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ABSTRACT

The isothermal oxidation behavior of thermal barrier coating (TBC) specimens consisting of
single-crystal superalloy substrates, vacuum plasma-sprayed Ni-22Cr-10Al-1Y bond coatings and

air plasma-sprayed 7.5 wt.% yttria stabilized zirconia top coatings was evaluated by

thermogravimetric analysis at 1150°C for up to 200 hours. Coating durability was assessed by

furnace cycling at 1150°C. Coatings and reaction products were identified by x-ray diffraction,

field-emission scanning electron microscopy and energy dispersive spectroscopy.
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1. Introduction

Thermal barrier coatings (TBCs) are applied to gas turbine engine blades and vanes in order to
reduce their operating temperatures, thus increasing component durability. A typical duplex TBC
system consists of a thermally insulating ceramic top coating applied over an oxidation-resistant
metallic bond coating. The most common top coating is air plasma-sprayed (APS) yttria stabilized
zirconia (YSZ). Plasma-sprayed YSZ provides a porous ceramic layer possessing good strain
tolerance and low thermal conductivity. Bond coatings typically consist of an MCrAlY (M = Ni,
and/or Co) alloy applied by either APS or vacuum plasma spraying. The bond coat provides a
rough surface to which the APS YSZ can mechanically bond, and protects the substrate from
oxidation by forming a continuous scale at the bond coat/YSZ interface through the selective
oxidation of aluminum {1].

It is generally agreed that cyclic thermal expansion mismatch strains and growth of the
interfacial oxide scale are the dominant TBC degradation mechanisms leading to failure by
spallation of the YSZ top coat [2, 3, 4]. However, the specific role of oxidation in the TBC
damage accumulation process is not well understood [5]. Formation and growth of the interfacial
scale involves a number of high-temperature solid-state reactions occurring in a complex multi-
element environment. An increased understanding of bond coat oxidation behavior and its effect(s)
on YSZ degradation should provide valuable insight into methods of improving coating durability
and TBC life prediction capabilities. The objective of this study was to evaluate the isothermal and
cyclic oxidation behavior of a typical plasma-sprayed TBC system at an elevated temperature which

accelerated the oxidation process. Subsequent phases of this study will use these methods to

evaluate TBCs applied by electron beam-physical vapor deposition.




2. Experimental

2.1 Materials
Superalloy substrate discs (2.2 cm diameter by 0.3175 cm thick with 0.08 cm edge radii) were
machined from single-crystal slabs of Rene’N5 (composition listed in Table I). Substrate surfaces

were grit-blasted, cleaned and vacuum plasma-sprayed (VPS) with Ni-22Cr-10Al-1Y(wt.%) bond

coatings to a nominal thickness of 150 um. Atomized spherical powders of -45/+10 um size
(Praxair NI-343) were used for the first 100 pm of bond coat, and powders of -106/+53 pm size

(Praxair NI-211) were used for the outer 50 pum in order to provide adequate roughness for top coat

mechanical adhesion.

Top coatings were applied by air plasma-spraying (APS) 7.5 wt.% YSZ (with 1.5 wt.%
hafnia) to a thickness of either 250 or 500 pm. The spherical YSZ powders were -106/+10 pm

size (Metco 204NS). Table II lists APS and VPS parameters.

2.2 Isothermal Oxidation

Four types of specimens (described in Table IIT) were prepared for thermogravimetric analysis
(TGA). Type B, C and D specimens were coated on both faces. Substrate edges were not directly
coated, but were covered by overspray.

Isothermal oxidation weight gains were measured by continuous thermogravimetry using an

ATI/Cahn TG-171 high-mass TGA system with a vertical tube furnace configuration. Tests were

conducted at 1150°C (+ 3°C) in dry air flowing at 100 cm’min”’. Specimens were suspended from

a sapphire hanger in a Pt - Rh wire basket. They were heated in the reaction gas at a rate of

50°C/min, isothermally held for 1, 50, 100 or 200 hours, and cooled to room temperature at an

average rate of 8.0°C/min.




