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Abstract

Pd+Zr and Pd+Hf co-doped aluminide coatings were deposited on the nickel superalloy Mar-M247 by palladium
electroplating followed by zirconization-aluminization or hafnization-aluminization processes. Both coatings consisted of
two zones, the outer and the interdiffusion zone consisting of the [-(Ni,Pd)Al phase. Hafnium and zirconium formed
inclusions deposited at the edge of the zones and near the surface (only in the Zr+Pd modified coating). The oxidation
resistance of the aluminide coating co-doped with Pd+Zr was significantly better than the one co-doped with Pd+Hf. The
hafnium content in the Pd+Hf co-doped coating could exceed the limit.
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1. Introduction

Thermal barrier coatings (TBCs) are applied to
improve the efficiency of gas turbine engines. They
can decrease the temperature on the turbine blades
made of nickel based superalloys by more than 150K.
Thanks to these coatings, gas turbine engines can
operate at temperatures above the melting point of
nickel-based superalloys [1]. Aluminide coatings are
often used as bond coats due to their oxidation
resistance, and small amounts of noble or reactive
metals incorporated into the coating significantly
improve its protective properties [2, 3]. Aluminum
forms an oxide that protects the superalloy from
oxidation. Platinum, which dissolves in the NiAl
phase and forms a (Ni,Pt)Al phase, improves the
oxide scale adhesion to the substrate, slows the oxide
growth [4] and prevents diffusion of refractory
elements from the substrate [5]. Unfortunately, the
“rumpling” phenomenon reduces the cyclic thermal
stresses resistance. The rumpling of the Pt-modified
aluminide coating is caused by the thermal expansion
mismatch between the aluminide and the underlying
superalloy and plastic deformation of the coating and
the oxide [6]. Palladium dissolving in NiAl to form
(Ni,Pd)Al phase, improves the cyclic oxidation and
hot corrosion resistance of the coating [7], accelerates
0-ALO, to a- ALO, transformation [8] and increases
B-NiAl phase lifetime [9]. The addition of small
amounts of reactive elements to aluminide coatings
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with [10] or without [11] noble metals results in
further improvement of the coatings’ oxidation
behavior [12], oxide scale adhesion and growth rate
reduction [13]. Reactive elements form oxides that
precipitate at the oxide/coating interface [14].
According to the dynamic segregation theory these
oxide pegs, [15], slow down Al outward diffusion and
change the oxide scale growth mechanism to inward
oxygen diffusion and reduce the oxide growth rate
[16]. Hafnium diffusing from the substrate into the
coating and aluminum oxide, improves the propensity
for oxides rumpling [17] and high temperature
mechanical properties [18]. Zirconium dioxide
reduces the oxide creep rate [19], whereas a small
addition of zirconium (0.1%at.) reduces cracking of
the spalling scale [11].

The strategy of co-doping, i.e., introducing more
than one dopant, leads to better improvement of
thermal and mechanical properties of aluminide
coatings than single doping [13, 16]. Zirconium
implemented into the Pt-modified aluminide coating
forms oxide pegs and increases the spallation
resistance of the coating. Zirconium and platinum
were deposited by the electroplating process.
Subsequently, the aluminide coating was deposited in
the gaseous phase aluminization process on a second-
generation Ni-base single crystal superalloy [1]. Co-
doped (Zr and Pt) aluminide coatings reduced the
tendency of oxide scale spallation, lowered the
oxidation rate constant and surface rumpling better
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than single-doped aluminide coatings [1]. Therefore,
it seems, that the thermal and mechanical properties
of other co-doped aluminide coatings are worth
further attention.

