Vol. 11  Ne 4

Trans. Nonferrous Met. Soc. China

Aug. 2001

[Article ID] 1003- 6326(2001) 04— 0567- 05

Preparation and characterization of LPPS
NiCoCrAlYTa coatings for gas turbine engine®

HONG Rurjiang( #t557L), ZHOU Kesong( /& 5#2), WANG De zheng( TAEIK) ,
ZHU Hur zhao( RFEH]) , KUANG Zirqi( JTF7T)
( Guangzhou Research Institute of Non-ferrous Metals, Guangzhou 510651, P. R. China)

[ Abstract] NiCoCrAlYTa coatings have been deposited onto an aircraft gas turbine engine blade using a LPPS unit e
quipped with a computerized robot. Optimal processing conditions, including spray parameters, the trajectory of the

robot, and the synchronized movements between the torch and the blade, have been developed for superior coating proper-

ties. Transferredarc treatment, providing a preheating and a cleaning of the substrate surface, enhances the adherence of

the coatings to the substrate. The resulting LPPS coatings show dense and uniform characteristics with ideal hardness,

and good corrosion resistance to cycle oxidation.
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1 INTRODUCTION

New high strength superalloys have been widely
used in aircraft and power station gas turbine for their
reliable operations under the conditions of high tem-
peratures and high rotational speeds!"?'. In order to
further improve their performances in resisting high
temperature oxidation, hot corrosion, erosion and
thermal fatigue, surface treatment is necessary for
these superalloy components. Protective coating is an

D1 The successfully

effective way for this purpose
used coatings are mainly two kinds, Al diffusion coat-
ings modified with Cr, Si, Ti, Pt or Hf and overlay
MCrAlY coatings(M denotes Fe, Co, Ni or a mix-
ture thereof) .

The overlay MCrAlY coatings exhibit good oxi
dation and hot corrosion resistant performances over a
wide temperature range in practical applications. T his
can be attributed to the stable, dense and adherent
AL O3 films covering the entire surface of these coat-
ings and the diffusion of aluminum from the coating
to the surfaces to rehabilitate protective films in case
of the occurrence of crack and spallation due to ther
mal cycling. The active elements addition, such as
yttrium, tantalum, zirconium, hafnium and silicon to
the coatings may surely improve their oxidation resis-
tance and the enhance adherence of the ALO3;
film!* 71

the first stages of the turbine where the highest tem-

MCrAlY coatings are typically utilized in

perature and harshest environment is encountered.
MCrAlY coatings can be prepared by several
techniques including the electron beam physical vapor
deposition (EBPVD), plasma spraying ( mainly low
pressure plasma spraying, LPPS), cladding, and arc
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plasma deposition (APD)® ' Tn the LPPS process,
the inert and low pressure environment maximizes
coatings cleanliness, adhesion and density. It is also
easy to change the composition of coating to serve the
above purpose. Today LPPS process has become an
advanced technique for preparing high performance
coatings.

2 EXPERIMENTAL

2.1 Material and deposition

The NrCo-CrrAFY-Ta coatings were produced
in a DYDP-1 type LPPS unit equipped with a com-
puterized robot with six axes. The chemical composi-
tion of the powder used is 20% Cr-23% Co8. 5% A}k
0.6%Y-4%Ta and the balance nickel. Its particle
size was — 38 Hm. The turbine blades are made of a
directionally solidified nickel base superalloy. The
coating thickness was 50~ 80 Hm, samples of Smm
thick flat plates from the same source as blade were
utilized for microstructural observation. Bonding
strength tests were performed using a cylindrical test
specimen 25. 4mm in diameter. T he thickness of the
coating tested was about 0. 2mm or so.

The substrates were grit blasted with 120° white
alumina. Its average diameter was 125 Hm.

A constant substrate temperature during deposi-
tion is very important, affecting the coatings deposi
tion efficiency, microstructure, and especially the ad-
hesive strength. The substrate temperature is influ-
enced by substrate preheating, vacuum chamber pres-
sure, distance between gun and substrate, plasma gas
composition, plasma energy and substrate characteris-
tics such as dimensions and thermal conductivity. In
this study, the substrates were cleaned and preheated
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at 700~ 800 C. Reverse transferred arc treating is an
efficient method to preheat the substrate. Specimens
without reverse transferred arc treating were also
coated for comparison.

2.2 Heat treatment

After deposition, the assprayed coatings were
heat treated at 1 080 C for 4 h followed by 870 C for
32h in vacuum (p = 10" >~ 10" > Pa ). The cooling
rates were: from 1080 C to 870 C in 30 min and
from 870 C to less than 100 C in 10h.

2.3 Evaluation of coating

The microstructures of the coatings were exam-
ined by optical microscopy (OM). Electron micro-
probe analysis (EMPA) was used to determine the
composition of the heat treatment samples. The
bonding strength between coating and substrate was
measured according to ASTM C-633 standard and the
hardness of the coating was tested with a Vickers
hardness tester using a load of 2N.

