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Abstract: Three kinds of MCrAlY coatings with different aluminum contents (5%, 8%, 12%) were prepared by electrospark
deposition (ESD), their microstructure and oxidation behavior were studied by SEM and XRD. The results showed that the phase
composition of the coatings changed from single y-Ni to y-Ni+f-NiAl hypoeutectic to y-Ni+f-NiAl hypereutectic with increasing
aluminum content, and their solidification morphologies changed from cluster of cellular structure to cellular dendrites to coarse
dendrites with secondary arms. When exposed at 1000 °C, the coatings with higher Al content had a stronger tendency to form
0-Al,0; in the initial several hours. After 100 h of oxidation, a dense and adherent a-Al,O; scale formed on all of the three coatings
but the thickness of a-Al,O3 scale and the amount of remaining #-Al,0; increased with increasing Al content. These results revealed
different characteristics of ESD MCrAlY coatings which could provide scientific guidance for industrial application.
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1 Introduction

In recent years, cost effective repair and
refurbishment of gas turbine blades have increasingly
become an industrial practice because of economic
considerations. The coatings applied on the blades will
gradually degrade with increasing service time, but this
is not uniform due to extremely high surface
temperatures at some local areas of the component
surface. Usually, the whole coating on the blade surface
is stripped and then replaced, which limits the number of
allowable blade repairs to 2 or 3 times because of blade
wall thinning. Thus, it is highly desirable that a cost
effective method can be developed to deposit protective
coatings in specific regions in a more convenient way.

MCrAlY-type coatings are amongst the most
important protective coating materials applied to
counteracting hot corrosion and high temperature
oxidation. A variety of methods such as thermal
spraying [1,2], laser cladding [3,4] and electrospark
deposition [5,6] have been employed to produce
MCTrALY coatings. Because the turbine components base

alloys on which the MCrAlY coatings are applied are
often thermally sensitive, so that thermal spraying is
preferred in industrial application partly because it
reduces the thermal damage of the substrate. However,
the main drawback of thermal sprayed coatings is their
poor mechanical bonding to the base alloy and an
additional diffusion heat-treatment is generally required.
As an alternative, laser cladding has been proposed to
prepare MCrAlY coatings with strong metallurgical
bonding, but it may result in hot-cracking when trying to
weld the coatings on the thermally sensitive substrate. In
contrast, electrospark deposition can be used to produce
MCrAlY coatings with high bond strength and minimum
thermal damage, especially showing great potential to
apply MCrAlY coatings locally. MCrAlY overlay
typically contains 17%—30% Cr, 5%—12% Al and less
than 1% Y, thus assuring the formation of a protective
alumina surface scale upon high temperature services.
Some investigations have been made to characterize
microstructures and properties of MCrAlY coatings
produced by electrospak deposition [6,7], but the
knowledge about this is still very limited.

In the present work, three kinds of commercial
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MCrAlY powder with different aluminum contents (5%,
8%, 12%) had been prepared by electrospark deposition
techniques. The solidification microstructures and
oxidation behavior of these coatings were studied.

2 Experimental

A 3H-ES-6 ESD processing installation was
employed to deposit the coatings. The deposition was
carried out under the conditions of 960 W and 300 Hz
using a hand-held gun at room temperature with argon
protection.

A Ni-based superalloy, with the composition of
Ni—11.5Cr—8.5Co—3.3A1-3.35Ti—1.85Mo0—3.7W—3.9Ta—
0.05Zr (mass fraction, %), was cut into specimens with
dimensions of 10 mm X15 mm X2 mm as the substrate
material. The surface was ground to 600 grit SiC,
cleaned ultrasonically in alcohol, and then blown dry.
Three kinds of MCrAlY alloy powder with different
aluminum contents (5%, 8%, 12%) presented in Table 1,
referred to as MCr5AlY, MCr8AIY and MCrl12AlY
respectively, were selected for experiments.

