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ABSTRACT

A study has been made to relate the erosion behavior of several
experimental zirconia-base ceramiﬁ thermal barrier coatings to théir
processing parameters andAmicrostructure. The incremental erosion
rates were measured and each specimen was examined using optical and
écanning electron microscopy. Erosion experiménts were conducted in a
room teémperature erosion test apparatus using 63-100pm silica erodent
particles with impact velocities of 30m/s (~100fps). Erosion rates in
the stea&y state condition are presented for impingement angles of 30
and 90 dégrees. It has been determined that significant differences in
erosion rates occurred due to processing parameter variations,
composition and.resulting cbating morphology. Initial erosion rates
were found to be strongly dependent on surface roughness while steady
state erosion appears to be more dependent on intrinsic coating

properties and porosity.

INTRODUCTION

General Background

The degradation of ceramic thermal barrier coatings (CTBC) from
exposure to erosive environments is of practical and economic
importance to the designers of diesel and gas turbine engines. The

demand for greater durability and fuel versatility in engines has

"stimulated development of thermally insulated combustion zone

components that operate in a higher range of temperatures and in
overall harsher environments than those of current diesel engines and
stationary gas turbines. Thermal protection of combustion chamber

components can be achieved through the use of ceramic thermal barrier



coatings. Oxide ceramic coatings, however, are generally suscebtible
to greater erosion rates than are the traditional metallic coatings}
The presence of small particles such as coal ash, char or minerals
within the combustion zone from the use of degraded, synthetic or coal

containing fuels produces an erosive environment which can result in

accelerated engine component coating failures.

Present Study

Ceramic Thermal barrier coatings‘(CTBC) have a variety of failure
modes.z Of primary concern in state-of-the-art applications are
failures caused directly by fhéfmal fatigue, twd and three;body wear
and erosion. Traditionally, trade-offs between improvements in wear
behavior and thermal fatigue behavior have often been required.
Processing controls designed to improve thermal fatigue resistance such
as increasing porosity, use of mixed phases and partially stabilized
phases, and introdpcing segmentation with microcracking may have

detrimental effects on a coating's erosion resistance. Recent

developments in processing and structural control have been aimed at

mitigating some of these effects.

Fully and partially stabilized zirconié has proven itself as
an effective thermal barrier and a successful coating éystem in many
current applications. Determining the baseline, room temperature
erosion behavior of specimens coated with partially stabilized zirconia
base éoatings is important as an aid in understandihg the relationships
between coating variables and eroéion behavior, as a basis for

comparison of available coating systems and in assessing the need for
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protection of the CTBC from erosive environments. The exﬁeriments
performed were designed not to actually simulate the operating
environment of a coated combuétion zone component but to determine the
relative erosion resistance of certain experiﬁental cdating systems as

an initial step in the material selection and refinement process.

EXPERTMENTAL

| Rectangular specimens 3mm x 19mm x 25mm (1/8' x 3/4' x 1') were
secured, coating side up, to the specimen holder of a‘room temperature
erosion testing apparatusfl A previously weighed amount of 63-100pm
510, erddent particles was placed in the vibrating particle hopper
which feeds tﬁe,particles into a 46cm long, 5mm ID nozzle directed
vertically downward ét the specimen, shown schematically in Fig 1. A
particle velocity of 30m/s (100fps) was used at impingement angles of
30° and 90°. The impingement angle is easily adjusted by rotating the
specimen holde;. Anvédjustable pressure differential introduced across
the nozzle establishes the particle velocity which is measuréd using &
rotating disk method.3 ’During the incremental erosion test periodic
specimen Qeighings were made and plotted against the cumulative erodent
weight. This weight loss curve was then graphically differentiated to
yield incremental erosion rates. Selected as-received and eroded
specimens were prgpared vfor surface analysis using A(LOOOI inch R
diamond stylus profiloméfer and for metallographic examination using
optical and scanning electron microscopy (SEM). Cross sections as well
as surface micrographs were examined. Plasma spray4 and electron béam-
physical vapor deposition (EB-PVD)° meﬁhods of coating deposition were

used.



RESULTS

Descriptions of the coating systems eroded in this study are
presented in Table 1. Table 2 lists the average Vickers hardness and
the steady state erosion rates of each system for impingement angles of
30° and 90°. The Vickers hardness 1evgls listed represent the average
value obtained when measured using 300 grams applied to the coating
cross ;ection.