This paper presents the results of investigation of
Pd+Zr and Pd+Hf co-doped aluminide coatings
deposited on Mar-M247 nickel-based superalloy.
Mar-M247 is used for turbine blades, rotors and
stators [20]. It is a polycrystalline cast nickel-based
superalloy. It has a multiphase structure consisting of
vy and v’ phases. Aluminium content of 5-6 at.% is
sufficient to form AlLO, layer during oxidation, but
this layer is neither thick nor continuous enough to
protect the superalloy against oxidation. Therefore,
protective coatings should be applied [21]. According
to Mei et al. [21], the oxidation resistance of
NiCoCrAlTaY coated Mar M247 superalloy is better
than that of the uncoated one as far as the corrosion in
dry air [21] or in molten Na,SO, vapour [22] are
concerned. Qian et al. [23] proved that ZrO,
nanoparticles incorporated into PtAl coatings
improved the oxide scale growth rate and rumpling
resistance of the coating.

Although the oxidation resistance of coated and
uncoated Mar-M247 was thoroughly investigated and
many kinds of coatings were analyzed, the Pd+Zr and
Pd+Hf co-doped aluminide coatings have not yet been
applied and analyzed. Therefore, this paper deals with
the analysis of chemical and phase composition of the
Pd+Zr and Pd+Hf co-doped aluminide coatings and
comparison of their oxidation resistance after 500
hours of oxidation in the air at 1100°C.

2. Experimental

The chemical composition of the Mar-M247
(polycrystalline) substrate is as follows: 0.15 wt-% C,
10 Co, 8.25 Cr, 5.5 Al, 10 W, 3 Ta, 0.7 Mo, 1 Ti, 0.5
Fe, 0.015B, 0.005 Zr, 1.5 Hf, balance Ni. The
palladium layers were deposited electrochemically on
circular samples, with a diameter of 14 mm and a
height of 4 mm. This 3-step procedure was described
in details in references 24 and 25. The parameters of
the Pd plating process were as follows: current density
- 10 mAcm, bath temperature — 550C, time — 11 min,
palladium chloride concentration- 13.3 g dm™. Then,
aluminide coatings were deposited on the samples
with palladium layers in a zirconizing-aluminizing
process, described in details in reference 26 or
hafnizing-aluminizing process, described in details in
reference 27. These processes consisted of four
stages: a) heating to 1040°C, b) aluminizing for 6
hours at 1040°C, zirconizing with aluminizing or
hafnizing with aluminizing for 6 hours at 1040°C, d)
cooling to room temperature. The samples were
oxidized at 1100°C for 20 hours, then cooled slowly to
the room temperature, weighted and inspected.

Twenty fife cycles were executed. Surface and cross-
section of coated samples before and after oxidation
were analyzed by microscopic methods (SEM, EDS)
and XRD analysis with Cu anode. The Powder
Diffraction File, International Centre for Diffraction
Data, Pensylvania, USA 2002, database was used.

3. Results
3.1. Microstructure of the Pd+ Zr co-doped
coating before oxidation

Figure 1 presents the surface morphology and
EDS spectrum of the coating before oxidation. The
coating consisted mainly of Ni, Al, some Pd and a
small amount of refractory elements (Co, Cr, Fe)
diffused from the substrate (Fig.la, Table 1). The
chemical composition corresponded to the B-NiAl
phase. Zirconium was located in small precipitates
(Fig. 1b, Table 2). The XRD pattern (Fig.2) confirmed
the presence of the [B-NiAl phase, whose lattice
parameter increased (0.6%). This proves that the
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palladium dissolved in the -NiAl phase, enlarged the
B-NiAl crystal lattice parameter and the B-(Ni,Pd)Al
phase was formed. Moreover, the existence of Hf rich
phases (HfH, ., [28, 29] with the 0.02% smaller
lattice parameter or HfC [2, 15] with the 0.6% larger
lattice parameter) was revealed.