2.3 Thermal Cycling

Thermal cycle testing was conducted in a programmable, automated furnace at 1150°C.
Specimens were coated on one face with a 250 um TBC. Thermal cycles consisted of a 15 minute
heat up to 1150°C (£5°C), a 60 minute isothermal hold at 1150°C in static ambient air, and forced

air cooling for 30 minutes to approximately 90°C. Specimens were examined at 12 cycle intervals

until failure (defined by visible cracking or delamination of the YSZ) occurred.

2.4 Characterization

Oxides which formed on the bare metal surfaces during isothermal oxidation were identified by
X-ray diffraction (XRD). Oxide morphologies and compositions were evaluated by field-emission
SEM/EDS of NiCrAlY surfaces and metallographically prepared cross-sections of TBC-coated

specimens (after 1, 100 and 200 hours).

3. Results and Discussion

3.1 Isothermal Oxidation

The isothermal oxidation curves for the 4 types of TGA specimens at 1150°C are compared as

parabolic plots (specific weight gain vs. square root of time) in Figs. 1(a) - 1(d). After an initial
transient period defined by rapid weight gains (partially due to growth of non-protective oxides
with rapid growth kinetics) the steady state oxidation kinetics of the coated specimens decreased to
near-parabolic rates (indicating predominately diffusion controlled growth of a continuous,
protective scale). Although slight reductions in NiCrAlY oxidation kinetics have been reported as a

function of YSZ presence [4,6], such an effect was not apparent in this study. If such an effect

existed, then it may have been masked by NiCrAlY surface area variations.




In order to illustrate the effects of NiCrAlY surface roughness (which is illustrated in the TBC
cross-section of Fig. 2a) on the magnitude of the measured weight gains, the surface area of a bare
substrate (with a planar surface) was used to calculate all specific weights in Figs. 1(a) - 1(d). A

bond coat surface area correction factor was estimated by polishing the surfaces of specimen B-4

(bare NiCrAlY) to 3.0 um alumina and comparing its oxidation rate to the average rate of the other

Type B specimens. It was estimated that the average surface areas of the rough bond coatings were
2.4 times greater than that of the polished specimen, with the estimation valid only in the steady-
state region. The initial effective surface area difference was likely much greater (as evidenced by
comparison of the magnjtudes of the transient weight gains in Fig. 1b) due to particle undercuts and
micropores on the as-sprayed NiCrAlY surfaces. These small scale surface defects are closed by
scale growth during the transient stage of oxidation, greatly reducing the effective surface area over
which steady-state oxidation occurs.

Parabolic oxidation rate constants, k,, were estimated from the steady-state portions of the

weight gain curves after correction for surface roughness, buoyancy and Pt basket evaporation

effects. The oxidation rate constant is generally defined by the equation AW/A = k, "*t'?, where

AW is the weight change at any time ¢, and A 1is the surface area of the specimen. The weight

gains, test conditions, and estimated k, values are listed for each specimen in Table IV. The
general trend of decreasing oxidation rate with increasing exposure time may be another indication
of the decreasing effective surface areas of the bond coatings.

The k, value of specimen B-4 (polished) was calculated to be 1.51 x 10 g’cm™ s™ which is
on the order of the value reported for an alumina-forming Ni-20Cr-13A1-0.07Zr alloy (k, = 5.2 x

10" g’em™ s™') at 1150°C [7]. The mean k, value of all TBC-coated specimens was 1.3 x 10"? g’

cm™ s™!, which was lower than the value reported at 1083°C in oxygen (k, = 3.9 x 10’g%cm™s™)

for Ni-18Cr-12Al-0.3Y coated with APS YSZ [6].
No spallation of YSZ occurred during or after isothermal testing up to 200 hours. Slight

spallation of the scales on the bare NiCrAlY was noted during cooling.