A wide variation in coating morphologies was observed for"tﬂéé:
zirconia systems examined. Moét apparené'were visual differenceg in
porosity and initial surface roughness. The CTBCs' thicknesses ranged
from 45 to 1100pm with average thickness of 450pm.'Metallic bond coats
between the substrate metal and the ceramic coating did ﬁot differ
substantially in composition, appearénce or thickness among theﬂplasma
sprayed systems. In general; plasma sprayed coatings will be well
bonded to properly prepared substrate surfaces,6 and, therefore, bond
strengths were not considered relevant to this erosion study.

Coating Systems No. 1 and No. 2 are shown in cross seétion in
Figs. 2a ané 25, respectively. System No. 1 (6.6wt% Y,03-Zr0,) is seen
to have a much less porous CTBC structure than System No.'2(6.6wa
MgO—ZrOz).7 The bond coats were both applied by an air plasma spray
technique and are very similar to one another and were therefore not
considered to be important when comparing erosion rates of these
systems. The surfaces of Systems No. 1l and.No.Z were examined using
SEM in both the as-coated and eroded surface conditions. Examination
of all eroded surfaces was conducted after steady state erésion was

reached. Typical surface conditions are shown for System No. 1 and



System No. 2 in Figs. 3 and 4, respectively.

Fig. 5 presents the incremental erosion rate curves of these
systems as plotted against the cumulative erodent weight to indicate
system behavior during the tranéition prior to achieving steady state
erosién conditions and to indicate the erosion rate at which steady
state conditions are achieved. It can be seen that the steady state
erosion rate of the 6.6wt% Y,03-Zr0, coating (0.5 x 10_4g/g) is less
than half that of the 6.6wt% Mg0-ZrO, coating (1.1 x 10_4g/g). The
graph also indicates that twice the amount of erodent particles are
required to bfing the more porous Mg0-Zr0, céating‘to steady state
erosion compared to the Y,03-2r0, system. Systems No; 1 and No. 2
exhibited the lowest erosion rates of all of the materials tested (see
Table 2).

The 20wt% Y,04-Zr0, coating of System No. 3 was deposited using an
~ EB-PVD method. Its columnar and surface structures shown in Fig. 6a
and 6b differ significantly from the lenticular structures of the
plasma sprayed coatings and are in large part responsible for the
coating's superior resistance to thermal fatigu&ﬁ Previous attempts
to improve thermal fatigue resistance often resulted in sacrificing
erosion resistance. However the EB—PVD process was included in this
study in hopes of identifying potential structural alternatives to such
trade-offs. Fig. 6c shows the eroded EB-PVD surface after reaching its
steady state erosion rate of 1.2 x 10"4g/g (Table 2).

Surface analyses were pérformed on system No.3 in the as-coated
and eroded conditions and are shown in Fig. 7a and 7b. This was done to

facilitate a comparative study of surface roughnesses before and after



erosion.

Coating system Nos. 4, 5 and 6, each with an 8wt?% Y,04-210,
partially stabilized thermal barrier coating, are'shown in cross
section in Fig. 8. Coating composition was maintained as the constant
parameter so that erosion rafe differences could be attributed to
unique physiéal ﬁroperties such as apparent porosity, hardness,
microcracking and to differences in starting powder and depoéition
parameters. As quantitative porosity measurements we;é not made,
statementé regarding relative porosities are qualitative and based on
comparisons made from observations of saﬁples carefully prepared under
the same techniques and are therefore referred to. as 'apparent'
porositieé.

Table 2 shows the erosion rates and average Vickers hardness for
these three systems. The 30° erosion rates of systems No. 4, No. 5 and
No. 6 were reduced approximately 38%, 13% and 6%, respectively, from
the 90° rates. It is observed from Table 2 and Fig. 8 that increasing
erosion rates correspond to decreasing hardness and to increasing
apparent porosities.. |

Fig. 9 shows the erosion behavior of each of the 8wt Y203—Zr02
systemé. The regions of flattening out of the curves represent the
point at which the same amount of coating mass is removed for each
increment of particle impacts. The point at which this occurs, or the
time to reach stead§ state erosion, can also be attributed to coating
morphology. Coating System No. 6 has the greatest dégree of apparent
ﬁorosity and is seen to require approximately 20 grams of erodent to

reach the steady state, whereas System No. 4 has a denser structure



allowing steady state to be reached within approximately 12 grams.