Table 1. Chemical composition on the surface of the Pd+Zr
co-doped aluminide coating deposited on the Mar-
M247 substrate (at.%), Fig.la

Spot Al Pd Cr Fe Co Ni

1 44.9 4.1 0.8 0.7 4.8 447

2 293 4.9 1.0 1.4 5.5 58.0

3 44.5 5.3 0.6 0.8 4.0 44.8

4 15.0 3.8 0.8 1.5 6.6 72.4
Table 2. Chemical composition on the surface of Pd+Zr

aluminide coating deposited on the Mar-M247
substrate (at.%), Fig.1b

Spot | Al Zr Pd Cr Fe Co Ni
1 54 1.2 | 57 | 02 | 06 | 28 35
2 549 | 1.1 54 | 06 | 06 | 26 | 351
3 39.9 0 58 1 03 | 07 | 40 | 493

Figure 3 presents the cross-section of the coating.
It consisted of two zones, the outer one, 25 um thick
and the interdiffusion one, 20 um thick. The outer
zone consisted of the B-(Ni,Pd)Al phase, as confirmed
by the XRD analysis (Fig.2). SEM-EDS analysis of
the chemical composition revealed small amounts of
zirconium (0.6 at.%), hafnium (1.9 at.%) and
refractory elements (Cr, Co, Ta, W). The aluminum
content decreased from 49.4 at.% close to the surface
(Fig.3, spot 1) to 36.6 at.% close to the boundary

betweenthe outer and interdiffusion zones (Fig.3,
Table 3, spot 3). The palladium content decreased
from 5.3 at.% to 3 at.%, whereas the nickel content
increased from 40.5 to 47.5 at.% (Fig. 3, Table 3, spot
1 and 3, respectively). Such a distribution is typical
for diffusive aluminide coatings [30]. Hafnium and
zirconium rich inclusions were observed on the border
of two zones (Fig.3, spot 4). The interdiffusion zone
contained a large number of precipitates of refractory
elements that diffused from the substrate (Fig.3 spots
5-10). The phenomenon of two zones, a chain of
hafnium and zirconium rich precipitates on the border
of the zones and inclusions containing refractory
elements in the interdiffusion zone on the MAR
M200+Hf superalloy was reported by Pytel et al. [30].
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Figure 3. The cross-sectional microstructure of the Pd+Zr
co-doped aluminide coating deposited on the
Mar-M247 substrate
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Figure 2. XRD diffraction of the Pd+Zr co-doped aluminide coating deposited on the Mar-M247 substrate
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Table 3. Chemical composition on the cross-section of the Pd+Zr co-doped aluminide coating deposited on the Mar-M247
substrate (at.%), Fig.3

Spot Al Zr Mo Pd Ti Cr Fe Co Ni Hf Ta W
1 49.4 - - 53 - 0.5 0.6 3.7 40.5 - - -
2 313 0.6 - 3.8 4.6 35 0.6 59 41.7 1.9 5.4 0.9
3 36.6 - - 3.0 0.8 4.5 0.5 6.7 47.5 - - -
4 25.1 2.4 - 2.8 9.8 4.9 0.4 5.4 353 9.4 3.9 0.6
5 11.7 0.6 4.5 1.6 1.4 35.0 0.5 3.6 20.2 0.8 - 20.1
6 32.1 - - 24 2.1 8.3 0.4 7.6 43.8 2.1 0.8 0.3
7 34.8 - - 2.5 1.0 5.1 0.5 7.0 47.8 0.6 - 0.5
8 39 - 0.7 0.3 0.5 72.2 0.7 4.4 10.1 - 0.5 6.8
9 7.3 - 24 0.7 0.5 24.5 1 17.8 21.3 - 1.0 23.4
10 5.0 - - - 13.4 43 - 4.1 16 28.7 28.5 -
11 15.6 - 0.1 0.1 1.7 8.8 0.3 9.2 60.2 1.1 0.7 2.0

3.2. Microstructure of the Pd+ Zr co-doped
coating after oxidation

The oxidized coating consisted mainly of oxygen
and aluminum with small amounts of tungsten,
titanium, chromium, iron, cobalt nickel, hafnium, and
zirconium (Fig.4, Table 4). After 500 hours of
oxidation scale remained almost intact, only small
spalled areas were visible. The scale was composed of
a-ALO,, ZrO,, HfO,, AINi,, TiO, and Nig, Pd , (Fig.5).
The lattice parameter of a-Al,O, phase was 0.2 %
enlarged, whereas the lattice parameter of the AINi,
phase was 0.7% enlarged. That suggest, that
palladium dissolved in these lattices and enlarged
them [28, 29].

