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PROTECTIVE AND FUNCTIONAL POWDER COATINGS

ELECTRON-BEAM AND PLASMA OXIDATION-RESISTANT

AND THERMAL-BARRIER COATINGS DEPOSITED

ON TURBINE BLADES USING CAST AND POWDER Ni(Co)CrAlY(Si)
ALLOYS PRODUCED BY ELECTRON-BEAM MELTING

II. STRUCTURE AND CHEMICAL AND PHASE COMPOSITION
OF CAST CoCrAlY ALLOYS
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The structure and chemical and phase composition of oxidation-resistant CoCrAlY alloys produced
by electron-beam melting and used in aircraft engineering, in particular, in the development of
thermal-barrier coatings for aircraft engine blades, were studied. As the CoCrAlY alloy consists of
components with significantly different vapor elasticity and density, the main attention was paid to
changes in the chemical and phase composition along the alloy ingots studied by scanning electron
microscopy with quantitative X-ray microanalysis. The analysis showed qualitatively similar
distribution of components in the main alloy phases in the lower and middle ingot parts. Cobalt,
chromium, and aluminum were uniformly distributed throughout the material. Harmful impurities,
such as iron, carbon, or oxygen, were not found in the alloy. The alloy mainly consisted of the
intermetallic B-CoAl solid solution phase that contained dispersed chain and globular inclusions of
the y-CoCr solid solution phase depleted in aluminum. The highest content of yttrium (12—13 wt.%))
was observed in small globular inclusions with the minimum amount of aluminum and chromium.
Increase in the chromium content to 20-26 wt.% at a relatively constant amount of aluminum
(5 wt.%) led to decrease in yttrium in the y-Co-based solid solution. Increase in the yttrium content
of the ingot above 0.4 wt.% would be unreasonable because yttrium amount in the coating did not
exceed 0.1-0.15 wt.%.
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INTRODUCTION

High-speed evaporation—condensation is most promising for the deposition of thermal-barrier coatings
(TBCs) on turbine blades of aircraft engines. The oxidation-resistant bond coat layer in TBCs is made of the
Ni(Co)CrAlY alloys. Until recently, these alloys were produced with the duplex process involving vacuum
induction melting (VIM) of the charge and electron-beam melting (EBM) of the resultant workpiece.The paper [1]
examined the structure and chemical and phase composition of the NiCrAl alloys prepared employing proprietary
vacuum electron-beam melting process. The ingots were of high quality and complied with the requirements for
high-temperature protective coating materials [2].

The literature data on the structure and phase composition of as-cast oxidation-resistant VIM and EBM
CoCrAlY alloys are scarce and unsystematized. The papers [3, 4] studied in detail the structure and mechanical
properties of some bulk condensates and associated alloy coatings. The paper [3] indicates that the CoCrAl
condensates, depending on the ratio of atomic chromium and aluminum concentrations, have different volume
contents of the intermetallic B-CoAl phase and y-CoCrAl solid solution depleted in aluminum and an insignificant
amount of a-Cr. The paper [5] examined the structure and properties of near-eutectic y/B-CoCrAl alloys and
structural stability of the y/p eutectic. The turbine operating conditions, primarily gas flow temperature, fuel type
(kerosene, crude oil, diesel or synthetic liquid fuel, natural gas), and air saturation with dust particles or seawater
salts, determine the method for depositing coatings for corrosion protection of turbine blades. It is noted in [6] that
the CoCrAlY coatings deposited in vacuum onto gas turbine blades can perform for 200,000 h, while the plasma-
deposited CoCrAlY coatings only for 40,000 h. In the operating conditions of marine gas turbines, the CoCrAlY
coatings are approximately twice as good as aluminized coatings.

The CoCrAlY alloy consists of components with significantly different vapor elasticity and density. Hence,
the chemical and phase composition may deviate along the ingot length (300 mm) in electron-beam melting.
Potential inhomogeneity may affect the chemical and phase composition of the coatings when such ingots are
evaporated and, as a consequence, the service properties of parts with these coatings.

The objective is to examine the structure and chemical and phase composition of the CoCrAlY alloy along
the ingot length.

