties, the best option
might be NiCrAlY + 10YSZ and NiCrAlY + 30YSZ to further realize com-
posite coatings using PTA process.
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