The scale was 6 um thick, composed of AL,O, with
some cracks up to 10 pm deep (Fig.6). The structure
of the coating below the scale remained intact. Two
zones were clearly visible: the outer and the
interdiffusion zone, both 20 pm thick. The outer zone
contained mainly nickel, aluminum and small
amounts of palladium and other refractory elements.
The interdiffusion zone contained mainly nickel and
aluminum with a large number of precipitates of
refractory elements. These two zones were separated
by a chain of zirconium and hafnium rich inclusions.
(Fig. 6, spots 5,6) During oxidation the aluminum
concentration in the outer layer significantly
decreased (from more than 40 at. %, Table 3, to less
than 20 at. Table 5). This fact can be attributed to

ALO, formation. Moreover, hafnium and zirconium
diffused to the surface (Table 5, spot 1) and formed
ZrO, and HfO, (Fig. 6, Table 5).

3.3. Microstructure of the Pd+Hf co-doped
coating before oxidation

Figure 7 presents the surface morphology and
EDS spectrum of the coating before oxidation. The
coating consisted mainly of Ni, Al, some Pd and small
amounts of refractory elements (Co, Cr, Fe) that
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Figure 4. Surface morphology of the oxidized Pd+Zr co-
doped aluminide coating deposited on the Mar-
M247 substrate

Table 4. Chemical composition on the surface of oxidized Pd+Zr co-doped aluminide coating deposited on the Mar-M247

substrate (at.%), Fig.4

Area/Spot o Al W Zr Ti Cr Fe Co Ni Hf
Area | 56.2 424 - 0.6 0.1 0.1 - 0.1 0.4 0.1
Area 2 55.0 43.0 0.1 0.7 0.2 0.1 0.1 0.1 0.6 0.1
Spot 1 57.5 41.4 - - 0.1 0.2 - 0.1 0.6 0
Spot 2 57.2 39 - 0.8 0.1 0.2 0.1 0.2 2.0 0.1
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Figure 5. XRD diffraction of oxidized Pd+Zr co-doped aluminide coating deposited on the Mar-M247 substrate

Table 5. Chemical composition on the cross-section of the oxidized Pd+Zr co-doped aluminide coating deposited on the

Mar-M247 substrate (at.%), Fig.6

Spot (0] Al Zr Mo Pd Ti Cr Fe Co Ni Hf Ta w
1 61.2 19.5 2.5 - 0.5 - 0.4 - - 3.8 12 - -
2 - 19.9 - - 1.7 1.2 4.9 0.4 7.4 61.7 - 1.2 1.6
3 - 19.5 - 0.1 1.6 1.3 49 0.3 7.6 61.8 - 1.2 1.7
4 - 17.7 - - 1.3 11.8 4.6 0.3 6.4 522 1.4 2.7 1.4
5 - 14.3 2.1 - 1.7 1.4 4.6 0.3 6.2 51.7 15.7 0.8 3.1
6 - 19.5 0.1 0.1 1.5 1.6 4.8 0.4 7.5 60.8 0.9 0.9 1.8
7 - 19.4 - 0.1 1.5 1.2 4.8 0.4 7.5 62.2 - 1.2 1.8
8 - 3.0 - 2.8 - 0.8 21.7 0.6 124 | 253 - 2.6 30.8
9 - 11.8 - 0.2 0.6 0.6 15.2 0.6 12.8 55.0 - 0.7 2.4
10 - 15.3 - 0.2 0.7 1.0 10.4 0.5 104 | 58.0 0.4 0.7 24
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Figure 6. The cross-sectional microstructure of the oxidized
Pd+Zr co-doped aluminide coating deposited on
the Mar-M247 substrate

diffused from the substrate (Fig.7, Table 1). The XRD
pattern (Fig.8) confirmed the presence of the B-NiAl
phase, whose lattice parameter increased (0.4%). This
proved that palladium dissolved in the B-NiAl phase,
enlarged the B-NiAl crystal lattice parameter and the
B-(Ni,Pd)Al phase was formed.