Cyclic hot corrosion tests were carried out at 900
+10 C in the combustion medium with 0. 005% sea
salt solution, consisting of a 55min exposure to the
burner combustion products followed by 5min of
cooling with compressed air at ambient temperature,
150 cycles were tested. Surface morphologies and mi-
crostructure changes of the coatings during and after
cyclic oxidation were observed.

3 RESULTS AND DISCUSSION

3.1 Optimization of process parameters

The process parameters, including vacuum
chamber pressure, spraying distance, type of nozzle,
flow of the plasma gas, plasma energy, powder feed
rate, etc, have to be optimized, so that the amount of
unmelted powder particles and porosity of the coat-
ings can be controlled to satisfactory level. In this
study, various operational modes were examined, and
the metallographic structure of the resulting coating
including the amount of unmelted particle micro-
cracks, porosity, amounts of oxides or secondary
phases at the coating/ substrate interfaces, etc, were
analyzed. Based on the results, the optimal coating
parameters may be obtained.

The powder characteristics, namely, particle
size, size distribution, shape and its surface state,
have significant effect on the coating quality. For ex-
ample, the energy levels of the spraying plasma are
based on the size distribution. A high energy will re-
sult in the gasification of the fine particles, and thus
the contamination of the coatings, on the contrary, a
low energy will increase the amount of unmelted par
ticles and porosity in the coating. Therefore the pow-
der suitable for high-quality coatings must require a

narrow particle distribution. The particle distribution

of the powder used in this study is presented in
Fig. 1, showing a rather even distribution with ap-
proximately 20% of the fine particles ( less than
10 Bm) . This distribution requires a more strict con-
trol over the plasma energy.
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Fig. 1 Particle size distribution of
spray pow der content

All other processing parameters were held con-
stant, six levels of plasma energy, i.e., 32, 34, 36,
38. 42 and 45kW. have been used to prepare the
coatings and the resulting coatings have been ana-
lyzed. Results show that at high energy (42kW and
45kW), dense coating can be obtained, however,
there are black ash-like inclusions in the coating re-
sulting from the gasified fine particle ( Fig. 2(c¢)) and
at low energy (32kW and 34kW), more inclusions
are found due to unmelted particles (Fig.2(a)).
Fig. 2(b) shows that a dense coating with less un-
melted particles can be obtained with proper plasma
energy. Optimal coating parameters giving uniform
and dense coatings are listed in Table 1.
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Fig. 2 Effects of plasma energy on coating structure
(C= coating, I= interface, S= substrate)
(a) —34kW, coating contents with unmelted powder particles
(indicated by arrows) ;
(b) —38kW, coating with dense and homogeneous structure;
(¢) —45kW, coating with a lamellar structure
(indicated by arrow)

The powder used in this experiment is pre
alloyed. Fig.3 shows the SEM morphology of the
powder. It shows that the shape of powder is spherr
cal with few surface defects. This ensures constant
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Table 1 LPPS NiCoCrAlYTa parameters

Parameter Level
Chamber pressure/ kPa 11~ 15
Plasma gas Ar/ (L*min~ ") 40~ 50
H,/(Lemin™ ') 2~5
Gun current/ A 500~ 550
Gun voltage/ V 70~ 72
Powder feed/ (g*min™ ') 25~ 30
Carrier gas Ar/ (Lemin™ ") 3~5
Spraying distance/ mm 280~ 350

Fig. 3 SEM morphology of powder

&

pow der feed rate and thus a strict control of the coat-
ings thickness.

3.2 Effect of reverse transferred arc treatment and
control of its parameters

As we know, the surface condition has impor
tant effect on the adhesive strength between coatings
and substrate. The transferred arc is of great signifi-
cance for substrate pretreatment of the LPPS coating.
Under the reverse transferred arc treatment whose
work-pieces are taken as negative electrodes, the con-
taminants and oxidation products on their surfaces can
be removed by sputtering. The work-pieces are heat-
ed to the desired temperature at the same time. Thus
hot and clean work-piece surfaces are obtained, lead-
The adhesive

strength shows a 40% increase after the reverse

ing to higher adhesive strength.

transferred arc treatment, measured by tensile tests

according to ASTM C-633, as shown in Table 2.

Table 2 Comparison of coating bond
strength results

Siiface Coating Adhesive strength/ M Pa
pretreatment thickness/ Hm 1 2 3 Average
Sand blast 200~ 230 42 41 50 44

+ transferred arc 210~ 230 58 65 62 61.7

For smaller and shaped turbine blades, the
cleaning and preheating with the reverse transferred
arc should be under careful control, so as to obtain a
clean surface at expected preheating temperature

without any overheating the blade tips. Increases of
the transferred arc current and plasma energy are ad-
vantageous to the cleaning, but the overheating of the
blade tips should be avoided. To change the move-
ment of spraying gun is also effective for improving
the cleaning and shortening the time for cleaning and
preheating.