Table 1 Chemical compositions of used MCrAlY alloy (mass

fraction, %)

Material Cr Co Al Y Ta Ni

MCr5AlY 25 8 5 0.5 - Bal.
MCr8AlY 20 24 8 0.5 4 Bal.
MCr12AlY 18 22 12 0.5 - Bal.

The electrode rods were made by laser powder
melting/casting forming. The microstructure of the three
electrode rods are shown in Figs. 1(a)—(c). In the
MCr5ALY electrode materials, the microstructure only
consisted of a ductile y-Ni solid solution matrix, while in
the MCr8AIlY electrode material, minor S-NiAl phase
appeared and dispersed in y-Ni matrix. In the MCr12AlY
electrode material; however, S-NiAl phase had become
major phase instead of y-Ni phase.

The oxidation kinetics of the deposited coatings at
the initial oxidation stage had been measured using the
thermogravimetry in ambient air at 1000 °C up to 24 h.
Additional isothermal oxidation tests without kinetics
determination were carried out in ambient air in a muftle
furnace at 1000 °C up to 100 h.

The phase compositions of as-deposited and
oxidized coatings were investigated by means of X-ray
diffractometry (XRD). The morphologies and chemical
compositions of the coatings and the oxide scales were
observed and determined by scanning electron
microscopy (SEM) equipped with an energy dispersive
spectrometer (EDS).
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L

Fig. 1 Microstructure of electrode materials: (a) MCr5AlY;
(b) MCr8ALY; (c) MCr12AlY

3 Results

3.1 Microstructure of coatings

Figure 2 shows the cross-sectional morphologies of
the as-produced coatings. As can be seen, the coatings
ranged in 200—-300 pum in thickness. There was apparent
diffusion layer lying at the interface between the coating
and the substrate for each case, indicating that the
coatings were metallurgically bonded to the substrates.
The coatings were dense with few pores which could be
reduced by selecting appropriate parameters.

Figures 3(a)—(c) show the XRD patterns for
the MCr5AlY, MCr8ALY and MCrl12AIlY coatings
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Fig. 2 Cross-sectional morphologies of as-deposited coatings:
(a) MCr5A1Y; (b) MCr8ALY; (c) MCr12AlY

respectively. It can be seen that the MCr5AIlY coating
consisted of a single y-Ni phase. With the increase of
aluminum content, the deposited coating displayed more
diffraction peaks. For the MCr8AIY coating, y-Ni phase
remained as the major phase, but minor S-NiAl phase
also appeared (Fig. 3(b)). While for the MCrl12AlY
coating, more -NiAl peaks were identified and became
the major phase (Fig. 3(c)).

Figures 4(a)—(c) show the microstructures of the
MCr5AlY, MCr8AlY and MCrl2AlY  coatings
respectively. All of the coatings were composed of
layered thin weld deposits and possessed a columnar
structure. However, the columnar structures in the three
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Fig. 3 XRD patterns of deposited coatings: (a) MCr5AlY;
(b) MCr8AIY; (c) MCr12AlY

Fig. 4 Microstructures of deposited coatings: (a) MCr5AlY;
(b) MCr8ALIY; (c) MCr12AlY
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deposited coatings exhibited some obvious differences.
In the MCr5AlY coating, the microstructure consisted of
clusters of cellular structure with various growth
directions. While in the MCr8AIY coating, the
microstructure presented parallel cellular dendrites
without secondary dendrite arms. In the MCrl2AlY
coating, however, secondary dendrite arms grew on the
primary dendrite trunks which highly oriented along the
growth direction. The primary dendrite arm spacings of
the coatings were about 0.3 um for MCr5AlY, 0.7 pm
for MCr8ALY, and 1.7 um for MCr12ALlY, respectively.