The coating consisted of two zones (Fig.9). The
outer zone, 20 um thick and the interdiffusion zone,
25 pum thick. The outer zone consisted of the -
(Ni,Pd)Al phase, as confirmed by the XRD analysis
(Fig.8). The aluminum content decreased from 46.2%
close to the surface (Fig. 9, spot 1) to 31.8% close to
the boundary betweenthe outer and interdiffusion
zones (Fig.9, Table 7 spot 4). The palladium content
decreased from 12.2% to 5.5%. Such distribution is
typical for diffusive aluminide coatings [30]. Hathium
rich inclusions were observed on the border of two
zones (Fig.9, spot 5) and the chain of hafnium rich
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inclusions was visible in the outer zone, a few pum
above the border of the zones. The intediffusion zone
contained a large number of precipitates of refractory
elements that diffused from the substrate (Fig. 9, spots
6-8). The phenomenon of two zones and a chain of
hafnium rich precipitates and inclusions containing
refractory elements in the interdiffusion zone was
reported by Pytel et al. [30] on the MAR M200 +Hf
superalloy.

3.4. Microstructure of the Hf+Pd co-doped
coating after oxidation

Two kinds of areas were clearly visible on the
surface of the sample (Fig. 10). The light areas

(areal, spotl) were composed of nickel, aluminum,
palladium and refractory elements, whereas the dark
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Figure 7. Surface morphology (a) and EDS spectrum of
area 1 (b) of the the Pd+Hf co-doped aluminide
coating deposited on the Mar-M247 substrate

26

ones (area 2, spot 2,3) were composed of aluminum
and oxygen with small amounts of hafnium,
palladium and refractory elements. XRD analysis
revealed the following phases: a-Al,O,, HfO,, AINi,,
TiO, and Nig,Pd,, (Fig.11). The dark areas contained
oxides, whereas chemical and phase composition of

Table 6. Chemical composition on the surface of the the
Pd+Hf co-doped aluminide coating deposited on
the Mar-M247 substrate, (at.%), Fig.7

Area/Spot | Al Pd Cr Fe Co Ni
Area 1 428 | 53 1.2 1.0 5.1 | 447
Area2 | 439 | 5.8 1.1 0.8 4.8 | 43.6
Spot 1 40.5 | 5.7 0.9 1.0 5.1 | 46.7
Spot 2 454 | 5.6 1.0 0.8 4.7 | 429

20.0( m

Figure 9. The cross-sectional microstructure of the Pd+Hf
co-doped aluminide coating deposited on the
Mar-M247 substrate
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Figure 8. XRD diffraction of the Pd+Hf co-doped aluminide coating deposited on the Mar-M247 substrate



J. Romanowska et al. / J. Min. Metall. Sect. B-Metall. 59 (2) (2023) 243 - 254

249

Table 7. Chemical composition on the cross-section of the palladium hafnium modified aluminide coating deposited on the

Mar-M247 substrate (at.%), Fig.9

Spot Al Mo Pd Ti Cr Fe Co Ni Hf Ta \W%
1 46.2 - 12.2 - 1.1 1.1 5.9 52.9 - - -
2 35.7 - 6.5 4.7 2.7 1.1 4.5 343 5.0 43 1.3
3 38.4 - 43 0.5 3.7 1.5 6.6 449 - - -
4 31.8 - 5.5 6.3 3.2 1.4 49 34.1 6.2 5.6 1.0
5 26.0 4.1 0.6 4.0 1.7 5.0 32.6 13.7 43 1.0
6 37.4 - 42 2.1 8.3 0.4 6.9 44.8 0.8 - -
7 19.4 3.1 3.0 0.8 13.0 2.0 10.5 28.2 - 1.3 17.9
8 31.6 0.9 33 0.8 8.3 1.8 8.7 36.2 - 1.1 7.3
9 16.0 0.1 0.4 1.4 8.7 1.5 10.7 56.9 0.6 0.7 3.0
10 7.6 1.8 - 0.7 16.4 0.2 11.4 434 - 0.6 17.9
11 - 0.9 - 35.4 2.6 - - 9.7 4.8 34.2 12.1