3.2 Superalloy and Bare NiCrAlY Reaction Products

X-ray diffraction of the as-sprayed NiCrAlY detected 7y’ (Ni,Al) and B (NiAl) as the major

phases. The primary phases of as-sprayed VPS Ni-22Cr-10Al-1Y (as determined by electrolytic

extraction) have been reported as y (nickel solid-solution), y’, B, o-Cr and Y,0, [8].
After oxidation for one hour, XRD of the bare NiCrAlY surfaces detected o-Al,O,, NiALO,

(spinel), and Y,0, as reaction products. After 50, 100 and 200 hours, a-Al,O, was the major

oxide phase on the bare NiCrAlY, with lesser amounts of NiALO, and ALY,0,, (yttria-alumina
garnet or YAG). The Y,0, which was detected in the scale after 1 hour oxidation likely converted
to YAG by reaction with AL,O, at the longer test periods. Small isolated pockets of NiO were
detected on the scale surface by SEM/EDS after 200 hours oxidation. As shown in Fig. 2(b),
localized cracking and partial spallation of the scale from the spherical NiCrAlY surface particles
was common (after 100 or 200 hours isothermal oxidation), but the scale remained adherent over

the majority of the non-spherical surface regions. The scale failure sections displayed a columnar

structure, which is typical of Y-containing alumina scales [9]. After 100 hours oxidation, a-Al,O,

and NiCo,O, were the major oxide phases on the un-coated specimens of Rene’NS5.

3.3 TBC Interfacial Reaction Products

After 1 hour oxidation, SEM/EDS of a TBC-coated specimen indicated a continuous alumina
scale (approximately 1.25 pm thick) at the bond coat/YSZ interface. The scale contained Y-rich

oxide particles which likely consisted of the Y,0, detected by XRD of the bare NiCrAlY after 1
hour. Small elongated particles of a Y-rich metallic phase were detected in the NiCrAlY near the

scale-metal interface. Yttrium-rich phases consisting of intermetallic yttrides such as NiY (which

dissolves at 1000°C) have been reported in NiCoCrAlY [10].

After 100 and 200 hours oxidation, SEM of TBC cross-sections (Type C and D) indicated a

continuous scale along the bond coat/top coat interface with no noticeable differences as a function




of YSZ thickness. Minimal internal oxidation of the NiCrAlY occurred. The average thickness of

the interfacial scales was 5.2 pm after 100 hours and 6.4 pum after 200 hours. Cracking in the scale

cross-section was common near bond coat surface asperities, but in general the scales displayed
good adherence with minimal scale/metal voids or delaminations.

A typical cross-section of the interfacial scale is shown in Fig. 3. A porous, lighter-contrast
layer containing Ni, Al, Cr, and O was intermittently present at the outer surface of the scale (in
contact with the YSZ). This phase has been previously reported as Ni(Cr,Al),0, [11], which was
consistent with the XRD results of the oxidized bare NiCrAlY. The presence of the spinel layer

(with thickness of 0 - 8.0 um) did not degrade the adhesion of the YSZ during isothermal testing.

The dark-contrast, major phase in the interfacial scale of Fig. 3 was ALO,. Within the
continuous alumina scale there were lighter-contrast, Y-rich oxides present as either discrete
particles, as reported previously [6], or as narrow bands oriented perpendicular to the surface and
often originating at the scale/metal interface. The Y-rich oxides likely consisted of the YAG phase
detected by XRD of the bare bond coatings.

Segregation of reactive-element ions such as yttrium to alumina scale grain boundaries is
reported to increase inward diffusion of oxygen while decreasing the outward diffusion of
aluminum, resulting in the promotion of an inward-growing columnar scale with improved

adherence [11]. The presence of excess Y (1.0 wt.%) in this alloy may have resulted in the

formation of Y-rich intermetallic phases which dissolved at 1150°C. This excess Y may have

formed Y,0, along the columnar AlL,O, grain boundaries during the initial stages of oxidation.
Subsequent high-temperature reactions between the inter-columnar Y,0, and the surrounding Al,0,
may have resulted in formation of the bands of YAG seen in Fig. 3. An alternate explanation
involves the formation of Y-rich “pegs” (by reaction with Y-rich metallic phases) beneath the
scale/metal interface during the early stages of oxidation. These “pegs” may have been gradually
enveloped by the inward-growing scale to form the Y-rich bands seen in Fig. 3. Pegging was not
apparent at the scale-metal interface after 100 or 200 hours oxidation, although such an effect might

have been present at shorter time periods.