3.2 Oxidation behavior

Figure 5 shows the oxidation kinetics curves of the
three coatings exposed in air at 1000 °C up to 24 h
respectively. The curves were characterized by steeply
increase in the initial several hours and then leveling off
regardless of the aluminum content in the deposited
coatings. In addition, it can be seen that the coatings with
higher aluminum content had a greater mass gain than
the coatings with lower aluminum content.
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Fig. 5 Oxidation kinetics of deposited coatings at 1000 °C up to
24 h

Figures 6(a)—(c) show the surface morphologies of
the oxide scale formed at 1000 °C after 2 h on the
MCrSALY, MCr8AIY and MCrl2AlY  coatings
respectively. For the three coatings, a transient oxide
6-A1,0;5 could be commonly observed at the oxide/gas
interface, but the morphologies had a distinct difference
with different aluminum contents. For the MCrSAlY
coating, a little tiny needle-like 6-Al,O; could be
observed as independent clusters. While in the case of
MCr8ALY coating, a large amount of blade-like 6-Al,O;
almost covered everywhere. When compared with the
previous two coatings, long whisker-like 6-Al,O3
boomed on the surface of the MCr12AlY coating.

Figures 7(a)—(c) show the X-ray diffraction patterns
of the oxides formed on MCr5AlY, MCr8AIY and
MCr12AlY coatings after oxidation at 1000 °C for 100 h,

Fig. 6 Surface morphologies of oxide scale formed at 1000 °C
after 2 h: (a) MCr5ALlY; (b) MCr8ALY; (c) MCr12A1Y
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Fig. 7 XRD patterns of deposited coating oxidized after 100 h:
(a) MCr5ALlY; (b) MCr8ALY; (c) MCr12A1Y

respectively. For the MCr5AIlY coating, only a-Al,O;
peaks were identified. For the MCr8AlY coating, weak
6-Al,05 peaks appeared other than a-Al,O; peaks. As far
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as the MCrl2AlY is concerned, more and stronger
6-Al,05 peaks were identified in addition to a-Al,Os
peaks. The results suggested that the amount of the
remaining 6-Al,O; increased with increasing aluminum
content in the coatings.

Figures 8(a)—(c) show the surface morphologies of
the MCr5Al1Y, MCr8AIY and MCrl12Al1Y coatings after
oxidation at 1000 °C for 100 h, respectively. Different
types of surface morphologies were observed on the
three coatings. For the MCr5AlY coating, the overall
oxide scale was almost covered with flat and
short-clubbed a-Al,O; grains. When it comes to the
MCr8AILY coating, some needle-like 6-Al,O; was
presented as independent colonies and between these
6-Al,0; colonies, some short-clubbed a-Al,O; grains
were observable. In contrast to the case of the MCr8ALY

Fig. 8 Surface morphologies of oxide scale formed at 1000 °C
after 100 h: (a) MCr5ALY; (b) MCr8ALY; (c) MCr12A1Y

coating, well developed blade-like -Al,0; was observed
everywhere on the surface of the MCr12AlY coating and
because 0-Al,O; formed a complete layer covering on the
surface, a-Al,0O; formed underneath was hardly seen
from surface observation.

Figures 9(a)~(c) show the cross-sectional
microstructures of the MCr5AlY, MCr8AlY and
MCr12AlY coatings after oxidation at 1000 °C for 100 h.
Oxide scale formed on the three coatings was different
although all of them had a continuous and adherent layer
assumed to be a-Al,O;. For the MCr5SALY coating, the
oxide scale was pretty simple and thin, only containing a
single a-Al,O; layer. With increasing Al content, the
oxide scale became thicker and more complex. For
the MCr8AIlY coating, a few independent oxide grains

(a)
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Fig. 9 Cross-sectional morphologies of oxide scale formed
at 1000 °C after 100 h: (a) MCr5AlY; (b) MCr8AlY;
(c) MCr12AlY
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assumed to be #-Al,O; appeared, adhering to the surface
of the continuous a-Al,O; layer. Compared with the
MCr5ALY coating and MCr8AIY coating, a complex
layered oxide scale formed on the MCrl12AlY coating
including a discontinuously thick 8-Al,O; outer layer and
a continuously dense a-Al,O5 inner layer.