Coatings without thorough cleaning will result in
poor adhesive strength due to the oxidation products
and contaminants on the coatings/substrate inter
faces. The coatings will also undergo delamination
from the substrate without sufficient preheating, as
shown in Fig. 4.
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Fig. 4 lllustration of poor coating adherence
(a) —Substrate without thorough cleaning resulting in
a number of contamination on interface;

(b) —Substrate without sufficient preheating leading to
coating spallation

3.3 Effect of trajectory of robot on coating thick-
ness distribution

The use of robot ensures precise control of part
and torch movement and very efficient plasma spray-
ing. Programming is usually done omrline, and the
methods lead-through
used'!. With point-to-point leadthrough, an opera
tor leads the machine through the path and records
specific points that outline the trajectory he wants the
robot to follow. He tells the controller what the speed
and distance relative to the substrate are.

A point-to-point lead-through method was used

as point-to-point can be

to make the preheating and spraying program accord-
ing to the turbine blade surface configuration. Suit-
able processing procedures can be developed based on
the information of the coating structure and thickness
distribution obtained by SEM observations of the
blades. The coating thickness values at designated lo-
cations are presented in Fig.5, showing a uniform
distribution meeting the device requirements.

3.4 Metallography of coatings

Figs. 6(a) and (b) show the microstructure of
the baseline coating. They indicate that the coating
was dense with few unmelted particle. The coating/
substrate interface exhibited good adhesive. A thin
interdiffusion layer about 10Hm thick formed after
heat treatment at coating/ substrate interface, indicat-
ing a metallurgical bond. Fig.7 shows the chemical
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Fig. 5 Coating thickness distribution at
pointed area on turbine blade (SEM)
(a) —Leading edge; (b) —Convex; (c¢) —Curve;
(d) —Trailing edge; (e) —Concave; (f) —T errace
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Fig. 6 Optical micrograph of coatings
(a) —As sprayed coating ( polished) ;
(b) —Heat-treated coating ( etched)

composition changes at the interface.

3.5 Phase structure of coatings

Fig. 8 shows the X-ray diffraction patterns of
as~sprayed coating and heat-treated coating. Y (solid
solution of nickel, ordered fcc structure) and B-NiAl
phases ( bee structure) are identified both in as
sprayed coating and heat-treated coating, while the
additional ¥-Ni3Al phase (fce structure) has been
found in the heat-treated coating.

3.6 Coating hardness
The Vicker’s hardness ( load, 2N) of the as
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Fig. 7 EPMA line scan across coating/ substrate
interface of heat treatment sample
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Fig. 8 XRD patterns of coatings

sprayed coating in cross-section is approximately 580
HV. After heat treatment, the hardness value de-
creases to a level of 450 HV (Table 4). This decrease
may be caused by the increased grain size of the heat-
treated coatings according to the boundary strength-
ening mechanism!”', which can be described by Hall
petch relation H = Ho+ kd~ 1/2(where H is the
hardness, H (o the intrinsic hardness for a single crys
tal, £ a material constant and d the grain size of the
material) . The hardness decrease may also be at-
tributed to the disappearance of no-equilibrium and
supersaturated structures.

Table 4 Micro-hardness results (HV . ;)
Sample 1 2 3 4 5
Assprayed 550 570 589 618 580 582
Heat-treated 440 430 460 480 450 452

Average

The hardness values of all the as-sprayed samples
had a standard deviation of about 40 HV, while,
the heat-treated samples all of about Z20 HV, owing
to a more homogeneous composition and microstruc
ture.

3.7 Cyclic oxidation tests
Cyclic oxidation testing at 900 C was conducted
for two coating systems, namely, sample A1 and A2,
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NiCoCrAlYTa ( produced in this experiment), sample
Bl and B2, aluminized coatings modified with Cr
(produced in No. 1 Factory). As it is expected, the
LPPS coatings exhibit excellent hot corrosion resis-
tance without spallation and crack, in contrast with
the considerable surface deterioration of aluminized
samples. The mass loss in an additional alkaline
cleaning after 150 cycles oxidation tests also show sig-
nificant difference, as seen in Fig. 9. The metallo-
graphs of the coatings after the oxidation tests are
shown in Fig. 10.
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Fig. 9 Mass loss for various coatings after

150 cycles test and additional alkaline cleaning
(Cycle consists of 55min at (900 £10) C and 5Smin of

forced air cooling to room temperature)
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Fig. 10 Coatings morphologies after cyclic oxidation
(a) —Slight surface degradation on LPPS coating;
b) —Considerable surface degradation on aluminized coating,

cracks and partial spallation indicated by arrows
4 CONCLUSIONS

1) Transferred arc cleaning method can preheat
as well as activate the substrate and lead to the forma-
tion of metallurgical bond that enhances adherence of
the coating to the substrate.

2) The use of synchronized movements between
the torch and the blade allows its extremely complex
surface to be coated to the required coating thickness
distribution.

3) Low pressure plasma spray is a suitable

method for obtaining Nt Co-Cr-rAFY-Ta coating with
low porosity and homogeneous composition. The
coating/ substrate interface exhibits superior cleanli-
ness. A diffusion zone can also be seen at coating/
substrate interface in the heat-treated condition.

4) The cyclic oxidation tests prove that the
LPPS coating exhibits superior hot corrosion perfor
mance, in contrast with considerable surface spalla-
tion of the aluminized coatings.
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