Figs. 10 and 11 show Systems No. 4 and No. 6, respectively, in the
as-sprayed and eroded conditions. These micrographs give some
indication of surface splat size (globuie of sprayed material) and
degree of microcracking. It has been shown that microcracking has a
beneficial effect on fracture stréngfh, thermallshock resistance and
possibly impact resistance as well.? Much attention is given in powder
and processing selection to obtain increased amounts of controlled
micro-cracking. The eroded surfaces show that the coatings' initial,
rougher surfaces have smoothed out as the as-deposited peaks are
removed by the, erosion process. This smoothing tendency is seen more
clearly in the surface profiles of system No. 6 in the as-goated (Fig.
12a) and eroded (Fig. 12b) surface conditions. In addition, this
system was eroded after the as-coated surface had been polished for 5
minutes using lpm Al1,045. This was done to study the effect that as-
coated surface protruéions have on the initial erosion rate of CTBC's.
The surface profiles of the as-coated, polished and eroded conditioms
are sﬁown in Fig. 13, while the erosion rate of the polished system has
been plotted and is presented in'Fig. 14.

Fig. 15 shows the surface of System No. 6 in thev(a) as—coated and
(b) 0=90° eroded conditions under high magnification. Large
profrusions can be seen in the as-coated surface that are vulnerable to
being knocked off early in the erosion process. During steady state
erosion the surface has no large protrusions and is smoother by
comparison.

Coating System No. 7 represents still another structural



modificaﬁion. Its metallic-ceramic inner layer was includeq in this
study for contrast. As seen in Tables 1 and 2, this system's extremely
thick thermal barrier coating experienced a very high relative steady
state erosion rate. Fig. 16 shows the coating in cross section showing
the intermediate layer of a bond alloy and zirconia mixture between the
quite porous Mg0-Zr0, outer layer and the inner bond layer. Erosion
measurements at 30° were not made because of limited specimen

availability.

DISCUSSION
Determination of baseline erosion behavior at room temperature is

a rapid, inexpensive process by which initial comparisons can be made

of ceramic thermal barrier coatings (CTBC). Comparing the erosion -

rates of similar coatings to their physical and chemical broperties
gives insight into the mechanism by which the coating is eroded. One
ﬁay then be able to draw initial conclusions as to the effect of
process variables on the erosion mechanism and rate. This is of
fundamental importance in the task of producing 1éss erosive CTBC's.
It may then be possiblé'to combine the knowledge of erosion behavior
Qith that of thefmal fatigue behavior to produce better, more durable,

commercial CTBCs.

The Effect.Qi Surface Roughness on Initial Erosion Rates

One of the striking observations of the CTBC erosion rate curves
is the initially high rate of coating removal and subsequent leveling
off to steady state that is common to most all ceramic coatings of the

type being studied (Figs. 5 and 9). This is best explained by



comparing as-coated surfaces to the same area after steady state
erosiqn has been reached; Referring to Figé. 10, 11 and‘15 it-is seen
that the initia} surface of a plasma sprayed ceramic coating is one -
which.has a rough texture while the eroded surface appears much

smootber. The surface profile data of Figs. 7 and 12 supports these

observations by showing an average height of protrusion which has been’
reduced significantly by erosion. Protrusions of the ceramic which have
been deposited during the semi-molten deposition process often form a

rough and brittle éurface. The initial blast of erodeht particles

against these Qulnerable protrusions breaks them off at a very high

rate. The new area exposed to erosion is a smoother ceramic surface

that has a much greater resistance to erosion. Thus, the initially

high erosion rate subsequently decreases toba lower rate of material

loss shortly'after the original surféce is removed. When the steady

state rate of material removal is reaghed it is ét a constant,

relatively low rate.

Polishing the surface of system No. 6 prior to erosion had the
effect of the initial erosion mechanism by smoothing off the ceramic
protruéions. In fact, comparison of Fig. 13b with Fig. 12b and 13c
shows that the polishing produced a surféce which appeared to be
smoother than that of the steady state eroded surface. As erosion
proceeded, the poliéhed surface became rougher, réaching the same
degree of roughness at steady state as the unpolished specimens.
Because the surface smoothing had in some part already been performed

by the polishing, the initial rate of erosion was lower, as shown by'

comparison of Figs 14 and 9. Note that the steady state rate of erosion



did not change.
Because of the rapidity with which steady state erosion is
achieved, steady state erosion and not initial erosion appears to

control coating erosion resistance. The study of initial erosion rates

is a significant contributor to understanding CTBC erosion mechanisms.