EXPERIMENTAL PROCEDURE
In accordance with [2], the average chemical composition of the alloys should correspond to the following
ratio of components, wt.%: Co matrix, 0-2 Ni, 20-24 Cr, 10-13 Al, and 0.4—-1.0 Y. The structure of the CoCrAlY
alloy (lower ingot part) examined by scanning electron microscopy (COMPO mode) is shown in Fig. 1. The alloy
mainly contains the intermetallic B-CoAl phase (dark field) and has chain and globular inclusions of the y-CoCr
solid solution phase depleted in aluminum (light field), which was confirmed by electron microprobe analysis at
points 7—12 (Table 1).
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Fig. 1. Structure of the CoCrAlY alloy (lower ingot part) with analysis points
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TABLE 1. Results of Electron Microprobe Analysis for the CoCrAlY Alloy (Lower Ingot Part)

Analysis points

Content of components, wt.%

(Fig. 1) Al Cr Co Y
S 01 10.16 2435 65.49 -
S 02 10.33 24.14 65.53 -
S 03 5.63 15.71 66.55 12.11
S 04 593 13.76 67.19 13.12
S 05 572 15.95 65.57 12.76
S 06 567 15.64 66.38 12.31
S 07 479 22.91 67.1 52
S 08 517 2034 65.36 9.13
S 09 5.14 18.59 66.29 9.98
S10 48 26.91 67.88 0.41
S11 4.44 22.66 66.49 6.41
S 12 4.63 27.35 68.02 -
S13 5.08 26.39 67.41 1.12
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Fig. 2. Maps showing the distribution of elements in the CoCrAlY alloy (lower ingot part)
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Fig. 3. X-ray diffraction pattern for the lower CoCrAlY ingot part of the following composition, wt.%:
65.6 B-CoAl, 24.4 o-Cr, and 10 y-CoCr
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Fig. 4. Structure of the CoCrAlY alloy (middle ingot part) with analysis points

TABLE 2. Results of Electron Microprobe Analysis for the CoCrAlY Alloy (Middle Ingot Part)

Analysis points Content of components, wt.%

(Fig. 4) Al Cr Co Y
S 01 5.96 15.66 65.4 12.96
S 02 5.67 15.95 65.65 12.72
S 03 6.03 15.46 65.62 12.9
S 04 5.8 15.82 66.47 11.91
S 05 5.96 15.71 65.65 12.68
S 06 6.06 15.18 65.74 13.02
S 07 12.42 20.75 66.84 -

S 08 11.21 22.96 65.83 -
S 09 11.39 22.34 66.27 -
S 10 10.89 23.56 65.554 -
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The highest yttrium content (12—13 wt.%) was observed in small globular inclusions (light field, points 3—
6) with the minimum aluminum and chromium amounts. When chromium content increases to 20-26 wt.% at a
relatively constant aluminum amount (5 wt.%), the yttrium content of the y-Co-based solid solution (light field)
decreases (points 5-11 and 13).

The distribution of elements in the alloy and X-ray diffraction pattern for the lower CoCrAlY ingot part are
displayed in Figs. 2 and 3. Figure 2 shows that cobalt and chromium are uniformly distributed in the lower
CoCrAlY ingot part. At the same time, aluminum is distributed somewhat differently. Aluminum is uniformly
distributed throughout the [ phase (dark-gray field). Lower aluminum content is observed in chain and globular
inclusions of the y-Co-based solid solution (dark field). Yttrium is present only in the y phase. Iron, carbon, and
oxygen are hardly found in the CoCrAlY ingot.

As the ingot is intensively crystallized in a water-cooled copper crucible, the B phase, y-Co-based solid
solution, and Cr-based solid solution (a-Cr) are formed in its lower part (Fig. 3). The lattice parameters of the
phases are similar to those reported in [3]. The content of the main § phase (CoAl) in the lower ingot part reaches
65.6 wt.%. The alloy also contains 24.4 wt.% a-Cr and CoCr solid solution (y phase).

The middle part of the CoCrAlY ingot has a qualitatively similar structure (Fig. 4). The amount of the 3
phase somewhat decreases (61.9 wt.%) and amounts of the o and y phases increase to 24.5 and 13.6 wt.%. Results
of electron microprobe analysis of the alloy (middle ingot part) at points shown in Fig. 4 are provided in Table 2.

Analysis of the experimental results indicates that components of the main alloy phases are distributed in a
qualitatively similar manner in the lower and middle ingot parts. Cobalt, chromium, and aluminum are uniformly
distributed throughout the material (Fig. 5). No harmful impurities of carbon and oxygen were found.

The results of structural analysis and electron microprobe analysis were confirmed by X-ray diffraction
(Fig. 6).

The upper part of the CoCrAlY ingot had significantly different structure and chemical and phase
composition. Figure 7 shows structure of the upper ingot part and indicates analysis points and Fig. 8 shows X-ray
diffraction patterns for the upper ingot part. Table 3 summarizes results of electron microprobe analysis for the
upper part of the CoCrAlY ingot at points shown in Fig. 7.
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Fig. 5. Maps showing the distribution of elements in the middle part of the CoCrAlY ingot
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Fig. 6. X-ray diffraction pattern for the middle CoCrAlY ingot part of the following composition,
wt.%: 61.9 B-CoAl, 24.5 a-Cr, and 13.6 y-CoCr
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Fig. 7. Structure of the CoCrAlY alloy (upper ingot part) with analysis points