4 Discussion

Electrospark deposition is a pulsed micro-welding
process and micro-deposit produced by spark discharge
can metallurgically bond, even epitaxially solidify to
form a dense multilayer coating [5]. During electorspark
deposition, individual weld pool is generally around
several micrometers to tens of micrometers thick, thus
cooling can be considered unidirectional through the thin
weld pool and super-high temperature gradient can be
expected [6]. With this high cooling rate, over-saturated
solid solution state will be obtained, as the dissolved
elements have insufficient time to segregate. For
MCr5ALlY, Al was almost completely dissolved into y-Ni
matrix, and did not segregate under such high cooling
rate during such short time, resulting in a single y-Ni
phase in the coating, as can be seen in Figs. 3(a) and
4(a). For MCr8ALlY, some residual Al reacted with Ni
and forms a trace of 5-NiAl, in addition to the major y-Ni
phase, and the high intensity indicated that y-Ni was
highly oriented, as shown in Figs. 3(b) and 4(b). For
MCr12AlY, there was enough Al element reacting with
Ni to form p-NiAl, and the f phase became the major
phase, as shown in Figs. 3(c) and 4(c). However, owing
to the high cooling rate, the dendrite has a high tendency
to grow directionally along the heat flux direction.
Therefore, it is no wonder that the solidification
morphologies of the MCrAlY coatings remained
columnar dendrites even when the phase compositions
changed from single y—(y+f hypoeutectic)—(S+y
hypereutectic) with increasing aluminum content.

At the same time, small volume of the weld deposit
involved and high cooling rate experienced in this
process ultimately resulted in a superfine and
homogenous microstructure along the coatings. The
superfine columnar structure resulted from ESD should
serve to enhance the oxidation kinetics by increasing the
number of diffusion paths for aluminum along the
coating [6,8]. However, the increase of aluminum
content might have influenced the cooling rate of the
coatings, either by reducing the conductivity of the
deposited layers, or reducing the heat generation of the
metal couples, which needed further investigation. In fact,
the rapid cooling rate can be calculated from the
following formula [9]:

T =(50/1)° (1)

where T is the cooling rate, K/s; A is primary dendrite

arms spacing, um. Therefore, the cooling rates for the
coatings are 4.6x10°K/s, 3.6x10° K/s, and 2.7x10* K/s,
respectively. The solidification velocity can be calculated
by

v=T/G )
G =AT/ Ax 3)
AT =T, -T, 4

where v is the solidification velocity, m/s; G is the
temperature gradient, K/m; Ax is the average thickness of
the deposit, m; 7y is the liquidus, K; and Ty is the room
temperature, K. According to the results and
corresponding data in Refs. [3] and [10], the
solidification velocity decreased from 7.2x107> m/s to
7.7x10° m/s and 5.9x10* m/s, with the increase of Al
content. The higher content of aluminum also changed
the composition of the liquid phase at the solidification
front, which led to constitutional supercooling [3,11]. All
these factors would cause the coarse dendrites with
secondary dendrite arms, which would provide more
diffusion paths for aluminum and oxygen, as shown in
Fig. 4. In addition, the higher content of aluminum and
the depletion of S-NiAl phase would provide more Al to
diffuse to the surface through these diffusion paths. In
summary, with the increase of aluminum content, a faster
transport of aluminum to the surface along these high
diffusivity paths was possible and formed more transient
6-Al,03, as shown in Figs. 6 and 7. The results are
consistent with that obtained by LIU et al [12].
Moreover, the superfine microstructure of the coatings
also provided more nucleation sites for alumina [9], this
promoted the formation of an alumina scale quickly.
These phenomena illustrated why the mass gain of the
coating increased steeply with the increasing Al content
in the initial stage, as shown in Fig. 5. Generally, Cr,0;
and Al,0; will form during high temperature oxidation in
MCrALlY coating, and Cr,0O5 will be preferred when mass
ratio Cr/Al>4:1, while Al,O; forms when Cr/Al<4:1 [13].
Therefore, Cr,O; might be formed in MCr5AlY coating
at the initial stage. However, Cr,O3 was not detected by
XRD on the surface. This might be caused by the fact
that the Cr,O3 will change to CrO; when oxidized under
temperature higher than 900 °C which will volatilize [14].
In other words, the main oxide scale will be Al,O3, and it
becomes the main concern of the MCrAlY coatings
[15,16].