T det [ mode

mag O | spot
20.00 kV[10.0 mm| 1000 x | 5.5 | 298 um |CBS| Custom

HV | WD

Figure 10. Surface morphology of the Pd+Hf co-doped
aluminide coating deposited on the Mar-M247
substrate

the lightareas was the same as the aluminide coating
(Figure 7, Table 6). It proves, that after 500 hours of
oxidation light areas of the scale composed of a-
AlLO,, HfO,, TiO, spalled and the light areas of the
coating became clearly visible.

The cross—sectional microstructure of the oxidized
coating (Fig. 12) was very similar to the unoxidized

one (Fig. 9). The same two zones, the chain of Hf rich
inclusions on the border of the zones, no oxide scale.
The outer zone contained mainly nickel, aluminum
and small amounts of palladium and other refractory
elements. The interdiffusion zone contained mainly
nickel and aluminum with a large number of
precipitates of refractory elements. There was no
oxide layer.

3.5. Okxidation resistance

The oxidation resistance of the Pd+Zr co-doped
aluminide coating was compared with the Pd+Hf co-
doped one (Fig. 13). Mass changes and samples areas
were measured. The accuracy of the measurement was
as follows: area - 0.001 cm, weight — 0.0001g. During
the initial (incubation) period (40 hours) the weights
of both coatings increased. The weight uptakes of the
Zr modified coating are bigger (up to 0.5 mg/cm?)
than of the Hf modified one (up to 0.3 mg/cm?).
Similar phenomenon was observed by Wei et al. [31].
In the next stage, up to 100 hours, weights of both
samples remained stable and then the weight of the
hafnium modified one decreased whereas the weight
of the other coating remained stable till the end of the
experiment.

Table 8. Chemical composition on the surface of the oxidized Pd+Hf co-doped aluminide coating deposited on the Mar-

M247 substrate (at.%), Fig.10

Area/Spot O Al W Ta Pd Ti Cr Fe Co Ni Hf
Area 1 - 30 0.2 0.3 6.0 0.6 4.1 0.3 53 53.2 -
Area 2 533 45.8 - - - - 0.4 - - 0.4 0.1
Spot 1 - 41.4 0.9 1.2 2.1 1.2 4.8 0.4 6.8 63.2 -
Spot 2 55.1 432 - - 0.2 - 0.5 - 0.1 0.5 -
Spot 3 49.5 31.1 - 0.8 - 0.1 0.8 - 1.0 7.4 9.9

Cross-section of the oxidized coating was similar to the coating before oxidation (Fig. 12)
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4. Discussion

Palladium and zirconium co-doped aluminide
coatings were successfully deposited on Mar M247
nickel superalloy, see Fig, 1-3 and Tables 2,3. The
obtained two-zone structure is typical for aluminide
coatings [24, 25]. The thickness ratio of the zones is
close to 5:4 and is similar to the results obtained by
other authors [32]. Both zones were built of the f-
NiAl phase. Palladium concentration is uniform
throughout the coating, in both zones (Fig. 3).
Palladium dissolved in the B-NiAl phase, enlarged its
lattice parameter of 0.6% and the B-(Ni,Pd)Al phase
was formed. Palladium substituted Ni atoms in the
lattice [8]. Reactive elements did not dissolve in the
B-(Ni,Pd)Al phase. Zr and Hf formed inclusions
situated at the border of the zones and some Zr rich
inclusions were found on the surface of the coating
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Figure 12. The cross-sectional microstructure of the Pd+Hf
co-doped coating after 500 h oxidation
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Figure 11. XRD diffraction of the oxidized Pd+Hf co-doped aluminide coating deposited on the Mar-M247 substrate