The Effect of Apparent Porosity on Steady State Erosion in Plasma
Sprayed Coatings

As a coating with a relative high aegree of apparent porosity
erodes, it contiﬁually exposes new voids. Although the ovgrall surface'v
roughness decreases until it reaches a minimum at the steady state
condition, the newly exposed surféce of a porous coating is
nevertheless characterized by ceramic protrusions. Thesé vulner;ble
protrusions behave in a manner similar to those of the as-deposited
coating surface and are repeatedly being exposed and removed as erodent
particles continually impact them. Because variations in the coating
systems of this study eitended beyond isolation of the poroéity
variable, it is difficult to conclude that this type of protrusion
mechanism dominates erosion behavior. However comparing the erosion
rate data of Table 2 with the photomicrographs of Figs. 2, 8 and 16,
one sees a consistent direct relationship between the amount of
porosity and the erosion rate.

Systeﬁs No. 4 and-No. 5, for example, differed only in initial
powdér deposition temperature, thickness and appare;t porosity. The
difference in the deposition temperature, controlled by the electric
current of the plasma spray gun (Table 1), had the effect of depositing

coatings of two distinctly different levels of apparent porosity. The

10



more dense 900 amp system, No. 4, has a lower rate of grosion than the
600 amp system with the rate difference'incréasiﬁg in significance at
the shallower impinggment angle of 30° (Table 2). Examining system
No. 6, whose composition is the same as systems No. 4 and No. 5, one
observes_a still greateradegree of porosity with a correspondingly

higher steady state erosion rate.

Other Effects

It is liggly‘that qthe; effgcts also influence erosion behavior.
Some correlation was seen between coating hardnesé and erosion rate and
between coating structures and erosion rate, as discussed above. Since
very little work and data collection in the area of ceramic thermal
barrigr coating efosion hés been published to date, it is‘difficulﬁ to
propose a:domiﬁa;t erosion‘mechanism. H;rdneés and structure interact
with‘phase compositidn,:microcracking and other properties in a complex
ménnef.y\ﬁﬁre defiﬁitive cdnciuéions as to héw these properties
interact with one another to influence erosion behavior and as to
whether a specific property will dominate erosion effects must avait a
larger collection of experimental data and improved processing

controls.

CONCLUSIONS
1. 1Initial erosion rates of partially stabilized,plasma sprayed,
zirconia base ceramic thermal barrier coatings (CTBCs) is

directly related to initial surface roughness.

2. The apparent porosity of CIBCs influences erosion directly, with

11



higher porosity coatings exhibiting higher steady state erosion

rates.

3. The electron beam-physical vapor deposition method which produces
a columnar structured CTBC exhibits good erosion resistance as

well as proven durability in thermal cycling.

4, Hardness and microcracking, while influencing erosion behavior,

were not observed to be dominating factors.

5. Adherence at the bond coat-ceramic coat interface is not related
to erosion behavior in state-of-the-art plasma sprayed coating

systems.
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11.

12.

13.

Schematic diagram of the room temperature erosion appratus.

Cross sections, of a) System No. 1 and b) System No. 2 showing
differences in the CTBC porosities.

System No. 1 surface, in the a) as-coated and b) eroded at 90°
conditions.

System No. 2 surface in the a) as-coated and b) eroded at 90°
conditions.

Incremental erosion rate comparison between 6.6wtZ Y0,045-2r0,
(System No. 1) and 6.6wt% Mg0-Zr0, (System No. 2) plasma spray
coatings. i

System No. 3, 20wt% Y203-Zr02, EB-PVD in the a) as coated
substrate~ cross section, b) as-coated surface, c). surface after
steady state erosion condition.

Surface profiles of system No. 3 a) as-coated and b) after steady
state erosion. Vertical scale: 1 division = 200 micro-inches,
chart speed 0.5 in/sec., traverse speed 0.01 in/sec.

As-coated cross sections of the 8 wt% Y,03-2r0, systems: a)system
No. 6, b) system No. 5 and c) system No. 4.

Incremental erosion rates of 8wtZ Y,04-Zr0, coating systems.

Surface of System No. 4, a) as-coated, b) eroded at 30°, c¢) eroded
at 90°. ' :

System No. 6, a) as-deposited and b) eroded at 90° conditionms.