On the other hand, aluminum is a crucial element in
MCrAlY alloy system, which may make the phase
structure and subsequently the oxidation behavior
different. In the present study, the MCr5ALlY, MCr8AlY
and MCrl12AlY coatings consisted of single y-Ni phase,
dual y-Nitp-NiAl phase, dual pS-NiAl+y-Ni phase
respectively. After 100 h of oxidation, the MCrSAIY
coating formed a single a-ALO; scale. In contrast,
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MCr8AlY and MCr12ALlY coatings formed layered oxide
scales, rather than exclusive a-Al,O; scale. The layered
oxide consisted of a top 6-Al,O; layer (located at the
oxide/gas interface) and a bottom a-Al,O; layer (located
at the metal/oxide interface), as shown in Fig. 9. In fact,
it has been reported that the phase structure of the
coating affected the oxide scale grown on top.
Morphologic differences have always been found
between the oxide scales grown on fS-NiAl and y-Ni
phases: the oxide is thicker and whisker/platelet-shaped
on S-NiAl phase, but thinner and smoother on y-Ni
phase [17]. LEVI et al [18] showed initially that both
oxides have an inner layer of a-Al,O; and an outer layer
(spinel for y-Ni phase substrate and transient alumina for
[-NiAl phase substrate) during high temperature
oxidation. The transient alumina (#-Al,O; and probably
also y-Al,0;) on S-NiAl phase substrate might transform
to a-Al,O; after further oxidation. However, the
transformation from 6-AL,O; to a-Al,O; is generally
observed to occur close to or at the metal/oxide interface
but not at oxide/gas surface [19]. As described in
previous paragraph, more 6-Al,O; scale formed with
increasing Al content, the transformation from 6-Al,0; to
a-Al,O5; initiated at the metal/oxide interface and
proceeded outwards. Therefore, the scale might present
long whiskers or blades morphology at the oxide/gas
interface, indicative of §-Al,03, but still consisted almost
entirely of a-Al,O; beneath this outer layer, and the
thickness of a-Al,O; increased, as shown in Figs. 8(c)
and 9(c). Due to the formation of a dense a-Al,O; layer,
the diffusion of oxygen and aluminum decreased in the
oxide, leading to the leveling off of the mass gain
curves [20], as shown in Fig. 5.

5 Conclusions

1) Three kinds of MCrAlY coatings with different
aluminum contents have been successfully prepared by
electrospark deposition techniques. The phase structures
of the coatings changed from single y—y+f hypoeutectic
— f+y hypereutectic with increasing aluminum content.
Their solidification morphologies changed from cluster
of cellular structure to cellular dendrites to coarse
dendrites with secondary arms, due to the decreasing
cooling rate and constitutional supercooling.

2) When exposed at 1000 °C, more 6-Al,0O; formed
with the increase of Al content, which largely increased
the growth rate of oxide in the initial stage. After 100 h
of oxidation, the coating with the least of aluminum
formed a single a-Al,Oj; scale, the others formed layered
oxide including a top 6-ALO; layer and a bottom
a-Al,O; layer. In addition, the thickness of a-Al,O; scale
and the amount of remaining 6-Al,0; increased with
increasing Al content.
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