The presence of continuous YAG stringers across the scale could compromise the protective
nature of the scale by providing a path for rapid inward diffusion of oxygen, or by creating
mechanical discontinuities that can act as stress risers. However, the presence of YAG did not

degrade the adhesion of the scale or YSZ under the isothermal conditions of this study.

3.4 Thermal Cycle Testing

Thermally cycled specimens failed at 348 and 360 cycles, which compares favorably to the

reported cyclic lifetimes of similar TBC systems at 1135°C [1]. Failures occurred by separation of

the entire YSZ top coat as one monolithic piece. Failure occurred within the YSZ layer, and the
majority of the bond coat surface was still covered with adherent YSZ after separation of the top
coating. Evaluation of the bond coat side of the failure surface by XRD indicated zirconia as the
major phase, with some Al O,, spinels and trace amounts of YAG detected.

A NiCrAlY surface particle protruding through the YSZ which remained adhered to the bond
coat surface is shown in Fig. 4(a). The separation of the top coat sheared the interfacial scale from
the top half of the spherical particle, exposing the scale failure surface in cross section. A magnified

view of the scale failure surface showing the underlying bare NiCrAlY and the remnants of several

discrete layers of interfacial scale appears in Fig. 4(b). The thick (4.7 um) outermost layer of scale

was the original scale, and consisted of Al,O, with some Ni and Cr (spinels) in its outermost

surface. There were 1 to 3 additional scale layers underlying the outer layer. The interior scales

were significantly thinner (1.4 to 3.0 pm), and consisted mainly of AlLO; (with traces of Cr

detected). The inner layers formed and detached during subsequent cycles after localized separation
of the original scale had occurred.

During the cooling cycles, compressive thermal expansion mismatch stresses in the YSZ and
the alumina scale (enhanced by the relatively sharp radius of the spherical particle) may have
contributed to localized scale buckling with delamination occurring along the peaks of the bond coat
asperity. The overall scale remained adherent due to the constraint of the overlying strain-tolerant

YSZ layer. Other studies have reported that fractures commonly occur within the YSZ near the




plane of the bond coat peaks for thermally cycled plasma-sprayed TBCs [3]. It is possible that
along the bond coat peaks, out-of-plane tensile stresses caused by scale wedging (due to the growth
and fracture of additional scale layers under the YSZ) may be a factor which contributes to top coat

separation.

4. Conclusions

1. The formation and growth of spinels and YAG within the interfacial reaction products of a

plasma-sprayed TBC did not degrade the adhesion of the YSZ during accelerated isothermal testing
(1150°C) for up to 200 hours.

2. Failure of the plasma-sprayed YSZ under thermal cycling conditions occurred within the
ceramic layer. The plane of separation was coincident with the bond coat peaks.

3. The presence of multi-layered alumina scales on the failure surfaces of the bond coat peaks
indicates localized separation and reformation of the interfacial scale underneath the YSZ during
thermal cycling. Growth of the layered subscales at bond coat peaks may be a contributing

mechanism to failure of plasma-sprayed TBCs.
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Table I. Rene’N5 Nominal Compeosition (wt.%)

Ni Co Cr Ta Al \%% Re Mo Y Hf C

Rene N5 Bal 75 1.0 6.5 6.2 50 3.0 1.5 <05 0.15 005

Less than 3 ppm S



Table II. Plasma-spray Parameters

Powders Process Amperage Voltage Ar Flow H,; Flow Distance Flow* Traverse

(A) (V) (SLM) (SLM) (cm) (g/min) (cm/sec)
NI-343 VPS* 650 68 50 8.5 30 39 3
NI-211 VPS* 650 68 50 8.5 30 27 3
204 NS APS 500 71 35 10 12 31 3

SLM = standard liters min" *Chamber pressure 30 mbar. * Powder flow rate.
VPS specimens reached a temperature of approximately 900°C during spraying.