Surface profiles of System No. 6, a) as—coated and b) after steady
state erosion. Vertical scale: 1 division = 200 micro-inches,
chart speed 0.5 in/sec., traverse speed 0.0l in/sec.

Surface profiles of system No. 6: a) representative profile of the
as- coated surface, b) system surface following a 5 minute polish
with lpm alumina, c) profile of polished surface after erosion to
the steady state condition. Verticle scale: 1 division = 200
micro-inches, chart speed .5 in/sec., traverse speed 0.01 in/sec.
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14.

15.

16

Incremental erosion rate of system No. 6 after the as-coated
surface was polished for 5 minutes with lpm Al,0,.

System No. 6 in the a) as-coated and b) eroded at 90° condition

under high magnification.

-

Cross section of system No. 7 showing the mixed region of Mg0-Zr0,
and CCrAlY provided primarily for CTBC adherance enhancement.
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6

Y/o YSZ 155 pam

Fig.

6.6 W/o MgSZ 155 jam

XBB 829-7747A

g

Cross sections of a) system no. 1
and b) system no. 2 showing differen-
ces in the CTBC porosites
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XBB 829-7748

Fig. 3. System no. 1 surface in the a) as
- o 5 0o
coated and b) eroded at 90 conditions

6.6 Y/o vS7Z
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XBB 829-7749

Fig. 4. System no. 2 surface in the O
a) as-coated and b) eroded at 90
conditions

6.6 Y/o MaS7
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Erosion rate vs. total particle weight
for 6.6 wt % Y503~ ZrO, and 66wt % MgO-ZrO; !

O System no.| 6.6 wt% Y,03-ZrOp |
O System no.2 66 wt % MgO-ZrO,
Impingement angle a =90°

Erodent: 63-100 um SiO,p
o Velocity: 30 mps

\ Temperature: 20°C —
o

4 8 12 16 20 24 28 32 36 40 44
Total particle weight (g)

XBL 829-1130A

Fig. 5. Incremental erosion rate comparison
between 6.6 wt% Y, 0,-Zr0
(system no. 1) and 8.6 w%% MgO—ZrO2
(system no. 2) plasma spray coatings
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Fig. 6.

XBB 829-7741A

System no. 3, 20 wt% Y. 0,_.-Zr0_EB-PVD,
in the a) as-coated substraté-coating
cross section, b) as-coated surface

and c¢) surface after steady state
erosion conditions
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b) 20 wt% Y,05-Zr0, EB-PVD eroded""

Fig. 7. Surface profiles of system no. 3
a) as-coated and b) after steady
state erosion. Vertical scale:
1 division = 200 micro-inches, chart
speed 0.5 in/sec., traverse speed
0.01 in/sec.
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8 ¥/o YSz

8 Y/o YSZ 600 amp

8 Y/o YSZ 900 amp

Fig. 8.

XBB 829-7742

As-coated cross sections of the 8 wtY
Y OB—ZrO systems: a) system no. 6
b% System no. 5 and c¢) system no. 4
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Fig. 9. 1Incremental erosion rates of 8wt%

Y40°-2r02 coating systems
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XBB 829-7744

8 ¥/o YSZ 900 amp
Fig. 10. System no. 4 in(tho a) as-coated,
b) eroded at 30  and c¢) eroded at
(o) o
90" conditions
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) XBB 829-7743
Fig. 11. System no. 6 in the Oa) as—-deposited
and b) eroded at 90 conditions

8 W/o Y57
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3—Zr02 as-coated

b) 8 wt% YZO —ZrO2 eroded at 90°

3

XBL 837-10504
Fig. 12. Surface profiles of system no. 6
a) as-coated and b) after steady
state erosion. Vertical scale:
1 division = 200 micro-inches,
chart speed 0.5 in/sec., traverse
speed 0.01 in/sec.
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Surface profiles of system no. 6. a) representative profile of
the as-coated surface, b) system surface following a 5 minute
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erosion to the steady state condition. Verticle scale: 1
division =200 micro-inches, chart speed .5 in/sec., traverse
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XBB 829-7745

8 Y/o YS7Z
Fig. 15. System no. 6 in the a) as-coated
o o 6D g
and b) eroded at 90 conditions
under high magnification
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Fig. 16.
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Cross section of system no. 7
showing the mixed region of MgO0-Zr0
and MCrAlY provided primarily for
CTBC adherance enhancement
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