TABLE 3. Results of Electron Microprobe Analysis for the CoCrAlY Alloy (Upper Ingot Part)

Analysis points Content of components, wt.%

(Fig. 7 Al Cr Co Y
S 01 6.45 16.01 65.69 11.85
S 02 6.61 16.39 64.48 12.52
S 03 12.18 22.7 65.12 -
S 04 12.03 23.16 64.81 -

S 05 6.31 12.82 65.08 15.79
S 06 6.45 13.88 65.57 14.09
S 07 12.09 23.23 64.69 -
S 08 12.07 22.89 65.04 -
S 09 12.37 23.1 64.53 -
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Fig. 8. X-ray diffraction pattern for the upper CoCrAlY ingot part of the following composition, wt.%:
20.3 B-CoAl, 73.1 a-Cr, and 6.6 5-CoCr

Table 4 summarizes quantitative analysis data and lattice parameters of the phases throughout the ingot.

Comprehensive analysis of the structure and chemical and phase composition of the alloys indicates that
the ingot is somewhat inhomogeneous along the height. Sufficiently homogeneous structure and phase composition
are observed in the lower and middle ingot parts. The phase composition of the upper ingot part substantially differs
from the rest of the material. The amount of the 3 phase present on the crystalized surface is one third of its amount
in the lower and middle ingot parts. The main phase is the Cr-based solid solution (a-Cr), whose amount is three
times its content in other ingot volumes. There is also a small amount of the & phase (Co—Cr), which commonly forms
in the materials with chromium content being increased to 26—27 wt.% and aluminum content to 9-10 wt.% [1].

Such situation may be due to peculiar features of vacuum melting of complex doped alloys that contain
elements with relatively low vapor elasticity (Cr, Al). This may also result from changes in the conditions for
crystallization and cooling of the upper ingot part when the volume of the crystallized material increases. The o
phase present in the alloy leads to embrittlement of the ingot and sometimes to partial chipping of the upper part
(10-15% of the total ingot length). Layer-by-layer phase analysis in 10 mm steps showed that the above-mentioned
changes in the phase composition were observed at a depth of no more than 30 mm. Therefore, to produce coatings
with homogeneous chemical and phase composition from the alloys as the starting materials, their evaporation
should always begin from the lower ingot part.

TABLE 4. Content and Lattice Parameters of Phases in the CoCrAlY Ingot

0 .
Area of the CoCrAlY Phase content, wt.%, and lattice parameters, nm
ingot
B-CoAl a-Cr CoCr
Lower part 65.6 24.4 10 (y-CoCr)
a=0.2872 a=0.2527 a=0.3576
¢ =0.4090
Middle part 61.9 24.5 13.6 (y-CoCr)
a=0.2881 a=0.2540 a=0.3576
c=0.4110
Upper part 20.3 73.1 6.6 (o-CoCr)
a=0.2880 a=0.2542 a=0.8693
c=0.4103 c=0.4482
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In all cases, a cinder 30—40 mm high remains after a certain ingot part has evaporated and cannot evaporate
further because explosive release of the metal occurs when it hits the water-cooled crucible. According to chemical
analysis, the cinder contains an increased yttrium amount (to 3 wt.%) and no more than 5-7 wt.% chromium and
aluminum.

The changes in chemical and phase composition of the CoCrAlY alloy along its height and features of its
evaporation indicate that more than 0.4 wt.% yttrium in the ingot would be unreasonable since the yttrium content
of the coating hardly depends on the yttrium amount in the ingot and is no more than 0.1-0.15 wt.%.

The remaining cinders are remelted to produce conditioned ingots of the CoCrAlY alloys.

CONCLUSIONS

Comprehensive analysis of the structure and chemical and phase composition of the CoCrAlY ingot 250—
300 mm in length and 70 mm in diameter, produced by electron-beam melting, indicates that it has sufficiently
homogeneous structure and phase composition in the lower and middle parts.

At the same time, the phase composition of the upper ingot part substantially differs from the rest of the
material. The amount of the 3 phase present on the crystalized surface is one third of its amount in the lower and
middle ingot parts. The main phase is the Cr-based solid solution (a-Cr), whose amount is three times its content in
other ingot volumes. There is also a small amount of the o phase (Co—Cr), which commonly forms in the materials
with chromium content being increased to 26—27 wt.% and aluminum content to 9—-10 wt.%.

The changes in chemical and phase composition of the CoCrAlY ingots along their height and features of
their evaporation indicate that more than 0.4 wt.% yttrium in the ingot would be unreasonable since the yttrium
content of the coating hardly depends on the yttrium amount in the ingot and is no more than 0.1-0.15 wt.%.

Some process recommendations have been proposed on the evaporation of CoCrAlY ingots to promote the
homogeneity of coatings on gas turbine parts.
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