Specimens were air-cooled during APS with substrate temperatures not exceeding 250°C.
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Table III. TGA Specimen Descriptions

Specimen Bond Top Surface Surface Surface
Type Coating ‘Coating Condition R, (um)* R, (um)*
A none none as-machined 0.84 1.08
B 150 um NiCrAlY none both faces coated 14.2 18.5
C 150 um NiCrAlY 250 um YSZ both faces coated NA NA
D 150 pm NiCrAlY 500 um YSZ both faces coated NA NA

*R, is the arithmetical mean deviation of the areas of all roughness profile values, and Ry, is the root-mean-square

calculation of all roughness profile values.
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This report was prepared as an account of work sponsored by an agency of the United States
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mendation, or favoring by the United States Government or any agency thereof. The views
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Table IV. Results of Thermogravimetric Analysis (1150°C)

Specimen Coating Time Initial Total k,* R? Values
Number Type (hrsi Mass (g0 AMass (g) (g’lem™s!) (k,'? fit)
A2 none 100 10.5672 0.0030 9.11x10°"3 0.987
A3 none 100 10.5637 0.0026 8.08 x 103 0.995
Bl bare NiCrAlY 100 11.2068 0.0241 1.45x 102 0.992
B2 bare NiCrAlY 200 11.3041 0.0271 9.17x 109 0.981
B3 bare NiCrAlY 50 11.2534 0.0219 2.15x 1072 0.990
B4 bare NiCrAlY* 100 10.6283 0.0086 1.51 x 107 0.999
Cl 250 pm TBC 100 12.2577 0.0260 1.49 x 107 0.985
C2 250 um TBC 200 12.4270 0.0296 1.04 x 1012 0.986
C3 250 um TBC 50 12.3219 0.02161 1.77 x 102 0.986
Di 500 um TBC 100 13.4996 0.0271 1.54 x 10" 0.986
D2 500 um TBC 200 13.4169 0.0278 8.97 x 107V 0.984
D3 500 pm TBC 50 13.3741 0.0226 1.13x 102 0.999

* All surfaces of specimen B-4 were polished to 3 pim alumina.
* k,'? was determined by a linear regression fit of the slope of the steady-state region of each corrected parabolic

curve.
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Fig. 1. Parabolic plots of the isothermal oxidation weight gains at 1150°C in

dry air for-(a)

bare Rene’NS (with as-machined surfaces), (b) bare VPS NiCrAlY, (c¢) 250 pm TBCs, and.(d)

500 um TBCs. The surface area of a flat substrate was used to calculate all specific weight

gains.
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150 um

Fig. 2. Secondary electron images of: (a) Type C TBC cross-section after 200 hours oxidation
showing the (a) substrate, (b) bond coat, (c) interfacial scale, (d) YSZ. Note the bond coat
interface roughness and the spherical surface particles interlocked with the YSZ. (b) Spherical
particle on a bare NiCrAlY surface after 100 hours isothermal oxidation showing (a) bare

NiCrAlY, and (b) scale which has cracked and partially spalled.




Fig. 3. Secondary electron micrograph of the bond coat/top coat interface of a Type-C TBC
specimen after 200 hours at 1150°C. The features labeled are: (a) bond coating, (b) ALO,;

scale, (¢) alumina-yttria particles, (d) Ni(Cr,Al),0, spinels, and (¢) YSZ top coating,




Fig. 4. (a) Secondary electron images of the substrate side of the YSZ failure surface after

thermal cycling, showing: (a) YSZ remaining adhered to the majority of the bond coat surface,
(b) cross-sectional fracture surface of the interfacial scale, and (¢) protruding NiCrAlY surface
particle covered by a cracked subscale.

(b) Scale failure surface on a spherical particle showing (a) bare NiCrAlY, (b) various layers

of alumina scales, and (c¢) surrounding YSZ
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