Table 9. Chemical composition on the cross-section of the oxidized Pd+Hf co-doped aluminide coating deposited on the

Mar-M247 substrate (at.%), Fig.12

Spot Al Mo Pd Ti Cr Fe Co Ni Hf Ta Y
1 34.5 - 7.6 0.4 4.0 0.4 4.6 48.1 - - -
2 20.5 - 2.0 1.3 5.1 0.4 6.9 61.3 - 1.1 1.5
3 18.7 - 2.0 1.2 4.6 0.3 6.5 59.0 5.2 0.8 1.7
4 13.6 - 1.6 12.8 43 0.4 5.9 49.6 3.4 6.5 1.9
5 19.1 - 1.6 1.3 4.4 0.3 7.3 62.7 - 1.2 2.0
6 - 2.6 - 0.4 11.0 0.5 7.4 13.8 - 49 59.4
7 14 0.3 0.9 0.9 12 0.7 11.4 56.3 - 0.9 2.7
8 3.9 0.2 30.5 - 2.0 0.2 2.9 19.2 5.4 325 3.0
9 3.1 2.8 - 1.0 21.5 0.8 12.1 243 - 2.0 3255
10 11.2 0.3 0.5 0.7 14.4 0.7 12.6 55.4 - 0.8 33
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Figure 13. Oxidation resistance of Pd+Zr and Pd+Hf co-doped aluminide coatings on the Mar-M247 substrate

and in the outer zone. This is evidence that zirconium
diffused from the vapor phase through the outer zone
and formed inclusions on the border of the zones,
whereas hafnium diffused from the substrate through
the interdiffusion zone and formed inclusions on the
border of the zones (Fig. 3). The similar chain of Zr
or Hf rich inclusions was observed at the border of
the zones in Zr or Hf modified coatings deposited on
CMSX-4 nickel superalloy or pure nickel [25, 26].
During the oxidation process the ALO, scale was
formed. The coating below the scale remained intact.
Both Zr and Hf diffused through the outer zone and
the AL,O, layer and formed oxides at the surface. The
oxidation resistance of the Pd+Zr co-doped
aluminide coating deposited on Mar M247 was
compared with the oxidation resistance of the Pd+Hf
co-doped coatings deposited on the same Mar M247
nickel superalloy. As indicated by the experimental
results, the Zr modified (Ni,Pd)Al coating had
significantly better oxidation resistance than the Hf
modified one (see Fig.7). It is worth mentioning that
Mar M247 nickel superalloy contained 1.5 %wt
hafnium. This hafnium diffused from the substrate
and formed Hf rich inclusions on the border of the
zones (Fig. 3), similarly to hafnium introduced to the
coating by the CVD method [25]. Therefore, the
analyzed coating should be regarded as the platinum,
zirconium and hafnium modified one. After the
oxidation, the coating was covered by the ALO,
scale. The presence of ZrO, and HfO, phases is an
evidence that both Hf and Zr diffused outward to the
surface and formed oxides that precipitated at the
oxide/scale interface. This phenomenon agrees with
the Wu et al. observation [14]. These oxides slowed
down Al outward diffusion [15] and changed the
oxide scale growth mechanism to the inward oxygen
diffusion and reduced the oxide growth rate [16].
This coating had significantly better oxidation
resistance than the hafnium modified one (see

Fig.13). It may be assumed that ZrO, inclusions in Pd
modified coating improved rumpling resistance
similarly to ZrO, inclusions in Pt modified coatings
[23].

In the hafnium modified coating hafnium was
introduced to the coating in the CVD process and
diffused from the substrate. Only a small amount of
hafnium (0.1-1wt%) improves the oxidation
resistance. Further increase of Hf content causes
deterioration of the oxidation resistance [17, 18]. It
seems that this phenomenon was observed in this
experiment. The oxide layer spalled from the coating
(Fig. 10 and 12). The cross—sectional microstructure
of the oxidized coating (Fig. 12) was very similar to
the unoxidized one (Fig. 9). The same two zones, the
chain of Hf rich inclusions on the border of the zones,
no oxide scale. When hafnium was introduced to the
coating by CVD process only, for example, to the
coating deposited on CMSX-4 nickel superalloy, the
oxidation resistance was better than for only
palladium modified coatings [24], but CMSX-4
superalloy did not contain hafnium [24], unlike Mar-
M247. Therefore, it may be assumed that the amount
of hafnium introduced to the coating by the CVD
method is sufficient to improve its oxidation
resistance and the additional hafnium diffusing from
the substrate caused the border value of 1% wt to be
exceeded [17, 18].

On the other hand, the synergistic effect of
palladium, zirconium and hafnium in Pd+Zr co-doped
coating was very promising. The oxidation resistance
significantly improved. It is worth mentioning that
zirconium and hafnium had similar properties and
both (a) lowered the growth of the oxide scale, due to
the inhibition of aluminum outward diffusion, (b)
suppressed formation of interfacial voids because of
the strong affinity between RE ions and sulfur, (c)
interfacial “pegs”, resulting from higher chemical
activity of RE ions contributed to the improvement of
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scale adhesion by stronger mechanical bonding at the
oxide/metal interface and (d) eliminated the ridge
structure and surface rumpling which are the initiators
of cracking in the oxide scale [11, 33]. Zr and Hf ions
first segregated to the scale/alloy interface and then
diffused to the oxide scale surface along oxide grain
boundaries. The slow outward diffusion of large Zr
and Hf ions stood against the outward diffusion of
aluminum ions and the inward diffusion of oxygen. It
was called a “blocking effect” and was supposed to
be responsible for reducing the alumina scale growth
rate [11].

5. Conclusions

The microstructure and cyclic oxidation behavior
of Pd+Zr and Pd+HTf co-doped coatings deposited on
Mar-M247 nickel superalloy were compared. The
following conclusions were drawn:

Both coatings consist of two zones, the outer and
the interdiffusion zone which are composed of the [3-
(Ni,Pd)Al phase.

Hafnium and zirconium formed inclusions that
precipitated at the border of the zones and close to the
surface (only in the Zr+Pd modified coating).

A large number of inclusions containing refractory
elements are locatedin the interdiffusion zone.

Oxidation resistance of the Pd+Zr co-doped
aluminide coating was significantly better than the
Pd+Hf co-doped one. Hafnium was introduced into
the Pd+Hf co-doped coating in two ways (diffusion
from the substrate and CVD process) and its content
could exceed the border value.
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MIKROSTRUKTURA I OTPORNOST NA OKSIDACIJU Pd+Zr I Pd+Hf KO-
DOPIRANIH ALUMINIDNIH PREVLAKA NANESENIH NA MAR-M247
SUPERLEGURU NIKLA
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Apstrakt

Pd+Zr i Pd+Hf ko-dopirane aluminidne previake nanesene su na superleguru nikla Mar-M247 galvanizacijom paladijuma
pracenom cirkonizacijom ili hafnizacijom. Obe previake su se sastojale od dve zone, spoljne i interdifuzione zone koja se
sastoji od P-(Ni,Pd)Al faze. Hafnijum i cirkonijum su formirali inkluzije deponovane na ivici zona i blizu povrsine (samo u
Zr+Pd modifikovanoj prevlaci). Otpornost na oksidaciju aluminidne prevlake ko-dopirane sa Pd+Zr bila je znacajno bolja
od one ko-dopirane sa Pd+Hf. Sadrzaj hafnijuma u Pd+Hf ko-dopiranoj prevlaci mogao bi premasiti granicu.

Kljucne reci: Superlegure nikla; Aluminidne prevlake; Hafnijum,; Cirkonijum,; Oksidacija
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